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1. INTRODUCTION 

Scintillator materials have a wide range of application from simple ionizing 
radiation detection to sophisticated medical and scientific applications. Research 
and development of novel scintillator materials aims to meet the demands of the 
applying industries [1]. One of the branches of scintillator research is focused on 
developing materials to be used in various fast timing applications. Current work 
will give an overview of the current challenges in this field and possible solutions. 

Scintillator materials with fast timing performance are applied for example in 
high energy physics experiments to prevent pile-up events at high signal levels 
and in homeland security to allow for fast screening and precise detection of illicit 
substances. Great effort is also put into the development of scintillators to 
increase signal-to-noise ratio (SNR) in time-of-flight positron emission tomog-
raphy (TOF-PET), a valuable medical diagnostic imaging application used to 
locate and plan the treatment of cancerous tumours. In order to significantly 
increase the level of detail of TOF-PET studies and at the same time decrease 
study time and patient dose, an ambitious goal of 10 ps time resolution has been 
set [2]. Relaxation processes leading to fast luminescence in current established 
scintillator materials based on rare earth dopant ions (e.g., Ce3+ and Pr3+) are 
intrinsically too slow to achieve this goal and therefore a fundamentally different 
approach has to be considered. 

In this work, the advantages and disadvantages of intrinsic luminescence pro-
cesses, which could lead to significantly improved time resolution are discussed. 
Band structure engineering approach is used to demonstrate overcoming some of 
the disadvantages in using intrinsic emissions. The properties of cross-lumi-
nescence (CL) and intraband luminescence (IBL) in ternary hexafluorides studied 
under synchrotron radiation excitation are brought as an example.  
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2. OVERVIEW OF THE CURRENT SITUATION  
IN THE FIELD OF SCINTILLATOR RESEARCH 

General requirements for scintillator materials  
to be used in fast timing applications 

The time resolution of a detector system is defined by the precision of the time 
stamp attributed to the detection of a particle [2]. The chain of events starts with 
an interaction between high-energy radiation and the scintillator material and 
ends with the digitalisation of the electric impulse from the photodetector readout. 
Each interaction including and between these events influences the time reso-
lution of the detector system. This work is focused on the properties of the scintil-
lator material and luminescence light emerging from its initial interaction with 
high energy radiation. 

Generally desired properties that define the efficiency of scintillators include 
high density, radiation hardness, high light yield and good transmittance. Additio-
nally, a number of practical technological properties such as chemical stability, 
malleability and production cost influence the applicability of the material. Scin-
tillator materials to be applied in fast timing applications must feature additional 
characteristics to meet the high demands of target applications. Coincidence time 
resolution (CTR) is used to describe the time resolution of a detector system in 
time-of-flight (TOF) applications and is expressed as FWHM of the distribution 
of time difference measurements [3]. For example, in case of TOF-PET, CTR 
expresses the detector systems’ ability to localize the positron annihilation event 
along the line-of-response, i.e., lower CTR expresses the ability to localize the 
source of positron radiation more accurately, which in turn leads to increased 
SNR [2]. CTR of a detector system is a function of scintillator emission rise time 
τr and decay time τd and intrinsic light yield (ILY) [4]. 

 

 CTR ∝ ටத౨தౚ୍୐ଢ଼   (Eq. 1) 
 
High ILY is almost always desired in scintillator applications and materials 
capable of producing tens of thousands, up to a hundred thousand photons per 1 
MeV incident radiation (ph/MeV) have been developed. ILY of a scintillator can 
be approximated in ph/MeV as: 
 
 ILY ≈  ൤ଵ଴లஒ୉ౝ൨ S × QE , (Eq. 2) 
 
where S characterises the transfer efficiency of electron-hole pairs to the lumi-
nescence center, QE is the quantum efficiency of the luminescence center, β is a 
constant and Eg the energy gap of the material. Factor βEg expresses the average 
energy required to produce one thermalized electron-hole pair and is generally in 
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the order of 2–3 times of the energy gap value. It is clear that materials with 
smaller energy gap values are therefore more efficient scintillators. However, 
high ILY is useful for improving time resolution of fast timing applications only 
if the photons are emitted in a time frame corresponding to the targeted time 
resolution. This can be expressed by density of photons and is in first 
approximation given by ILY/τd, but as it is discussed below, for novel fast timing 
applications also rise time τr must be considered. 

Short decay times are possible for emissions resulting from optically allowed 
electronic transitions. Current top of the line TOF-PET systems (e.g., Siemens 
Biograph Vision) use Lu2SiO5:Ce3+ (LSO) crystals as its scintillator material. The 
Ce3+ 5d → 4f transitions are parity and spin-allowed and the emission has a decay 
time of 40 ns. LSO’s short decay time and high light yield of 25 000 ph/MeV lead 
to a CTR value of 160 ps. Short decay times are also observed for cross-
luminescence (below 1 ns, discussed in detail in the next section) and for intrinsic 
emissions that are strongly quenched (6 ns for PbWO4 at room temperature, used 
in the CMS calorimeter in CERN).  

Emission rise time can be excluded from the emission decay model only if it 
is negligible compared to emission decay time [5]. This is not the case for scintil-
lators developed for novel high-end timing applications and emission rise time 
has a profound effect on the overall time resolution performance of the detection 
system. Moreover, fundamental limits of ILY and τd have been nearly reached 
with standard scintillators [6]. Optimising the processes that affect emission rise 
time have been defined as one of the main challenges in achieving the high design 
goals set for novel fast timing scintillators [2].  

Emission rise time is dependent on a series of relaxation processes taking 
place between the initial interaction of high-energy radiation quanta or particles 
with scintillator material and the activation of luminescent centres where scintil-
lation light is eventually emitted [7]. First, in the time scale of 10–16 to 10–14 s, 
deep holes in the inner core bands and hot electrons in the conduction band are 
created by incident high-energy radiation. Thereafter, secondary electronic 
excitations are produced by inelastic electron-electron (e-e) scattering and Auger 
processes. Then, as a second step in time scale 10–14 to 10–12 s, after kinetic energy 
of electron in the conduction band has decreased below the threshold of e-e 
scattering (< 2Eg) and the electrons are therefore unable to further ionize the 
material, thermalization of electronic excitations begins by electron – phonon 
scattering. At the end of this process, low kinetic energy, thermalized electrons 
populate the bottom of the conduction band and holes the top of the valence band. 
In the third step (10–12 to 10–10 s) of the process, the excitations are localized 
through interaction with stable impurities and defects of the material, electrons 
and holes can be trapped or self-trapped. Excitons, self-trapped excitons (STE), 
self-trapped holes (VK centres) are formed. Fourth and the final step takes place 
in a time scale of 10–10 to 10–8 s and is related to slow migration of relaxed exci-
tations and eventually their non-radiative or radiative recombination, the latter 
resulting in scintillation photons. 
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The above described processes are fundamentally stochastic and create statis-
tical fluctuations in the creation of first, i.e., prompt scintillation photons, in-
creasing emission rise time and consequently reducing the time resolution of the 
detector. The intrinsic fluctuations in creation of prompt photons can be estimated 
to be in the order of 100 ps. In order to achieve the 10 ps CTR goal set for future 
TOF applications, an alternative approach has been proposed [8]. This involves 
the detection of radiative processes of non-thermalized charge carriers, taking 
place in a time scale of 1 picosecond from the excitation. The properties of intra-
band luminescence (IBL) and Cherenkov radiation, which meet such require-
ments, will be discussed in detail in the next section.  

While several general requirements must be met for scintillator materials to 
be used in practice, materials for novel high-end timing applications must in 
addition possess short emission decay and rise times and high photon density 
(ILY/τd) as discussed earlier. Intrinsic processes leading to such favourable pro-
perties will be discussed below. 

 
 
Overview of intrinsic processes leading to ultrafast emission 

Cross-luminescence  

Cross-luminescence (CL) is an intrinsic emission resulting from the radiative 
recombination of a relaxed core hole with an electron from the valence band [9]. 
The process in energetically allowed only if the energy distance between the top 
of the valence band and the outermost core level is less than the energy gap 
(EVC < Eg), otherwise Auger decay will take place. The origin of CL was clarified 
in the early 1980s [10] and extensively studied during 1990s in several materials 
(see review [11] and references therein) as a scintillation process potentially 
suitable for fast timing applications. CL was initially revealed in binary alkali and 
alkali-earth fluorides (BaF2, KF, RbF) and caesium salts (CsBr, CsCl, CsF), but 
later also in multi-component materials based on these binary compounds [9]. 
The main interest in using CL materials in fast timing applications is based on its 
emission decay times in sub-ns to ns scale. The decay time for CL in BaF2 has 
been measured to be 0.92 ns under 30 eV synchrotron radiation excitation, while 
even shorter decay times were observed at higher excitation energies due to 
quenching [12]. BaF2 is probably the most studied CL material because of its 
favourable properties, which include fast decay time, relatively high light yield 
compared with other CL materials (1700 ph/MeV [13]), physical density 
(4.88 g/cm3) and chemical stability. BaF2 was initially studied in the 1970s as a 
scintillator because of its slow 320 nm STE emission, before fast CL was dis-
covered (220 nm), making it the fastest known scintillator in use at the time. More 
recently, it has been shown that BaF2 single crystal can be used to achieve a CTR 
of ~ 80 ps with photodetectors based on modern silicon-photomultipliers (SiPM) 
[3, 14]. Another significant advantage of CL is thermal stability, as the process 
only involves electronic excitations in the outermost core level and valence band, 
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between which competitive non-radiative processes are suppressed due to their 
energetic separation. It has been shown that no thermal quenching occurs in BaF2 
and CsCl up to 750 K [15]. Disadvantages of materials with CL include low light 
yield compared to established scintillators and emissions mostly occurring in the 
ultraviolet (UV) and vacuum ultraviolet (VUV) spectral region, making detection 
technically challenging with common photodetectors operating in vacuum con-
ditions. Among binary CL materials mentioned above, only CsF emits in a more 
favourable spectral region peaking at 390 nm, but is unfortunately also very 
hygroscopic as known for Cs-salts generally. 

