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To my mother

Nothing in life is to be feared, it is only to be understood. Now is the time to understand
more, so that we may fear less.

Maria Sktodowska-Curie
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INTRODUCTION

Any knowledge that doesn'’t lead to new questions quickly dies out:
it fails to maintain the temperature required for sustaining life.

Wistawa Szymborska
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Real relation: E;, = nj, hv+n, hQ+n, E,,
1 I 1

light heat charge

Figure 1.1: Different channels of ionizing radiation energy conversion in matter.

1.1. BIRDS EYE PERSPECTIVE ON RADIATION INTERACTION WITH

MATTER

When a high energy particle stops in a material it looses its energy (transforms it) into
other forms. When looking from a top-level perspective we can divide the final energy
deposit into three categories:

1. photons (light, scintillation),
2. vibrations of a crystal lattice (phonons, heat),
3. and free electron-holes (free charge carriers).

Despite of simplicity of this classification, it helps to organize thinking about dif-
ferent modes of radiation detection and to see them as parts of a broader picture. Fig.
1.1 illustrates this with an equation, where initial energy E;;, of a particle is transformed
and branched between emission of: n,; photons with average energy hv, n, phonons
(lattice vibration modes) with average energy hQ, and n,j, free electron-hole pairs with
average energy E,j,.

Each energy conversion channel was addressed and exploited in past research for
the purpose of radiation detection, and it resulted in development of many types of de-
tectors and techniques. Fig. 1.2 shows energy conversion channels and detectors which
make use of them. Bolometers can be used for ionization radiation detection by measur-
ing a material temperature increase with a temperature-dependent electrical resistance
element. They found application in particle physics, particularly in Dark Matter and
rare-decays search [1-5]. Scintillators make use of immediate light emission by the ex-
cited material, while Thermo-Luminescence (TL) dosimeters can store trapped-charges
and release them latter upon thermal activation. High purity germanium (HPGe) and
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Figure 1.2: Different detector types exploit different energy loss channels.

other solid state detectors are designed to directly collect free charge carriers created by
an ionizing particle.

Obviously, each of these detector types try to minimize branching energy to other
channels for obtaining high efficiency. For HPGe detectors along lifetime of free charges,
high drift velocity, and low recombination rate are required to collect all charges at the
electrodes, avoid trapping and energy loss as heat or light. The opposite requirements
are posed on scintillation detectors: as fast as possible capture of ionized charges by a
luminescence dopant facilitates rapid and efficient light emission. For TL dosimeters a
presence of deep charge traps is essential for capturing free charge carriers and storing
them without fading until a later thermo-stimulated optical readout.

1.2. SCINTILLATION

A scintillator (from Latin scintilla: a spark) is a material which can absorb ionizing radi-
ation and downconvert its energy into a short pulse of light. The process is symbolically
depicted in Fig. 1.3, where an incoming particle is absorbed by a material and leads to
a pulse of ny,;, photons. By measuring the number of emitted photons we can deduce
the energy of the incoming high energy particle. This principle is the basis of nuclear
spectroscopy, where a scintillator is coupled to a photodetector, and the amount of de-
tected light is assumed to be proportional to the absorbed energy. This picture is obvi-
ously oversimplified, and reality is much more complex. If we will consider all processes
shown in Fig. 1.1, the process of downconvertion is never 100% efficient. Moreover, the
linear relation shown in Fig. 1.3 is also broken in all known scintillators.

Only energy emitted as light is useful for scintillation detection, while the other forms
of energy are lost. Phonon and photon emission can be detected in scintillating bolome-
ters [1], however it is not practical for most of spectroscopic applications. Free elec-
trons and holes can be trapped by defects and impurities in the crystal, which eliminate
them from instantaneous light emission and contribute to delayed light emission (after-
glow). Measurements of bismuth germanate (BGO) with a scintillating bolometer en-
abled quantification of the branching ratios between these three channels. It was found
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Desired relation: E,,=nhv

Figure 1.3: The main principle of spectroscopy with scintillators.

that at 6 K only 5.8% of the absorbed y-photon energy is transformed into light, while
the remaining part is converted into heat 46.4% and free charge carriers 47.8% [6]. Free
charge carriers become eventually trapped at deep traps and do not participate in scin-
tillation process. This makes BGO a rather inefficient scintillator.