The problem of unfavourable emission spectral position can be mitigated by 
considering more complex compounds based on the classical binary CL materials. 
Valence band structure of many ternary compounds is more complex, consisting 
of multiple sub-bands due to the splitting of electronic states and thus providing 
more possibilities for radiative transitions between the outermost core band and 
the valence sub-bands [16]. The fast emissions in ternary CL compounds are 
shifted into the UV [17] and also into visible spectral region as shown by the 
results of this work. Also, splitting of the valence band creates favourable condi-
tions for increased IBL yield, a phenomenon further discussed in the next section.  

Recent research using the band structure engineering approach combined with 
modern experimental methods, supported by the development of novel photo-
detectors based on SiPMs with increased detection efficiency in the UV region 
has helped CL regain its status as a process involved in the development of 
scintillators to be used in high-end timing applications [2]. 

 

Intraband luminescence 

IBL is a weak emission originating from radiative transitions of electrons and holes 
during the thermalization stage [18–21]. It is a characteristic luminescence to all 
solids and has a wide emission spectrum spanning over the whole transparency 
region of the material. IBL intensity is not dependent on temperature, impurity 
content nor crystal structure quality. Decay time of IBL is in the general case 
estimated to be in the order of 1 ps while light yield is estimated to be in the order 
of 10–5 to 10–3 per electron-hole pair [8]. However, while these figures are true 
for materials with uniform density of states (DOS) distribution in the valence and 
conduction bands, some materials host a more complex distribution, which can 
result in increased light yields and decay times. Dips and gaps in the DOS cause 
accumulation of charge carriers above the structures and radiative transitions 
become more prominent compared to non-radiative phonon-assisted transitions. 
Thus, such modulations in the DOS distribution can result in IBL light yields in 
the order of 10–3 with 1 ps decay times for dips, while gaps can further increase 
this value to 10–2 with 100 ps decay times expected [8]. Experimentally the yield 
of IBL has been estimated to be 33 ph/MeV for CsI pure crystal in the highest 
case [22], which is low, in comparison with scintillators in use, but it can be 
sufficient to use these few IBL prompt photons as time taggers in high-end timing 
applications. 
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Cherenkov radiation 

Another phenomenon that could produce prompt photons to be used for time 
tagging with essentially non-existent delay is Cherenkov light. It is produced in 
scintillators when hot electrons created by high-energy incident radiation travel 
at speeds greater than the speed of light in that material. Cherenkov radiation is 
similar and could be indistinguishable from IBL at excitation energies above the 
Cherenkov threshold, typically in the 100 to 300 keV range. A material applied 
as a Cherenkov light emitter is PbF2, suitable for this purpose because it has high 
gamma radiation stopping power, good transmittance of Cherenkov light, does 
not scintillate and is also a low-cost material. CTR figures below 100 ps have 
been achieved for Cherenkov emitters in experiments using MCP-PMTs as 
photodetectors [2]. 
 
 

Nano-scintillators used for fast timing applications 

A fundamentally different approach is considered when developing nano-scintil-
lators for fast timing applications. With nano-crystals, the opto-electronic pro-
perties of the scintillator can be controlled by the geometry and size of the particle. 
Nano-platelets with 1-dimentional quantum confinement of charge carriers 
provide ultrafast emissions with higher light yields than Cherenkov or IBL. A con-
cept using hybrid pixels has been implemented, in which a known inorganic 
scintillator (e.g., LYSO, BGO) is combined with nano-crystal-based layers [23]. 
In this combination, prompt photons from the nano-crystal are added to the stan-
dard scintillation signal, effectively improving the time resolution.  
 
 

Band structure engineering approach 

Research and development of scintillator materials is driven by the needs of the 
corresponding industries [1]. The needs have over time become increasingly 
specific, leading to development of complex scintillators. A systematic approach 
of band structure engineering is used to produce the desired properties sought in 
novel scintillators. It combines first-principle computation of electronic pro-
perties with state of the art experimental methods to gain detailed knowledge about 
the features of the band structure and relaxation processes of electronic excitations. 
Based on the obtained knowledge, the host material can be further modified with 
the introduction of impurity ions and/or isovalent substitution of a part of the host 
ions with formation of solid solutions. Using this approach, the scintillator pro-
perties of materials can be fine-tuned to match the needs of the target application. 
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Novel detectors for fast timing applications 

This work is focused on scintillator properties, however an important role in the 
time resolution of an ionizing radiation detector is also carried by the photo-
detector and its readout electronics. Purpose of the photo-detector is to convert 
light signal from the scintillator into an electrical signal, which can then be 
digitalised and in timing applications a time stamp of the arrival of the signal is 
stored. Naturally, some amount of delay is associated with this process and fluc-
tuations in the delay (i.e., jitter) reduce the time resolution of the whole system.  

Nowadays SiPMs are considered as the successor of classical photomultiplier 
tubes as photo-detectors in various applications including TOF-PET. SiPMs are 
compact, acquire a considerably lower bias voltage and cost less to produce, to 
name some of the advantages over photomultiplier tubes. Important parameters 
in describing the time resolution performance of a SiPM are the photon detection 
efficiency (PDE) and single photon time resolution, directly related to the ability 
of a detector to time stamp prompt photons [24]. The development of SiPMs has 
also resulted in increased PDE in the UV and VUV spectral region [25], where 
most of the cross-luminescence emissions in binary compounds are situated. For 
example, on an experimental setup using SiPMs as photodetectors and BaF2 as a 
scintillator, CTR of ~ 80 ps has been achieved [3]. Matching the luminescence 
signal properties of scintillators to current photo-detectors and vice versa 
improving photo-detectors for more efficient detection of ultrafast emissions 
from novel scintillators will lead to overall improved time resolution of the whole 
system. 
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3. FORMULATION OF THE RESEARCH GOAL  
AND SPECIFIC SUBTASKS 

The main objective of this PhD work is to provide the research field of inorganic 
scintillators with new and detailed knowledge on the intrinsic luminescence pro-
perties of new scintillator materials to be exploited in fast timing applications. 
The objective includes specification of underlying relaxation mechanisms in 
materials possessing cross-luminescence and intraband luminescence. In order to 
achieve this objective, the following research tasks were established and 
completed: 

• Applying band structure engineering approach to improve luminescence pro-
perties of materials with known ultrafast emissions such as cross-lumines-
cence and intraband luminescence.  

• Identifying new potential scintillator materials with desirable properties based 
on computational properties and electronic band structures. Successfully syn-
thesizing samples of the materials for luminescence studies. 

• Studying emissions in new scintillator materials using sophisticated experi-
mental techniques at state-of-the-art large-scale synchrotron radiation research 
facilities, achieving superior time resolution and gaining in-depth knowledge 
by means of time-resolved luminescence spectroscopy. 

• Developing a state-of-the-art time-resolved luminescence setup for studies of 
ultrafast emission at LINAC based FemtoMAX beamline, its implementation 
and performing commissioning research. 

• Analysing the origin and behaviour of ultrafast cross-luminescence and intra-
band luminescence emissions revealed, combining experimental and com-
putational research results. 
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4. DESCRIPTION OF RESEARCH METHODOLOGY 

Syntheses and materials properties characterization  

Powder samples of the materials studied were synthesized at our home institute 
in Tartu implementing soft chemistry methods.  

In synthesis of K2SiF6, the initial reagents included KF (Sigma-Sigma-Aldrich, 
99.5% purity), tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 98% purity), HF 
(Sigma-Aldrich, 40 vol.% water solution, reagent grade), ammonia (Sigma-
Aldrich, 30 vol.% water solution, reagent grade), all without any further puri-
fication [26]. TEOS was hydrolysed via standard ammonia-catalysed reaction in 
water-alcohol solution to obtain SiO2, which was then precipitated out and dried. 
The acquired SiO2 powder was dissolved in HF solution, to which a stoichio-
metric amount of KF was added under vigorous stirring. The mixture was treated 
in a microwave-hydrothermal device for 2 hours at 180 °C, centrifuged, washed 
with distilled water and dried. 
 

  
Figure 1. (a) Observed XRD patterns of the synthesized powder (lower panel) and refe-
rence pattern (upper panel) of trigonal BaGeF6 from the ICDD database (PDF-2 file 
number 74-0924). Miller indices and positions of reflections of the trigonal BaGeF6 are 
shown below the reference pattern. (b) SEM micrographs of obtained BaGeF6 micro-
powder particles. 
 