1.3. RADIATION INTERACTION WITH MATTER
A gamma photon can interact with a scintillator by three basic interactions:

1. Compton scattering which is responsible for the Compton edge and Compton
continuum;

2. the photoelectric effect which is responsible for the photo-peak;
3. pair production which only becomes important well above 1.022 MeV

Different interactions dominate depending on initial energy and materials proper-
ties. Compton scattering and the photoelectric effect are schematically depicted in Fig.
1.4. Compton scattering leads to a partial deposition of incident gamma photon energy
in a scintillating crystal, as the scattered photon can escape the detector volume. The
most important for y-spectroscopy is the photoelectric effect which leads to a full ab-
sorption of the incident photon energy. In Fig. 1.4 the full absorption peak (also called
"a photopeak") is located at 662 keV. However, the photopeak in small crystals can be
accompanied by an X-ray escape peak. After absorption of a gamma photon by the pho-
toelectric effect, a hole is left in an inner orbit of the excited atom. Next, the hole is filled
up with an electron from a higher orbit what is accompanied with emission of charac-
teristic X-rays. These X-ray photons can escape undetected from a small crystal and de-
crease the full absorption peak energy by the corresponding X-ray energy. Fig. 1.4 shows
alanthanum K, X-ray escape peak in LaBr3:Ce,Sr.
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Figure 1.4: Pulse height spectrum of 137 Cs isotope measured with LaBrs:Ce,Sr sample and an Avalanche Pho-
todiode readout. Data reproduced from [7].

While high energy electron interaction with matter results in multiple scattering, al-
pha particles travel along almost straight paths. Fig. 1.5 shows simulated alpha particle
paths in sodium iodide Nal using the SRIM particle track simulation package [8]. The
density of excitation due to alpha particles can be much higher than with electrons. It
is because of their higher mass and higher charge state. Employing a-particles gives an
unique opportunity for studying scintillation properties at high ionization density.

1.4. SCINTILLATION MECHANISM

There is probably no single scintillation mechanism which applies equally to all known
scintillators. Through the years of research many theoretical models have been proposed
with increasing sophistication of the analyzed details. In this section I will limit myself
to discussing only the most recent model proposed for CsL:T1.

Fig. 1.6 shows the state of art understanding of the scintillation mechanism in CsL:TL
A hot cloud of free charge carriers is created in the first stage after the interaction with a
gamma photon. The process of track creation is extremely fast, and it takes less than one
picosecond for a high energy electron (= 1 MeV) to come to a full stop. Within next 50
femtosecond free holes become self trapped (STH*). Because STH* have very low mo-
bility, they stay close to the initial track core. The cloud of free hot electrons expands at
this time and we observe charge separation: positively charged STH* stay behind close
to the linear track, while electrons expand and fly-away. After around 4 picoseconds free
electrons lose their initial kinetic energy through a phonon inelastic scattering mech-
anism and start to experience a Coulomb attraction to the track of STH* left behind.
Thermalized electrons on the way back towards STH* can be trapped by Tl* centers and
form TI°. At the same time STH* start to diffuse around the initial track, and some of
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[ 5 MeV alpha particle stopping in Nal:Tl

Y (um)

Depth (um)
Figure 1.5: Simulation of ionization tracks of 5 MeV alpha particles stopping in Nal: T1.

them are trapped to form TI** centers. At this stage the recombination becomes limited

by de-trapping of electrons from TI°, and holes from TI>*. Some of the electrons which
were not captured at TI° can directly recombine with TI?* centers leading to prompt lu-
minescence. The delayed luminescence will come from the electrons detrapped later
from TI.