In order to synthesize BaGeF6, initial reagents used included Ba(NO3)2 (Sigma-
Aldrich, >99.9% purity), GeO2 (Reakhim, reagent grade) and HF (Sigma-Aldrich, 
40 vol.% water solution, reagent grade) without further purification. The syn-
thesis first involved dissolving GeO2 in HF and then diluting the result with water, 
forming a water solution of H2GeF6. Ba(NO3)2 was dissolved in water and then 
stirred into the H2GeF6 solution. The resulting reaction mixture was then sealed 
into a Teflon autoclave and heat-treated in an oven for 24 hours at 150 °C. The 
mixture was then centrifuged, washed using alcohol and dried in air at 100 °C.  

The initial reagents used to synthesize K2GeF6, without any further puri-
fication, included KOH (Sigma-Aldrich, > 99.5% purity), GeO2 (Reakhim, reagent 
grade), HF (Sigma-Aldrich, 40 vol.% water solution, reagent grade), and methanol 

a) b)
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(Sigma-Aldrich, technical grade). KOH was dissolved in a minimal amount of 
deionized water and stirred into a H2GeF6 water-alcohol solution, prepared in 
parallel by mixing GeO2, HF and methanol. The resulting mixture was stirred 
vigorously for 24 hours and then centrifuged. The resulting powder was washed 
with alcohol and dried at 100 °C in air.  

X-ray diffraction (XRD) method using a 8.1 kW source (Cu Kα radiation, λ = 
0.1540598 nm) and Bragg-Brentano optics on a SmartLab™ X-ray diffractometer 
(Rigaku, Japan) was used to analyse the phase composition of the synthesized 
samples (Figure 1a as an example). Furthermore, scanning electron microscopy 
(SEM), using a NanoSem 450 (FEI) microscope at voltages below 5 kV without a 
charge reduction layer, was used to study the morphology of the microparticles 
(Figure 1b). XRD and SEM studies were carried out at our home institute in Tartu. 

 
 

Cathodoluminescence studies 

Cathodoluminescence studies under electron beam excitation were conducted at 
our home institute in Tartu using two custom setups. 

First one of the setups is equipped with an electron gun (Kimball Physics 
EGG-3101) producing either a steady beam of 10 keV electrons or 10 ns pulses 
at 5 kHz repetition rate [27]. This setup is equipped with two monochromators – 
an ARC Spectra Pro 2300i for recording spectra in the UV to visible range  
(6–1.8 eV) with multiple available gratings for different spectral ranges, coupled 
with a Hamamatsu photon counting head H8259. The second one is based on a 
custom built, double grating vacuum monochromator for recording spectra in the 
VUV spectral range (photon energies up to ~11.2 eV), using a solar-blind Hama-
matsu R6836 photomultiplier. These monochromators were used with the spectral 
resolution as high as 0.5 and 0.64 nm, respectively, and can simultaneously record 
luminescence spectra in the separate spectral ranges. The setup is equipped with 
a closed cycle helium cryostat ARS (Advanced Research System, Inc.) providing 
temperature control in the 5 to 400 K range. 

The second cathodoluminescence setup is designed for recording time-
resolved emission spectra and decay kinetics in a wide energy and temperature 
range [28]. The electron gun (RADAN-303A SFEE) can provide electron pulses 
in an energy range of 100–200 keV with excitation pulse width as short as 40 ps 
at 5 Hz repetition rate. The samples are mounted on a cold finger of a helium 
closed cycle cryostat ARS (Advanced Research System, Inc.), which allows tem-
perature control in the range of 7 to 400 K. The setup is also equipped with two 
luminescence detection systems operating in the 0.8–5.7 eV and 4–10.8 eV 
photon energy ranges, respectively. Measurements in the low energy range can 
be conducted by utilizing an Andor Shamrock SR303i spectrograph coupled with 
a Hamamatsu R3809U-50 MCP-PMT (nominal transit time spread 25 ps) 
mounted at the exit slit of the spectrograph and a position sensitive Andor iStar 
DH 720_18 mm gated iCCD camera mounted on the imaging port. The second 
detection system for the VUV range is comprised of a custom designed Seya-
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Namioka type vacuum monochromator with 1200 g/mm gold-coated grating 
blazed at 160 nm and a Hamamatsu R3809U-58 MCP-PMT. The signal from the 
MCP-PMT detector is amplified by an SHF 100 APP broadband preamplifier 
(12 GHz, 19 dB) and digitized by a LeCroy SDA 760Zi-A (6 GHz, 40 Gs/s) 
oscilloscope with 50 Ω input. The IRF of this setup has been measured to be as 
excellent as 60 ps FWHM. The spectral sensitivity of the detection systems has 
been calibrated in the whole spectral region using response known crystals (e.g., 
LYSO:Ce), allowing for estimation of light yields of ultrafast emissions below 
50 ph/MeV, based on a method described in detail in [22]. 

 
 

Photoluminescence studies using synchrotron radiation 

Photoluminescence studies using synchrotron radiation as an excitation source 
were carried out at the FinEstBeAMS beamline’s photoluminescence endstation 
(PLES) at the MAX IV laboratory in Lund, Sweden. FinEstBeAMS is an 
Estonian-Finnish beamline for atmospheric and materials science at the MAX IV 
1.5 GeV storage ring [30–32]. FinEstBeAMS radiation source is an elliptically 
polarizing undulator (Figure 2, EPU) providing high brilliance radiation in the 
UV to soft X-ray range of 4.5 to 1300 eV with photon flux in the range of 1 × 1011 
to 8 × 1013 ph/s.  
 

 
Figure 2. Layout of the FinEstBeAMS beamline’s optical system and endstations. EPU – 
elliptically polarizing undulator; M1-M4 – mirrors; BAFF – baffles; PG – plane gratings; 
ES – entrance slit; HOS – higher-order suppression unit; GPES – gas-phase endstation; 
SSES – solid-state endstation; PLES – photoluminescence endstation. Courtesy of Dr. K. 
Chernenko [32]. 
 
The first optical element of the beamline, a toroidal mirror (M1) collimates the 
beam and directs it to the input of a grazing incidence primary monochromator 
equipped with two Au-coated plane gratings (PG) – 92 l/mm and 600 l/mm 
groove density, exploited to provide excitation photon energies in 4.5 to 50 eV 
and 15 to 1300 eV range, respectively. All measurements in the current work 
were performed using the 92 l/mm grating. A set of toroidal mirrors (M3) allow 
to select one of the two beamline branches providing photon beam to different 
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endstations of the beamline and to focus the beam to the exit slit (ES). The latter 
is followed by a higher-order suppression unit (HOS) where a set of optical 
windows (fused silica, MgF2) and metal foils (In, Sn, Mg, Al) are available for 
higher order radiation suppression at photon energies below 72 eV. As the last 
optical element, an ellipsoidal mirror (M4) refocuses the radiation into a 
100 × 100 µm spot onto the PLES sample holder mounted on a cold finger of a 
closed-cycle helium cryostat ARS (Advanced Research System, Inc.). Experi-
ments are conducted under ultra-high vacuum conditions. 

Luminescence emitted from the sample is collected using a metal-shielded 
fibre-optic cable and directed to the input of an Andor Shamrock SR-303i spectro-
meter. The spectrometer is equipped with three gratings (blazed at 300, 500 and 
1200 nm) and a set of optical longpass filters for higher order suppression. For 
detection, an Andor Newton DU970P-BVF CCD camera is mounted on one of 
the output ports of the spectrometer while either a Hamamatsu H8259-01 photon 
counting head or a Hamamatsu R3809U-50 MCP-PMT (used to achieve sub-ns 
time resolution) is mounted on the second one, depending on the aim of the 
experiment. Typical spectral resolution used in the recording of the luminescence 
spectra on this setup was 12 nm. Generally, the 1.5 GeV storage ring operates in 
multi-bunch mode, in which 32 electron bunches travel in the storage ring with a 
nominal current of 500 mA, topped up periodically from the MAX IV LINAC. 
The time distance between bunches is 10 ns, amounting to a total period of 320 
ns for a single electron bunch to travel one full circle of the storage ring. 
Recording time-resolved spectra and decay kinetics in multi-bunch mode would 
be feasible only if the emissions measured have a lifetime less than 10 ns, which 
is the case for the ultrafast emissions discussed in this work. However, there is 
often some amount of slow emissions from samples present at the studied 
wavelengths and this creates a slow background in the 10 ns measurement 
window because of their long decay time, which may cover the ultrafast emission 
components entirely. In order to allow more time for the slower emissions to 
decay – to be fully de-excited, the measurements can be conducted in the storage 
ring’s single-bunch operation mode. In this mode, a single electron bunch is 
travelling in the storage ring instead of the 32, therefore providing a 320 ns time 
interval between the excitation pulses, a time window that can be used to record 
luminescence decay kinetics. In single-bunch mode, the bunch length is less than 
200 ps, while exceeding 450 ps in multi-bunch mode according to our studies. 
Single-bunch mode is available only at certain periods and the excitation intensity 
is lower than in multi-bunch mode (ca 20 times less current), which affects the data 
collection time to have reasonable SNR. 

Time-resolved studies were conducted under the single-bunch excitation 
implementing a special timing method developed and implemented by us [33]. 
Time-resolved emission and excitation spectra as well as single decay kinetics 
can be recorded at FinEstBeAMS. For luminescence detection, the ultrafast 
R3809U-50 MCP-PMT was used and signal was processed by an ORTEC 
9327 1 GHz preamplifier – constant fraction discriminator and timed by a Crono-
logic xTDC4 time-to-digital converter with 13.0208333 ps bin width. Modern 
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time-to-digital analysers allow for detection of multiple emission photons from a 
single excitation pulse. We performed full decay analysis of a number of emission 
and excitation spectra, meaning the recording of single decay kinetics in a range 
of emission wavelengths and excitation energies, respectively. The method results 
in time-resolved spectra that can be divided into time windows based on the life-
time of the emissions observed. Temporal resolution as fine as 143 ps (FWHM 
of a Gaussian fit of the measured IRF) was achieved with this setup, limited by 
the excitation pulse (electron bunch) length. Throughout this work, decay kinetics 
analysis was performed taking into account the measured IRF by applying decon-
volution to fit the decay curves in order to obtain reliable results. 

The fibre-optic cable used to direct luminescence to the spectrometer poses 
some technical problems in recording of emission spectra. Poor transmission of 
the fibre-optic cable below 250 nm decreases emission intensity and also creates 
difficulties in acquiring reliable calibration lamp spectra needed to correct the 
emission spectra for spectral sensitivity of the setup. Sensitivity correction is 
further complicated due to non-linear dependencies between emission intensities 
in the UV region and the primary slit width. Emission spectra in this work are 
therefore presented as measured, i.e., on wavelength scale, if not indicated dif-
ferently. Also, a detection time difference is created between photons of different 
energies due to the fibre-optic cable’s wavelength-dependent refractive index, 
which is corrected using an equation created on the basis of time-resolved 
experimental data. 

Higher order harmonics radiation is always created in the undulator and can 
pass through the primary monochromator operating in grazing incidence geo-
metry. Optical windows (fused silica, MgF2) and metal thin film filters (In, Sn, 
Mg, Al) are used to suppress higher order radiation in different excitation energy 
ranges up to 72 eV. Excitation spectra in broad excitation energy ranges were 
recorded using several different filters and treated taking into account the signi-
ficant differences in their transmission (from few % to tens of %). 

Future experiments will be performed at a new photoluminescence beamline 
P66 on PETRA storage ring at DESY, Hamburg. P66 is a bending magnet 
beamline providing excitation energies from 4 to 40 eV from a normal incidence 
primary monochromator equipped with Al and Pt coated gratings. Normal inci-
dence geometry suppresses higher orders with the help of low Al and Pt reflection 
coefficients above 20 and 40 eV photon energies, respectively. The beamline has 
also two separate detection systems, one for visible to UV range emissions and a 
vacuum monochromator for VUV emission measurements. 
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Ultrahigh time resolution studies excited by X-ray pulses 

FemtoMAX is a beamline located at the Short-pulse facility (SPF) at the MAX IV 
laboratory (Lund, Sweden) and is driven directly by the LINAC (3 GeV) [34]. 
FemtoMAX aims to facilitate studies of the structure and dynamics of materials, 
providing very short and intense X-ray excitation pulses along with synchronized 
laser impulses for pump and probe experiments. FemtoMAX currently generates 
hard X-ray photons pulses shorter than 200 fs from 1.8 to 12 keV, at 10 Hz re-
petition rate. This makes the beamline also well suited for experiments of ultrafast 
luminescence processes by simulating real operation conditions of scintillators. 

A special experimental setup was designed, assembled and tested for studies 
at FemtoMAX, with specific aim to achieve efficient luminescence detection of 
low intensity emissions without compromising time resolution. The experimental 
chamber is a DN 100 CF 5-way cross mounted on a custom levelling plate 
(Figure 3).  
 

 
Figure 3. Schematic of the experimental setup built for luminescence experiments at the 
FemtoMAX beamline. M1 and M3 are off-axis parabolic mirrors and M2 is a plane 
mirror. XYZ indicates a XYZ manipulator controlling mirror M1 position. Sample holder 
is attached to the cold finger of the LNT cryostat. 
 
A Janis VPF-800 liquid nitrogen cryostat with a sample holder is mounted on the 
top port of the cross, allowing to use temperatures starting from 78 K up to 800 K 
in high vacuum conditions. A one inch (25.4 mm) focal distance off-axis para-
bolic mirror M1 (Thorlabs, Inc.) is mounted in front of the sample holder with its 
focal spot on the sample to collect luminescence light. The mirror has a through 
hole (Ø 4.1 mm) perpendicular to the focal plane and the sample holder. The 
exciting X-ray beam (ca 120 × 120 µm) enters the experimental chamber from 
the front port and propagates through the hole in the M1 mirror onto the sample. 
The parabolic mirror M1 is attached to a XYZ manipulator mounted on one of 
the side ports of experimental chamber. The mirror collects luminescence light 
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from the sample and directs it as a parallel beam (under 90° relative to the incident 
exciting X-ray beam), towards the second side port of the experimental chamber 
with a CF35 fused silica optical window. Backside port of the experimental 
chamber has a CF100 glass window used for monitoring and alignment purposes 
and is capped during experiments to reduce scattered light level, which could 
disturb measurements. The parallel beam of light outside the experimental chamber 
is directed onto a second off-axis parabolic mirror M3 (focal distance 76.2 mm) 
using a plane mirror M2, if needed. The second parabolic mirror M3 focuses the 
incoming parallel beam either directly to a photocathode of a detector or an input 
slit of a spectrometer. The spectrometer and detector exploited in the experiments 
at FemtoMAX were an Andor Shamrock SR-303i (from FinEstBeAMS) equipped 
with a Hamamatsu R3809U-50 MCP-PMT (also used at the single bunch experi-
ments at FinEstBeAMS), respectively. Signal from the MCP-PMT was amplified 
by a SHF 100 APP broadband preamplifier (12 GHz, 19 dB) and digitized by a 
FemtoMAX local LeCroy LabMaster 10-36Zi oscilloscope (36 GHz, 80 Gs/s). 
The signal was then further processed by advanced multi photon counting techni-
que, which allows the detection of several non-overlapping luminescence photons 
per single excitation pulse. A special LabView software was developed by us in 
order to perform this task. The time resolution achieved with this setup was as 
excellent as 32 ps (FWHM of IRF Gaussian fit), limited by the time resolution of 
the MCP-PMT. A detailed description and comparison of the time-resolved lumi-
nescence spectroscopy experimental setups and beamlines at MAX IV and DESY 
can be found in [35]. 
 
 
  



23 

5. RESEARCH RESULTS AND DISCUSSION 

Examples of classical cross-luminescence in BaF2 

As briefly discussed above, BaF2 is one of the most studied CL materials. 
Recently, interest in exploiting intrinsic emissions of this scintillator material has 
increased. Conducted research has revealed some promising results in achieved 
CTR, implementing a detection system based on BaF2 crystals in combination 
with novel SiPMs [14]. In this work, BaF2 was mainly studied as a scintillator 
crystal with known emission properties and high CL light yield. The results 
obtained allowed to compare and validate the new experimental setups and 
methods developed in this work. Furthermore, the improved time resolution in 
sub nano second range can be helpful in studies of ultrafast relaxation processes 
and reveal decay components of ≤ 100 ps duration. 

BaF2 crystal was studied at the FinEstBeAMS beamline’s PLES, where 
integral emission spectra under excitation by 50 and 17 eV photons were recorded 
(Figure 4). The spectrum recorded under 50 eV photon excitation comprises 
mainly of two non-elementary emission bands, peaking at 219 and 300 nm. The 
bands are known intrinsic emissions of BaF2, the 219 nm emission is due to cross-
luminescence resulting from radiative recombination of valence electrons with 
Ba 5p core holes (Ba 5p → F 2p) [10].  
 

 
Figure 4. Emission spectrum of a BaF2 crystal at 7 K, recorded under excitation by 50 eV 
(blue circles) and 17 eV (yellow triangles) photons at the FinEstBeAMS beamline. The 
emission spectra were corrected to transmission of detection channel and sensitivity of 
photodetector. Mg and Sn filters were applied to remove higher order radiation at the 
respective excitation energies.  
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The band peaked at 300 nm is due to triplet self-trapped exciton (STE) emission 
with a life-time of 630 ns at room temperature (296 K), whereas for CL the life-
time is 0.9 ns (see [36] and references therein). The emission spectrum recorded 
under 17 eV photon excitation does not show any luminescence peak at 219 nm, 
being in agreement with the known threshold of 18.2 eV for CL luminescence 
excitation in BaF2 [37]. There is some residual luminescence observed, which 
emerges from “white soft X-ray background” and cannot be suppressed by any 
metal filter available at FinEstBeAMS. The spectra also demonstrate the tremen-
dous possibilities of using highly selective photoexcitation in materials research. 

A decay curve of CL from a BaF2 single crystal recorded at the FinEstBeAMS 
beamline is shown in Figure 5a. The curve was recorded through a 216 nm 
interference filter during an excitation scan from 18 to 23 eV photons at 7 K under 
ultra-high vacuum conditions. Similarly, the same interference filter was used to 
record a CL decay curve of BaF2 at the FemtoMAX beamline under 10 keV  
X-ray excitation at room temperature (Figure 5b) in a sample chamber at ambient 
pressure during the first test beamtime for luminescence studies at FemtoMAX. 
The curves were fitted with two- and three-component exponential decay func-
tions, yielding similar results in decay constants. The IRFs shown on the figures 
illustrate well the time resolution of the experimental setups compared to each 
other. Under VUV excitation, two decay components were identified at 7 K.  
 