1.5. NON-PROPORTIONAL RESPONSE

As it was already mentioned in paragraph 1.2, the amount of emitted light by a scintil-
lator is not strictly proportional to the energy of the incident particle. It does not seem
to be a big concern for spectroscopic application, as it is easily possible to calibrate the
energy response and correct for that later. However, there is a much deeper concern
arising from the deviation from linearity. Radiation interaction with matter and the fol-
lowing scintillation process are stochastic in nature. Every scintillation event, even if it is
caused by a mono-energetic particle, has some variations in a track structure, branching,
and the final ionization density. If we consider that the light response of a scintillator is
non-linear, than these variations in a track structure lead to variations in the light yield.
Finally, the ability to measure energy of the incoming particle is affected by the degree of
scintillator’s non-proportionality. This has tremendous consequences for nuclear spec-
troscopy, as non-proportional scintillators have low energy resolution and limited ability
to distinguish different incoming energies.

Fig. 1.7 shows non-proportionality of response of Nal:T1, LaBr3:Ce, LaBrs3:Ce,Sr, and
Lu,SiOs:Ce (LSO) scintillators excited with synchrotron radiation and normalized to the
value at 662 keV of gamma excitation. The perfect response is no deviation from linear-
ity, so the light yield per unit energy stays constant despite the energy of the incoming
radiation. Nal:Tl and Lu,SiO5:Ce deviate the most from 100% value, and these mate-
rials have limited energy resolution: 7-8% and 8-9% at 662 keV of gamma excitation,
correspondingly [9, 10]. LaBrs:Ce, LaBr;:Ce,Sr are one of the highest energy resolution
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Figure 1.7: Light yield of Nal:Tl, LaBr3:Ce, LaBr3:Ce,Sr, and Lu,SiOs5:Ce (LSO) excited with synchrotron radia-
tion and normalized to the value at 662 keV of gamma excitation. Data on LaBr3:Ce, LaBr3:Ce,Sr reproduced
from [7, 12], and on Nal:Tl and LSO from [13].

scintillators known currently, 2.7-3.2% and 2% correspondingly (7, 11], see Fig. 1.4.

1.6. THEORETICAL LIMITS OF SCINTILLATION

1.6.1. MAXIMUM LIGHT YIELD WITH A SCINTILLATOR

After photoelectric absorption of a high energy y-photon an energetic electron is cre-
ated. It looses energy by collisions with the material electrons leading to ionization of
the absorption medium. However, the lowest amount of energy required to create an
electron-hole pair is not equal to the material bandgap Eg. Because of momentum con-
servation, the mean energy necessary for the formation of one pair is - Eg, where §§ in
an empirical material-dependent parameter equal around 2.3-2.5 for most of inorganic
halide scintillators [14]. Then, the maximum number of electron-hole pairs is given by

E
N = —— (1.1)

o

where Ey is the energy of the absorbed y-photon. If we assume the ideal case when all
electron-hole pairs are converted to visible photons, then Eq. 1.1 becomes the theoreti-
cal limit for the maximum light yield. Eq. 1.1 shows that a small bandgap is preferred for
obtaining higher light yield.

Fig. 1.8 shows light yield of different scintillators versus the bandgap energy E;. The
theoretical limit predicted by Eq. 1.1 with § assumed to be 2.5 is marked with the dashed
line. Fluoride scintillators tend to have a large bandgap and consequently their light
yield is rather low. Iodides are found on the other end of the bandgap range and have
smaller bandgaps and higher light yields. We can conclude that the highest light yields
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Figure 1.8: Light yield of different scintillators versus the bandgap energy Eg with theoretical limit (dashed
line).

can be obtained from low bandgap materials like iodides and sulfides. The bangap range
between 2 and 3 eV is the ultimate range for obtaining the highest light yield and conse-
quently the best energy resolution. The connection between energy resolution and light
yield will be discussed in the next paragraph.