 
Figure 5. Decay curves of cross-luminescence for a BaF2 crystal recorded through a 
216 nm interference filter (IF216): (a) at 7 K under excitation by 18–23 eV photon pulses 
(∼ 160 ps; with the Sn filter applied) at the FinEstBeAMS and (b) at 296 K excited by 
10 keV pulses shorter than 200 fs at the FemtoMAX. The decay curves were fitted with 
the exponential decay functions (solid blue lines) by deconvolution with the corres-
ponding IRFs and the obtained decay times together with their relative integral intensities 
are shown in the graphs. Very different IRFs are shown for both setups with a solid grey 
line with FWHM values of 160 ps and 28 ps. The same ultrafast MCP-PMT was used as 
a photodetector in both experiments. 
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The first one τ1=163 ps coincides with the IRF value 160 ps, whereas the second 
component τ2=609 ps is shorter than the 920 ps reported in [12] under analogous 
conditions. The study conducted at FemtoMAX at 296 K using excitation by 
10 keV photon pulses shorter than 200 fs, revealed that the fastest component is 
τ1=134 ps, followed by τ2=648 ps, which is comparable with that under VUV 
excitation. The IF216 filter transmission extends up to 300 nm, covering the short 
wavelength part of STE emission (Figure 4). Decay time of the third component 
is τ3=291 ns. This result demonstrates that the time resolution provided by storage 
rings is not sufficient for studying decays in the sub nanosecond range, but it can 
be performed at the LINAC-based sources like FemtoMAX at MAX IV Lab and 
FLASH at DESY, where properties of BaF2 scintillator under high density exci-
tation in XUV were studied [38]. 

BaF2 crystal with 1% La doping was studied at the FemtoMAX beamline using 
the advanced experimental setup developed by us and described in detail above. 
Figure 6 shows the decay curves of CL from a BaF2:La 1% crystal recorded 
through the spectrometer for 225 nm emission at 295 and 80 K. Thus, only CL is 
detected without any disturbing influence of STE emission. 
 

 
Figure 6. Decay curves of CL at 225 nm (spectrally selected by a monochromator with 
5.4 and 10.8 nm spectral resolution at 296 and 80 K, respectively) excited by 10 keV 
photon pulses shorter than 200 fs at the FemtoMAX beamline. The decay curves were 
fitted with a two-component exponential decay functions (red lines) by deconvolution 
based on the IRF with 32 ps FWHM (solid grey line). The decay time values are also 
shown alongside with their relative integral intensities. 
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 It is well known that CL intensity and decay times have no temperature 
dependence [9], which is also confirmed by our experiments. A two exponential 
fit for decays at both temperatures results in an ultrafast component τ1=114 ps 
and τ2=827 and 842 ps, respectively. The second component in La doped BaF2 is 
slightly longer in comparison with the CL decay (∼ 600 ps) in pure BaF2. Very 
similar decay time values have been reported for BaF2:La 1% under 511 keV 
photon excitation and using a VUV-SPAD for detection [14]. Based on this solid 
experimental result, we can firmly state that there is an ultrafast decay 
component, which has to be taken into account in describing relaxation processes 
of core excitations in materials with cross-luminescence. This, however, is 
beyond the scope of present work. 

The decay curves can be well approximated with a sum of two exponentials 
pointing to the fact there are no non-linear phenomena observed, which are due 
to mutual interaction of dense core excitations. Using experimental parameters 
like 120×120 μm2 spot size on sample, amount of photons 1.5*106 ph/pulse and 
literature data for absorption of 10 keV photons in BaF2, the estimated core 
excitations density is ≤ 5*1015 cm–3, which is low enough to be in a linear 
excitation regime without a distortion of decay kinetics, as confirmed by the 
experimental results. Strong non-exponential dependence of decays has been 
observed for various scintillators under high-density excitation in experiments 
performed at FLASH [38]. 

Considerable amount of time was spent to record the decay curves acquired at 
the FemtoMAX beamline. This is due to the combination of low excitation 
repetition rate available (10 Hz) and the applied multiple photon counting method. 
The method is capable of detecting and timestamping multiple emission photons 
per excitation pulse, but if the photons are detected too close to each other to be 
accurately timestamped, the respective information is discarded. Therefore, 
contrary to the general case in luminescence measurements, relatively low lumi-
nescence intensity is needed to record a data in optimal time. Parameters used to 
optimise this are the percentage of excitation impulses, which are not discarded 
due to overlapping impulses (i.e., percentage of good shots) and the average 
number of detected photons per excitation pulse. For example, in case of the 
decay curves presented in Figure 6, the parameter values were ca 60% good shots 
and 0.6 photons detected per excitation pulse. Data integration time due to 10 Hz 
repetition rate was about 9 h for the decay curve measured at 295 K and 2 h for 
the decay curve measured at 80 K, which explains the significant difference in 
peak intensities of decays shown in Figure 6. 
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Electronic properties of synthesized ternary fluorides 

The ternary fluoride powders synthesized in this work all have a complex valence 
bands, according to theoretical electronic band structure calculations (e.g., see 
public AFLOW database [39]). Main band structure parameters deduced from 
experimental data of the measurements performed in this work, with other 
properties from literature for the studied compounds are shown in Table 1. 
 
Table 1. Properties of studied ternary fluorides. Energy gap (Eg) and cation energy gap 
(Egc) values were deduced from features revealed in the experimental excitation spectra 
of the respective emissions. Density values taken from the AFLOW database [39]. 
* unpublished results. 

Compound Eg (eV) Egc (eV) Density (g/cm3) Reference 
K2GeF6 11.0 20.0 3.23 [33] 
BaGeF6 10.9 19.4 4.60 [40] 
K2SiF6 10.6 * ~ 20.0 * 2.62  
Na2GeF6 ~ 12.0 * ~ 34.0 * 3.02  

 
 

 
Figure 7. DOS distribution for K2SiF6. From left to right – outermost core level com-
prised of K 2p states (solid green line); split valence band hybridised states comprised of 
Si 3s, 3p (solid blue line) and F 2p states (solid magenta line); conduction band (CB). 
Data from AFLOW [39]. 
 
In this section, the band structure properties of K2SiF6 are discussed as an example 
for ternary fluorides. Outermost core level in K2SiF6 is comprised of nearly pure 
K 2p states (Figure 7). Valence electronic states of K2SiF6 are formed by the 
hybridized fluoroanion SiF6

–2 bands [16]. Nearly pure F 2p valence states form 
four well-separated bands in the energy range 0 to –2.5 eV and hybridised Si 3s – 
F 2p and Si 3p – F 2p states in energy range –2.5 eV to –6 eV form all together a 
rather complex band structure. These hybridised bands are energetically posi-
tioned in the gap between the F 2p valence band and K 2p core states. Energy 
distance between the outermost core level and the top of the valence band is 
smaller than the energy gap Eg values, allowing for radiative transitions resulting 
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in CL between the core level and valence band states like in binary compounds 
with CL [9]. Furthermore, with the introduction of Si, the gap between the core 
level and valence band has significantly decreased, compared to the parent binary 
KF, creating conditions for a possible red shift of the CL emissions. The presence 
of split valence states due F 2p, Si 3p and Si 3s can introduce a rich emission 
spectrum due to intraband transitions covering the energy range up to 5.9 eV 
(energy difference between F 2p and Si 3s positions). The distinct gaps between 
valence bands can influence properties of ultrafast IBL, namely increase the light 
yield and characteristic decay times, as discussed in [8]. These properties of 
ternary hexafluorides may lead to using the IBL prompt photons as time taggers. 
 
 

Interpretation of ultrafast emissions and their decay times 

In order to achieve the objective of current PhD thesis and to explain the nature 
of observed emissions, sophisticated analysis of the experimental results was 
carried out. The complexity of calculated valence band structure for ternary 
BaGeF6 hexafluoride is shown in Figure 8, alongside with the revealed ultrafast 
emissions resulting from radiative transitions between the states of composing 
elements. In this figure, the observed ultrafast emissions from BaGeF6 are directly 
connected to the transitions between different states of the core and valence 
bands. Figure 8a shows the computational band structure of BaGeF6 taken from 
the AFLOW repository [39], while Figure 8b shows emission spectra of BaGeF6, 
combined from time-resolved PL emission spectrum recorded in a 0–3 ns time 
window (below 6 eV) and time-integrated cathodoluminescence emission spect-
rum above 5.7 eV, which extends to VUV range. The coloured boxes drawn in 
Figure 8b relate the corresponding radiative transitions marked with letters a. 
to f., to the arrows with same notation in Figure 8a. The starting position in the 
energy scale and width of a box in Figure 8b is defined by the onset energy of the 
corresponding emission (minimal energy distance between the states involved, 
shown in Figure 8a) and the maximal energy width of the target band involved. 
Coincidence of the computational data and experimental results is evident. The 
detailed analysis of the emissions illustrated in this figure has been carried out 
and reported in [40]. Such analysis is shown to be a very useful tool for other 
ternary hexafluorides studied and is a prime example of the role of the band 
structure engineering approach, which has been implemented in preparation of 
modified materials in this work.  

Resulting ultrafast emissions in ternary hexafluorides with analogous complex 
band structure are often due to a combination of CL and IBL and recorded decay 
curves of the overlapping emissions tend to show nature of CL and IBL. How-
ever, in Na2GeF6 the Na 2p cation electronic states lie much deeper at –18.7 eV 
in respect to top of valence band. Its valence band comprised of GeF6

–2
 fluoro-

anion states is split into sub-bands. Therefore, IBL transitions are still possible 
between the split valence band states, but the energetic condition for CL is not 
fulfilled and ionization of Na 2p core level results in a decay of a core hole 
through Auger process with electron emission. 
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Figure 8. (a) Computational electronic band structure of BaGeF6 [39] with the experi-
mental energy gap (Eg) and energy distance between the outermost core band and con-
duction band (Egc) shown. (b) PL emission spectra of BaGeF6 at 7 K in a 0–3 ns time 
window (UV-Vis, circles) excited by 45 eV photons combined with cathodoluminescence 
emission spectra in the VUV region (> 5.7 eV, triangles). The boxes in panel (b) indicate 
radiative transitions (a.-f.) with relevant energy of onset (minimal calculated energy 
distance between the bands involved, also shown in panel (a)) and width (target band energy 
width). 
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Figure 9. Decay curves for various ultrafast emissions from ternary hexafluorides at 80 K 
excited by 10 keV photon pulses shorter than 200 fs at the FemtoMAX beamline. 
a) 270 nm emission of BaGeF6; b) 270 nm emission of K2GeF6 (τ2 was fixed to 200 ps); 
c) 0th order i.e., spectrally integrated luminescence emission of Na2GeF6. IRF of the de-
tection system is shown in a solid grey line. The decay curves were fitted with exponential 
decay functions (solid green lines) by deconvolution with the corresponding IRF and the 
obtained decay times together with their relative integral intensities are shown in the 
graphs. 
 
Figure 9 shows decay curves for various ultrafast emissions from ternary hexa-
fluoride powders at 295 K. The experiments were performed at the FemtoMAX 
beamline and decays were recorded through a monochromator at well-defined 
emission wavelengths with 27 nm spectral resolution. The decays are very short 
in the sub nanosecond time domain, which is typical for materials with CL and 
IBL. Ultrafast emissions observed in Na2GeF6 were very weak most likely due to 
absence of CL contribution and the decay was consequently recorded as a 
spectrally integrated one by setting the analysing monochromator into “zeroth” 
order. Data analysis showed that depending on the complexity of the decay 
curves, multi-exponential fitting function resulted in the best approximation. 
Statistical data quality varies from sample to sample and is mostly limited by the 
amount of beam time available. The statistically best IRF was recorded from 
BaGeF6 powder at room temperature for 270 nm emission resulting in 32 ps 
value. This result was verified by IBL decay at 270 nm recorded from a Li2MoO4 
crystal, which has previously also been used to obtain IRF [23], but did not yield 
a statistically valid result this time as scintillation yield of the emission measured 
through a monochromator was too low. 

Data analysis by multi-exponential fit of decay curves for various hexa-
fluorides showed that there is always a very short component present in order of 
1 ps, which cannot be considered as a physically realistic decay at the current 
experimental conditions. 270 nm emission (4.6 ± 0.21 eV) in BaGeF6 (Figure 9a) 
is IBL due to overlapping Ba 5p → Ge 4p and Ge 4s → F 2p transitions (see 
Figure 8 and [40]). Thus, the main component for this emission has a decay time 

0.0 0.5 1.0

0.01

0.1

1

τ1 = 48 ps (28%)
τ2 = 362 ps (52%)
τ3 = 10.5 ns (20%)

τ1 = 1.2 ps (4%)
τ2 = 200 ps (96%)

Na2GeF6 0
th orderK2GeF6 270 nm 

Time (ns)

In
te

ns
ity

 (a
.u

.)
BaGeF6 270 nm a

τ1 = 1.2 ps (4%)
τ2 = 30 ps (96%)

0.0 0.5 1.0

b

0.0 0.5 1.0

c



31 

τ = 30 ps and its relative integral contribution is 96 %. It agrees surprisingly well 
with the theoretical prediction that IBL decay times may reach tens of pico-
seconds in case of a split energy band structures [8]. The experimental data was 
not so favourable for 270 nm (4.6 ± 0.21 eV) emission in K2GeF6 as the fit did not 
converge properly due to low statistics. The line shown in Figure 9b is drawn for 
a decay with a characteristic time of τ = 200 ps, illustrating the expected rate of 
the processes. According to the energy band structure, 270 nm emission in K2GeF6 
is due to intraband luminescence transition Ge 4s → F 2p [33]. In case of Na2GeF6, 
spectrally resolved studies of decays could not be performed due to weak lumi-
nescence intensity. Tri-exponential fit resulted in the following decay times: 
τ1 = 48 ps (its relative contribution 28 %), τ2 = 363 ps (52 %) and τ3 = 10.5 ns 
(20%). The first component is tentatively assigned to IBL between split valence 
band states (F 2p, Ge 4s and 4p) because it is more unlikely that the conduction 
band has gaps in the density of states. The second decay component is in the 
decay time range of CL, which cannot take place in Na2GeF6 because Na 2p 
cation core level is located too deep at ~ –18.7 eV and Auger decay takes place. 
The third identified component has a life-time, which typical for some allowed 
electronic transitions. In order to perform detailed analysis of emission spectra in 
Na2GeF6, additional spectroscopic studies are required. 

 
 

Scintillation yield of hexafluorides 

Scintillation yield of the studied ternary hexafluorides was estimated using a 
special method devised by us for low light yield scintillation processes, e.g., for 
IBL with light yield values below 50 ph/MeV [22]. The scintillation yield values 
estimated for the ultrafast emissions of the powder samples of BaGeF6, K2GeF6 
and K2SiF6 were 4.5, 4.0 and 25 ph/MeV, respectively. The estimation method only 
takes into account the ultrafast emissions and contribution from slower emissions 
is not considered, which is generally not the case for scintillation yields reported 
elsewhere. It is also important to point out that the light yield estimation was 
carried out for powder samples, which typically show smaller yields in comparison 
to single crystals. There has been progress in growing single crystals of some 
ternary hexafluorides in our group, but these studies will be carried out in future. 

The higher light yield of K2SiF6 could be the influence of fully split F 2p 
valence states, increasing the yield of IBL in comparison to other hexafluorides. 
According to the band structure calculations, the distribution of F 2p valence 
states in BaGeF6 and K2GeF6 is more smooth without well-distinguished gaps in 
DOS. Slightly higher yield of BaGeF6 is probably due to the heavier Ba cation, 
which shortens radiation length and increases energy losses. Scintillation yield of 
Na2GeF6 was not estimated but it is expected to be lower than in the other 
germanates as there is no CL and also because of the comparatively lower inten-
sity observed during luminescence experiments. CL does not undergo thermal 
quenching [15], but electron-phonon interaction definitely influences the IBL 
yield. It will be discussed in the forthcoming sections. 
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Temperature dependence of electronic excitations  
in ternary fluorides 

Temperature is an important variable in studies of optical and luminescence pro-
perties of solids. Low temperature studies allow suppressing of the non-radiative 
decay channels, which quite often quench the radiative decay of intrinsic elect-
ronic excitations at room temperature. Important information on heights of acti-
vation barriers can also be deduced from studies of temperature dependence of 
various phenomena as well as performing spectroscopic studies in the tempe-
rature ranges, where delocalization of charge carriers takes place, influencing 
energy transfer processes [41]. 
 

Room and low temperature emissions in K2GeF6 and BaGeF6 

Cathodoluminescence emission spectra of synthesized K2GeF6 and BaGeF6 
powders were recorded at room (295 K) and low (5.5 K) temperatures under 
excitation by 10 keV steady electron beam (Figure 10 and Figure 11). The lumi-
nescence spectra were simultaneously recorded in the VUV and UV-visible range 
with separate monochromators and the results obtained overlap in the 200–
275  nm region. Although unusual, it was chosen here to present the cathodo-
luminescence spectra in wavelength scale to simplify comparison with other 
spectra presented in this work recorded under synchrotron radiation excitation. 

Low temperature emission spectra of BaGeF6 powder show two broad emis-
sion bands peaking at around 225 and 455 nm (Figure 10). The bands both have 
a complex structure comprising of several different emissions. The band peaking 
at 225 nm is also evident in the recorded VUV spectrum, but in this case, the SNR 
of the data is not ideal and is affected by lower sensitivity of the detection system 
in this spectral region. The band peaking at 225 nm has been shown to be CL and 
the broad band peaking at 455 nm has been assigned to self-trapped exciton emis-
sion of μs duration by us [40]. Room temperature spectra of the same sample are 
significantly different. The broad emission band peaking at 455 nm is substituted 
by two elementary emissions peaking at 355 and 555 nm, which are most prob-
ably of extrinsic origin. It must be considered that luminescence spectra above 
600 nm are influenced by second order contribution from emissions in UV. The 
225 nm CL emission band is observable in the spectrum recorded at room 
temperature at a similarly low intensity as it is at low temperature, but absolute 
intensities of the spectra are not comparable in this case as the experimental 
parameters were not completely identical. 

Low temperature cathodoluminescence spectrum of K2GeF6 shows also 
multiple emission bands covering the whole studied spectral range (Figure 11). It 
is important to note that all luminescence spectra in VUV were recorded in time 
integrated mode under electron beam excitation in the home laboratory because 
there were no spectrometers available for VUV luminescence detection at 
synchrotron radiation centres. 
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Figure 10. Cathodoluminescence emission spectra of BaGeF6 recorded at 295 K (red 
triangles) and 5.5 K (green circles) under 10 keV electron beam excitation. Spectra 
recorded in the 200–300 nm region are multiplied by a factor of 35 for better visualization. 
The spectra were corrected for the spectral sensitivity of the detection system. 
 