1.6.2. ENERGY RESOLUTION

The energy resolution R is a parameter which quantifies an ability of a detector to distin-
guish radiation of different energy. The energy resolution value is usually expressed as a
full width maximum AE of the mono-energy peak in a pulse-height spectrum divided by

the peak position E:
AE

R= z (1.2)

A naive thinking may suggest that the energy resolution of a scintillator is limited only by

counting statistics of the photodetector used for collection of the scintillation light. Un-

fortunately, it is not the only one limiting factor, and the energy resolution of scintillators
is limited by a few more factors. R can be written as a sum of different contributions:

R*=Ry+R},, +R:  +R:. (1.3)

intr

Ry is the well-known Poisson limit (counting statistics) [15]. In case of a scintillator
coupled to a PMT, Ry, can be expressed as

1+v
Ry =2.35 , (1.4)

phe

were v is the variance of the PMT gain and Ny, is the number of photoelectrons re-
leased by the scintillation pulse from the photocathode of the PMT. The same formula
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can be applied to different types of detectors like P-I-N diodes, avalanche photodiodes,
but with different values of v. For PMTs v = 0.1-0.2. R;,;, is the so called intrinsic energy
resolution and is related to a non-proportional response of the scintillator. Creation of
anionization track is a stochastic process, so any non-linearity of the light yield results in
additional broadening of the photopeak. R;,, is a factor introduced by inhomogeneities
in the crystal structures, like dopant concentration variations across the crystal. This
results in spacial dependence of the light yield and deteriorates the energy resolution.
The last term in Eq. 1.3, R;, refers to additional peak broadening caused by variations in
scintillation light transfer to the detector. For example, in long crystals the scintillation
photons can have very different optical paths depending if they are absorbed close to
the photodetector or far from it. Photons which travel longer paths have higher chance
of being lost on the way to the photodetector. This again increases the spread of the
number of detected photons.

It was discovered very early that scintillators have non-linear response to the excit-
ing radiation. This fact was quickly connected with deterioration of the energy reso-
lution obtained with scintillators, and sparked systematic studies of this phenomenon.
Through the years, more and more sophisticated techniques were developed. Starting
from using multiple isotopes for characterization of linearity, using the Compton Coin-
cidence Technique and the Scintillator Light Yield Non-proportionality Characterization
Instrument (SLYNCI), and recently K-dip spectroscopy. It became clear that the phe-
nomenon of non-proportionality is related to most fundamental processes of scintilla-
tion. Despite that different models have been developed to explain non-proportionality,
its origin is not well understood yet.

1.6.3. ENERGY RESOLUTION WITH AN APD
The energy resolution R of a scintillator coupled to an APD can be written as

R*=R?

2 2 2
intr T Ray + R + R}, (1.5)

noise

where R, = 2.35/F/ N,y is the contribution from the APD avalanche gain fluctuations
and from counting statistics, Rypise = 2.350 noise!/ Nep is a contribution from the APD
noise [16]. F is the excess noise factor of an APD and N, is the number of electron-hole
pairs generated in the APD by a scintillation pulse. 0 4. is the standard deviation in the
noise contribution arising from surface and bulk charge recombination of an APD and
expressed in RMS electrons.

1.7. THESIS OUTLINE

As we discussed, multiple requirements have to be met at the same time for obtaining a
high energy resolution scintillator: high light yield, high proportionality, good matching
of the emission wavelength and the photo-detector sensitivity, and high uniformity of
a crystal and light collection. All these issues (with exception of crystal quality) will be
addressed in this thesis in order to obtain the ultimate energy resolution of a scintillating
detector.

Nonproportionality of scintillators is one of the important limiting factors for im-
proving energy resolution. Despite many years of research the origin of this phe-
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nomenon is not fully understood. To study nonproportionality multiple measurement
methods were developed like Compton-electron coincidence detection and K-dip spec-
troscopy. Despite being powerful, these methods are complicate, costly, and time-
consuming. In Chapter 2 we investigate the interaction of alpha particles with scintil-
lators and conclude that the so called alpha/beta ratio can be used for characterizing
nonproportionality. It was found that the materials with high alpha/beta ratio are also
characterized with good proportionality of gamma and electron response.