 

 
Figure 11. Cathodoluminescence emission spectra of K2GeF6 recorded at 295 K (pink 
triangles) and 5 K (blue circles) under 10 keV electron beam excitation. The spectra were 
corrected for the spectral sensitivity of the detection system. 
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In the short wavelength VUV region starting from 150 nm, multiple emission 
peaks are observed, forming a broad band of low-intensity emissions, which are 
already assigned to CL from the time-resolved photoluminescence experiments 
above 200 nm conducted by us at FinEstBeAMS [33]. Low temperature emis-
sions at wavelengths above 300 nm are somewhat different from the ones observed 
under photoexcitation using SR, where a single broad band peaked at 510 nm was 
observed. Obviously, energy transfer processes exciting all possible lumines-
cence centres are more pronounced under electron beam than applying more 
selective photoexcitation resulting in population of particular single lumines-
cence centre. Meanwhile room temperature cathodoluminescence emission spec-
trum in this region features multiple peaks in the 300 to 650 nm region, matching 
well with unpublished results from the recent time-resolved photoluminescence 
studies by us. In this region, the origin of emissions is mixed – a contribution 
from ultrafast emissions is observed in the 400–450 nm spectral region, while the 
other peaks are slow emissions of μs duration most probably from STE formation 
as shown in [33]. 
 

Temperature dependence of slow emissions in BaGeF6 

Temperature dependence of the broad visible emission of BaGeF6 powder was 
studied using pulsed and steady-beam cathodoluminescence setups in the Institute 
of Physics in Tartu (Figure 12). Decay of the 480 nm emission was recorded in 
5.4 – 300 K temperature range using pulsed 200 keV electron beam excitation.  
 

 
Figure 12. a) Temperature dependence of the slow μs decay component for 480 nm 
emission from BaGeF6 powder, recorded under 200 keV pulsed electron beam excitation; 
b) TSL spectrum of BaGeF6 for 434 nm emission through UV-visible monochromator 
after 10 keV electron beam irradiation at 5 K. 
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In data analysis, the decays were fitted with an exponential decay function re-
sulting in temperature dependence of the decay constant as shown in Figure 12a. 
At low temperatures, value of the decay constant is ∼560 μs, which starts to 
decrease above 40 K, followed by its rapid shortening and eventually, as can be 
seen in Figure 12a, the 480 nm emission is quenched at 130 K. This is charac-
teristic behaviour of intrinsic emissions in wide gap materials and strongly sup-
ports that this emission is due to STE as assigned in [40]. Figure 12b features a 
thermally stimulated luminescence (TSL) spectrum recorded for 480 nm emis-
sion from BaGeF6 powder after irradiation by 10 keV electron beam at the other 
cathodoluminescence setup. There are a few TSL peaks revealed at 30, 98 and 
130 K. The prominent TSL peak at 98 K represents a temperature range where 
delocalisation of charge carriers (self-trapped holes) can occur, resulting in 
disintegration of STEs and the related emission is thermally quenched. Although 
the two temperature dependences presented in Figure 12 were studied at two dif-
ferent setups, the shortening of decay times and the appearance of the prominent 
TSL peak is well correlated and 480 nm is related to STE luminescence. 
 

Thermal quenching of ultrafast emissions 

High temperature stability of CL in binary BaF2 and CsCl has been demonstrated 
up to temperatures of 750 K [15] and also demonstrated in this work for CL decays 
in BaF2 in the temperature range of T=80–300 K in Figure 6. The temperature 
dependence of ultrafast emissions in ternary hexafluorides seems to be more 
complex than that of CL in binary compounds. A comparison of time-resolved 
emission spectra from K2GeF6 powder at 296 and 7 K excited by 45 eV photons 
at FinEstBeAMS in shown in Figure 13. The spectra were recorded in a time 
window of 0–3 ns and absolute intensities of the spectra are comparable as 
experimental parameters were identical. The spectra have not been corrected for 
sensitivity of the detection system and transmission of optical path due to reasons 
discussed in the research methodology section in detail. Ultrafast emissions 
revealed in the spectra are a combination of CL and IBL, similarly to what was 
described above for BaGeF6 in Figure 8. Origin of the emissions is analysed in 
detail in [33]. The main spectral features remain similar in whole temperature 
range studied, but intensity of ultrafast emissions at 296 K is lower all across the 
spectral region. As classical CL does not depend on temperature as reported in 
[15], current results show that there are some processes present leading to the 
reduced luminescence intensity of ultrafast emissions, most likely thermal 
quenching of IBL due to increased electron-phonon scattering rate. In the case of 
CL, the phonon interaction controls the thermalization rate of charge carriers, but 
does not influence electron-hole recombination resulting in CL. 
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Figure 13. Time-resolved emission spectra of the ultrafast emissions (recorded in a time 
window of 0–3 ns duration) of K2GeF6 powder recorded under 45 eV photon excitation 
at 296 K (red triangles) and 7 K (blue circles) using the FinEstBeAMS beamline. The 
spectra were recorded using identical experimental parameters. 
 
In order to learn more about the thermal quenching processes, temperature depen-
dence of ultrafast emissions of K2GeF6 powder was investigated for 225 and 
430 nm bands using pulsed 200 keV electron beam excitation. Obtained decay 
curves were fitted with an exponential decay function resulting in temperature 
dependence of the decay constant and initial amplitude as shown in Figure 14. 
Since these ultrafast components are rather weak emissions, the statistical quality 
of data acquired at a satisfactory level has resulted in somewhat scattered curves, 
but still good enough for converging numerical values. One can see that decay 
times of both emissions behave in a similar way in the temperature range of  
5–300 K: for 225 nm the decay time decreases a little from 0.25 to 0.2 ns and for 
430 nm somewhat more from 0.29 to 0.13 ns. The change in amplitudes follows 
a similar declining trend as initial amplitudes of both emissions decrease. The 
amplitude of the 225 nm emission band shows a strong consistent decline from 
1.85 to 0.23 units. For the 430 nm emission, the amplitude decreases from an 
initial 1.46 to 0.59 units.  
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Figure 14. Temperature dependence of ultrafast emissions from K2GeF6 powder, re-
corded at 225 nm (yellow triangles) and 430 nm (blue circles). a) Temperature depen-
dence of the emission decay time; b) Temperature dependence of the emission amplitude 
obtained from fitting of the decay data. 
 
Temperature dependence of the 430 nm emission band has a notable decline for 
decay time at 135 K, matched with a steep increase of its amplitude. This effect 
in most probably related to the increased intensity of slow background STE emis-
sion, covering the ultrafast component and increasing amplitude through the whole 
decay time range. Temperature quenching of IBL in ternary hexafluorides could 
be due to the split valence band structure. The yield and decay time of IBL is 
dependent on the structure, gaps increase IBL yield and decay times can become 
longer [8]. According to the theoretical calculations in Materials Projects, phonon 
energies in K2GeF6 are up to 75 meV [42]. This facilitates crossing energy gaps 
by influence of phonons up to 5 times of a maximum phonon energy i.e., up to 
375 meV. This gives an indication that the population of Ge 4s, 4p states and Si 
4s, 4p states should be quite stable (see Figure 7, 8 and [33, 40]). However, the 
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population of F 2p states forming the valence band undergoes relaxation due to 
phonons because the energy gaps are practically absent (BaGeF6, K2GeF6) or in 
the range of the five phonon energies (K2SiF6). Temperature influences the popu-
lation of charge carriers in the split valence band states, which can therefore lead 
to redistribution of occupied DOS, resulting in different thermal quenching of 
IBL bands of different origin in ternary hexafluorides. Figure 13 indicates that UV 
emissions are slightly less influenced by temperature than the emission peaked at 
450 nm. There is an overlap with slow STE peaked at 520 nm and thermal 
quenching of STE at 295 K has also an influence. Further studies of this pheno-
menon are required to confirm this and give detailed explanation to the thermal 
quenching of IBL. 
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6. CONCLUSIONS 

In this thesis, luminescence and optical properties of BaGeF6, K2GeF6, K2SiF6 
and Na2GeF6 micropowder samples and BaF2 and BaF2:La 1% single crystals 
were investigated using time-resolved luminescence spectroscopy at room and 
low temperatures under electron beam and synchrotron radiation excitation. 
Time-resolved studies were used to record emission and excitation spectra, 
decays for various emissions and their temperature dependencies were studied on 
different experimental setups. Ternary hexafluoride samples synthesized by soft 
chemistry methods were characterized using XRD, SEM and other methods to 
get information on crystallite size, phase composition and morphology of samples 
under investigation. 

The main results from the thesis are summarized in a general level below: 
• Band structure engineering approach was successfully applied in the design 

and synthesis of hexafluoride micropowder samples. 
• It was shown that in case of studied ternary hexafluorides, cross-luminescence 

can be successfully shifted into the UV – visible spectral range by applying 
band structure engineering approach in materials design. 

• Important band structure parameters like energy gap and cation energy gap 
were experimentally determined for the studied ternary hexafluorides. 

• The revealed and extensively studied ultrafast emissions with sub nanosecond 
decay time are assigned to cross-luminescence due to transitions between 
outermost core band and complex valence band states formed from hybridized 
fluoroanion bands and intraband luminescence due to transitions between the 
split valence band states. 

• Thermal quenching of ultrafast emissions in the studied ternary hexafluorides 
is most likely due to redistribution of the density of valence states affecting 
the yield and decay times of intraband luminescence. 

• Scintillation yield of ultrafast emissions observed in the powder samples was 
relatively low, but is expected to be considerably higher for single crystals. 