In Chapter 3 we investigate the internal contamination of lanthanum-based scintil-
lators using modern digital spectroscopy methods. This made possible to deconvolve
internal alpha peaks and separate them from gamma-photon background. We found
that this method can be used for investigating of crystal non-homogeneities at microm-
eter level as alpha particles have short interaction range of 20-30 pm. This type of mea-
surement allows to avoid surface effects related to short range of alpha particles and
enables precise measurement of the alpha/beta ratio. Chapter 4 presents a newly devel-
oped fully-digital nuclear spectroscopy used for characterizing scintillation pulse shape
change with density of excitation. The measured time profiles were find to agree well
with the theoretically predicted curves simulated by Lu et al. [17]. This was an inde-
pendent confirmation of the most recent model of scintillation mechanism in CsI:Tl.
The knowledge about high proportionality of halide scintillators derived in the Chapter
1 was used in Chapter 5 to discover a new highly proportional near-infrared scintillator.
As already discussed, materials with infrared emission can be used together with silicon-
based photodectors for exploiting almost 100% quantum efficiency of scintillation light
detection and minimizing Poison contribution to energy resolution. In Chapter 6 we
studied the requirements for obtaining fast spin-allowed 5d-4f emission of samarium
which is a promising dopant for developing new near-infrared scintillators. The chapter
concludes with a list of candidate materials for scintillators with fast samarium emis-
sion. In Chapter 7 we have studied the proposed candidates by means of optical and
scintillation spectroscopy and characterized them with optical and nuclear methods.
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NON-PROPORTIONAL RESPONSE OF
SCINTILLATORS TO ALPHA
PARTICLE EXCITATION

To know that we know what we know,
and to know that we do not know what we do not know,
that is true knowledge.

Nicolaus Copernicus

In this work we investigated the relation between gamma nonproportionality and alpha
particle nonproportionality. Firstly, we collected literature data on the a/ B ratio of almost
all commonly used scintillators. Secondly, we extended the literature review with our own
measurements of LaBrs:Ce al B ratio in function of Ce** concentration. A strong influence
of co-doping on the a/ B ratio of LaBrs:Ce has been observed. Finally, we conclude that the
gamma nonproportionality, gamma intrinsic energy resolution, and a particle response
are closely related to each other, and they are due to quenching in the high density part
of ionization tracks. Though it still needs to be tested for a larger group of scintillators,
the a/ B ratio can be used as a single value characterizing intensity of light quenching
processes in scintillators.

This chapter is adapted from: W. Wolszczak and P. Dorenbos, "Nonproportional Response of Scintillators to
Alpha Particle Excitation," in IEEE Transactions on Nuclear Science, vol. 64, no. 6, pp. 1580-1591, June 2017.
https://doi.org/10.1109/TNS.2017.2699327
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16 2. NON-PROPORTIONAL RESPONSE OF SCINTILLATORS TO ALPHA PARTICLE EXCITATION

2.1. INTRODUCTION

Interest in studying the non-proportionality of the response of scintillators to different
types of radiation led to development of new and more sophisticated methods of mea-
suring it. Since reporting for the first time of non-proportional response of sodium io-
dide (Nal:Tl) to y rays by Pringle in 1950 [1], most of the research until 90ties was done
with using multiple radioactive sources and X-ray fluorescence peaks [2]. In 1994 Valen-
tine and Rooney [3, 4] introduced a new method — the Compton Coincidence Technique
(CCT). In order to increase the data rate, in 2008 the CCT was further developed by
Choong [5, 6] into a second-generation instrument referred to as SLYNCI (Scintillator
Light Yield Nonproportionality Compton Instrument). In 2010 Khodyuk et al. developed
the K-dip spectroscopy technique for measuring electron nonproportionality starting
from energy as low as 30 eV [7].

In all previously mentioned methods, the particle which interacts with the scintillat-
ing material is an electron created by the photoelectric or Compton effect. The electron
loses it’s energy in multiple interactions with matter, creating a dense track of excited
electrons, holes, excitons etc. An alternative way to reach high density of excitation is by
using particles with higher mass and/or charge than that of electrons.

Alpha particles were not commonly used in scintillator research during last years.
The main concern is a short range of alpha particles, which causes that the scintillation
yield is very sensitive to surface properties of the studied material. Experimental dif-
ficulties arise when measurements are performed in a gas atmosphere, instead of the
vacuum, because alpha particles can loose a considerable amount of their energy before
reaching the target material.