• Ultrafast luminescence in BaF2 and BaF2:La crystals consists of known fast 
cross-luminescence component and in case of BaF2:La, an additional, even 
faster second decay component.  

• A new mobile experimental setup specifically for time-resolved studies in sub 
nanosecond time range was developed and launched at the FemtoMAX 
beamline driven directly by the LINAC at the MAX IV Laboratory, achieving 
time resolution as excellent as 32 ps (IRF FWHM). 

• It was shown that the achievable time resolution of storage ring based beam-
lines is sufficient for studies of relaxation processes of electronic excitations 
(160 ps IRF FWHM at FinEstBeAMS operating at the 1.5 GeV ring at 
MAX IV), but not high enough for the precise characterisation of decay times 
of ultrafast intrinsic emissions in scintillators. 
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Future research directions of ultrafast emissions in ternary hexafluorides and 
other complex compounds include syntheses and characterisation of samples in 
single crystal form. Scintillation properties of single crystals are expected to be 
better than in micropowder samples. Improved scintillation properties allow to 
study the involved processes at a more detailed level, as well as allow to evaluate 
the potential practical use of the compound more accurately in real scintillation 
conditions.  

In order to gain further knowledge about the underlying relaxation processes 
leading to ultrafast emissions, time resolved studies with at least an order of 
magnitude higher time resolution are needed. Pump and probe experiments based 
on upconversion luminescence method under free-electron laser and X-ray free-
electron laser excitation can provide time resolutions in sub-ps range. Such 
research will elucidate in detailed way, i.e. spectrally and in fs time domain, 
ultrafast energy transfer and relaxation processes in scintillators based on intrinsic 
emissions. 

Time-resolved studies of visible to VUV range emissions under highly selec-
tive photoexcitation can be conducted at the P66 beamline of the Petra III storage 
ring at DESY (Hamburg, Germany). A combination of monochromators covering 
the UV-visible and VUV spectral range allows to study the ultrafast emissions of 
ternary hexafluorides in their full spectral range of luminescence. 
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7. SUMMARY 

Scintillator materials with specific luminescence properties are needed in a wide 
range of applications in medicine, high energy physics, homeland security and 
elsewhere. Band structure engineering approach is a method of combining com-
putational band structure data with experimental results to achieve the desired 
properties in new scintillator materials.  

Ternary hexafluorides were identified as potential new scintillator materials 
to be used in fast timing applications based on the known luminescence properties 
of their binary counterparts and computational electronic band structures. A 
hypothesis was formed that the complex valence band structure of the materials 
split into several separate sub-bands potentially allowed for a multitude of ultra-
fast radiative transitions and a red shift of cross-luminescence emissions. 

Micropowder samples were successfully synthesized and their phase purity 
confirmed using XRD analysis and morphology visualized using SEM imaging. 
The samples were then characterized using several different luminescence 
spectroscopy methods, acquiring in-depth knowledge about the luminescence and 
optical properties of the materials. Key experiments in this work were time-
resolved luminescence studies conducted under pulsed electron and synchrotron 
radiation excitation. A custom experimental setup for time resolved studies was 
developed and an outstanding time resolution of 32 ps was achieved.  

Origin of the intrinsic emissions revealed was thoroughly analysed. Ultrafast 
emissions with sub 500 ps decay times were revealed in all of the compounds, 
extending from VUV to visible spectral range. In the analysis of the experimental 
time-resolved emission and excitation spectra, the computational band structure 
data was used to attribute the emissions to cross-luminescence and intraband 
luminescence. It was demonstrated that ternary hexafluoride systems based on 
the known binary cross-luminescence materials can provide ultrafast lumines-
cence emissions shifted to the UV and visible spectral region, making a detection 
of the ultrafast luminescence feasible by modern ultrafast silicon-photomultipliers. 

Current work demonstrates that band structure engineering approach can be 
efficiently used by combining the potential of modern computational methods 
with state-of-the-art experimental studies for the design of novel scintillator 
materials with targeted electronic and luminescence properties.  
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8. SUMMARY IN ESTONIAN 

Ülikiirete relaksatsiooniprotsesside  
uurimine kolmekomponendilistes heksafluoriidides 

sünkrotronkiirguse ergastusel 

Erinevates kõrgtehnoloogilistes rakendustes meditsiinis, teaduses ja julgeoleku 
vallas esineb vajadus spetsiifiliste luminestsentsomadustega stsintillaatorite järele. 
Kõrget ajalist lahutusvõimet vajavatesse rakendustesse otsitakse stsintillaatoreid, 
mis tekitaks neeldunud kõrg-energeetilise ergastuse mõjul viiteta ja võimalikult 
lühikese pikalainelise valgusimpulsi. Kross-luminestsents ja tsoonisisene lumi-
nestsents on tahkistes esinevad omakiirgused, millel on ülilühike kustumisaeg, 
kuid mille saagis on madal. Lisaks asuvad kross-luminestsentsi kiirgused ena-
masti VUV–UV lühilainelises spektriosas, kus fotodetektorite tundlikkus on ma-
dalam. Doktoritöö eesmärgiks oli rakendada tsoonistruktuuri modifitseerimise 
lähenemist (ingl k band structure engineering) nende puuduste leevendamiseks, 
kombineerides arvutuslikke tsoonistruktuuri andmeid eksperimentaalsete uuringu-
tulemustega. 

Tuginedes kahekomponendiliste fluoriidide (KF, BaF2 jt) teada olevatele 
luminestsentsomadustele ja arvutuslikele tsoonistruktuuri andmetele leiti, et 
kolmekomponendiliste heksafluoriidide näol võiks tegu olla potentsiaalsete uute 
stsintillaatoritega, mida kasutatakse kõrge ajalise lahutusvõimega rakendustes. 
Kolmanda elemendi (Ge, Si) lisamisega moodustub kompleksne valentsitsooni 
struktuur, mis on jaotunud eraldiseisvateks alamtsoonideks (F seisundid ning 
hübridiseerinud Ge-F või Si-F seisundid). Näidati, et heksafluoriidides on võima-
likud mitmed ülikiired kiirguslikud üleminekud nii kõige kõrgemate katioon-
seisundite ja valentsitsooni alamtsoonide vahel (kross-luminestsents) kui ka tsooni-
sisesed kiirguslikud üleminekud valentsitsoonis sees (tsoonisisene luminestsents). 
Väiksem vahekaugus katiooni ja valentsitsooni seisundite vahel loob eelduse 
kross-luminestsentsi lainepikkuse nihkumiseks vaakum-ultravioletist ultraviolet-
sesse ja nähtavasse piirkonda, kus seda on tõhusam kaasaegsete kiirete detekto-
ritega registreerida.  

Töö käigus sünteesiti BaGeF6, K2GeF6, K2SiF6 ja Na2GeF6 heksafluoriidide 
mikropulbrid. Pulbrite faasipuhtus kontrolliti röntgendifraktsioonanalüüsi abil 
ning nende morfoloogia selgitati välja skaneeriva elektronmikroskoobi abil. Pulb-
rite luminestsents- ja optiliste omaduste välja selgitamiseks rakendati erinevaid 
luminestsentsspektroskoopia meetodeid nii Tartu Ülikooli füüsika instituudi 
laborites kui ka neljanda põlvkonna sünkrotronkiirguse keskuses MAX IV (Lund, 
Rootsi) FinEstBeAMS ja FemtoMAX kiirekanalitel. Võtmetähtsusega olid see-
juures suure ajalise lahutusega luminestsentsspektroskoopia katsed, mida viidi 
läbi ülilühikeste elektronkimpude (60 ps) ning sünkrotronkiirguse (< 200 fs) 
ergastusel. Spetsiaalselt suure ajalise lahutusega eksperimentideks konstrueeriti 
teisaldatav katseseade, millega saavutati suurepärane 32 ps ajaline lahutusvõime 
FemtoMAX kiirekanalil.  
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Läbi viidud katsete tulemusena tuvastati erinevate omakiirguste tekkimise 
protsessid, milleks olid nii ülikiired alla nanosekundilise kestvusega kross-lumi-
nestsents ja tsoonisisese luminestsentsi kiirgused kui ka aeglased mikrosekun-
ditesse ulatuvad iselõksustunud eksitonide kiirgused uuritud materjalides. Üli-
kiirete, alla 500 ps kustumisajaga kiirguste esinemist näidati laias spektraalses 
vahemikus vaakum-ultravioletist nähtavani. Katsete tulemuste kombineerimisel 
arvutuslike andmetega oli võimalik erinevate kiirgusribade seostamine kross-
luminestsentsi ja tsoonisisese luminestsentsi kiirguslike üleminekutega baas-
tsooni ja valentsitsooni alamtsoonide vahel. Näidati, et kolmekomponendilistes 
heksafluoriidides tekkivad ülikiire kustumisajaga kross-luminestsents ja tsooni-
sisese luminestsentsi kiirgused esinevad kaasaegsete kiirete detektorite jaoks 
sobilikus, ultravioletse ja nähtava valguse piirkonnas. 

Doktoritöö tulemusena näidati, et tsoonistruktuuri modifitseerimise lähenemist 
saab edukalt rakendada kaasaegsete tipptasemel arvutuslike ja eksperimentaalsete 
meetodite ühendamiseks, et töötada välja uusi stsintillaatoreid, millel on soovitud 
spetsiifilised luminestsentsomadused.   
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