In our work we focused on internal alpha particle sources to avoid any of the men-
tioned problems. Since it is difficult to separate some natural occurring alpha isotopes
from the used starting materials, the internal contamination with alpha decaying iso-
topes is common in many scintillators. For instance, the contamination with 227Ac is
difficult to avoid in lanthanide-based scintillators due to similar chemical properties of
all actinides and lanthanides. The decay chain of 2>’ Ac, besides beta minus decays, is fol-
lowed by alpha decays of it’s daughters: >>Ra, 2!9Rn, >!°Po, 2! Bi [8]. Significant amount
of the data on internal alpha activity inside scintillators come from particle physics ex-
periments searching for very rare physical processes like two neutrino double beta decay
(2v2p) [9] or the dark mater search experiments [10].

In this work we use alpha particles for studying scintillators non-proportionality of
the response. Firstly we have collected the available literature data concerning alpha
particle interactions with different scintillating materials to discuss general trends and
patterns. Wherever it was possible we have used data on measurements performed with
internally created alpha particle sources. Secondly, we performed our own measure-
ments of light yield from internally created alpha particles. We have measured the alpha
particle response in lanthanum bromide doped with different cerium concentration,
and in gadolinium based scintillators: Gd,SiOs5:Ce (GSO:Ce) and (Gd,Y)3(Al,Ga)5012:Ce
(GYGAG:Ce). We will combine the collected data from literature and data measured
by our own in order to draw general conclusions about the relation between the elec-
tron/gamma nonproportionality and the alpha particle response. We used this as a base
for combining alpha particle data with electron data on a common stopping power scale.
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2.2. EXPERIMENTAL METHODS

The definitions of the a/ f ratio and y-nonproportionality are presented in Appendix 2.6
together with a literature review of general properties of @/ f in scintillators.

In addition to the data collected from literature we conducted our own measure-
ments of the a/f ratio. We used the internal contamination of scintillator crystals with
alpha-emitting isotopes in order to avoid surface effects. Previous works [11-16] identi-
fied actinium 227 as the main contamination of lanthanide-based scintillators.

We have used the highest alpha energy peak of the internal alpha spectrum for cal-
culating the a/p ratio, see Fig. 2.2. This peak is ascribed to 2°Po (E40,0 = 7386 keV) and
99.9% of its decays is directly to the ground state of a daughter isotope [17], so there is
no additional gamma de-excitation.

The decay of naturally occurring '%2Gd isotope was used in measurements of
gadolinium-based scintillators: GYGAG:Ce and GSO:Ce. '°2Gd has a half-life of t;/, =
1.08 - 10'° years [18] and 0.2% natural abundance. It decays with 100% efficiency by a
emission to the ground state of '*8Sm:

192Gd — 8Sm (E,peoi1 = 56.6 keV) + a (E4 = 2146.9 keV). 2.1)

Energy of the recoil E,..,;; in this reaction is very small compared to the energy car-
ried by the a particle, so practically all of the light emitted by the scintillator is due to a
excitations. In our evaluation we will consequently omit the contribution of a nuclear
recoil to the measured light yield in all materials, and we will use the alpha energy E,, for
calculating the a/ g ratio.

The intrinsic activity pulse height spectra of studied samples were measured inside
a 15 cm thick lead castle to suppress environmental background. The inner side of the
lead castle was covered with copper and cadmium to reduce lead X-ray fluorescence. We
used a low potassium PMT (ElectronTubes 9266B) to minimize counts from 40,

Hygroscopic samples, like LaBr3:Ce, were handled inside a nitrogen filled glove box
and mounted in a hermetic casing to carry out measurements outside the glove box.
Samples were coupled to the PMT with an optical grease and covered with several layers
of PTFE tape over the crystal and PMT, the so-called umbrella covering, to maximize
light collection. In all measurements 0.5 us shaping time was used for the spectroscopy
amplifier.

2.3. RESULTS

2.3.1. LITERATURE REVIEW

Table 2.1 lists data on the a/f ratio collected from literature together with our own mea-
surements. General trends observed in the presented data are discussed in detail in Ap-
pendix 2.6. Fig. 2.1 shows the literature data on a/f as a function of @ energy.

2.3.2. INTRINSIC a ACTIVITY

Fig. 2.2 shows intrinsic activity pulse height spectra of LaCls:Ce, LaBrs doped with 5%
Ce, LaBrs doped with 30% Ce, and LaBr; doped with 5% Ce and 0.1% Sr. All spectra are
normalized to the maximum of counts in the lowest energy a peak (mixed >**Ra + 2>’ Th
peak), and energy is calibrated with a 662 keV 137Cs y-source. The activity observed
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Figure 2.1: a/ B ratio in function of alpha particle energy. CsI(Tl) 0.056 mol% TI1 [19], ZnSe:Te [20], Nal:T1 [10],

BaF; [21], LaCl3:Ce [13], CaWOy [22], GSO:Ce [23-25], CaF2:Eu [26], CAWO4 [27], CeF3 [28], polysterene based
plastic scintillator [29, 30]. Dashed lines are provided to guide the eye.

above 1.6 MeV gamma equivalent energy is due to alpha particle emission inside the
crystal. The same structure of three alpha peaks is observed for all four samples but at
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different y-equivalent energy, clearly showing a change of the a/f ratio.

Table 2.1: Overview of scintillators and their properties: density p, a/f ratio measured at alpha energy Eq,
alpha source used for a/ B ratio measurement, light yield at 662 keV gamma energy, intrinsic energy resolution
Rjy; for 10 keV and 662 keV y photons, nonpropotionality of gamma response at 10 keV and reference.

Scin- o alp Eq Source  Light Rins Rint 1(\(IyonPR Ref.
3 (MeV) ield % at % at 6 at
tillator (g/cm?) %Illjh/MeV) E}f§2 56) 10
keV) keV) keV)
CsIA 4.5 1.0 4.7 2IamE 108 46420 217224 104.4420 (31,32
(100 K) 00024
CsIB 4.5 1.0 4.7 HIAmE 124 37424 157624 854820 (31,32
(100K) 00024
NalTl 3.7 0.6048 5789 224gal 45000 5.7 13.83¢ 113.88  [2,10,
33, 34]
CsLTl 4.5 0.573% 5.6 238pyE 56000  5.5%€ 14.64%¢ 112 [33]
CsINa 4.5 0.45 5.46 238pyE 42000  6.72C 16.33¢ 123.1 12,33,
35, 36]
Srlp:Eu 4.6 0.55 7.687 2Tipy 82 400 1022 [9,37]
ZnSe:Te 5.4 0.69% 5.48 2MIamE 28300 33P0 251Pd  g7.7Pd 20 3g)
0.2%
Te)
LaBr3:Ce,Sb.3 0.513 7.386 2I5pel 71 B 1.13d 17.6550  100.0 134, 39]
000
LaBr3:Ce 5.3 0.36 7.386 2l5pol 74 B 1.83d 28.130 8656 134, 39]
000
LaClz:Ce 3.9 0.356 7.386 2I5pel 35 ld 2.8ld 231719 837 [12]
800
CeBr3 5.2 0.266 7.386 2I5pol 43000 3.1 25.2 76.4 [15]
BaF, 4.9 0.335 5.59 22pnl 11000 4 81.7 [2,21]
CaFy:Eu 5.7 0.221 5.4 22T+ 2381go0 - 5.52° 25.0° 79.4 [2, 40,
41
YAP:Ce 5.4 0.3 5.49 2amE 17000 1.3 95.2 [42, 43]
YAG:Ce 4.6 0.3 3.94 2ATamE 17000 5.0 26.16 71.4 [44-46]
YAG:Nd 4.6 0.33 5.25 2ATamE 3600 [47]
LuAG:Pr 6.7 0.3002  5.49 2IamE 12900 3.0 20.7 85.4 [7, 48,
(0.23% 49]
Pr)
GSO:Ce 6.7 0.265 6.29 220pp! 8500 2.74 35.18%3 8.8 12, 25,
50]
LuAG:Ce 6.7 0.2512  5.49 AIamE 12500 45 35.8 72.4 [45, 46,
51]
GYGAG:Ce5.8 02428 2147 152640 40000 84.7 [52, 53]
BGO 7.1 0.198 5.3 210pol 9000 3.99 61.48% 70 12, 54,
55]
GAGG:Ce® 6.6 0.173 5.486 2amE 31700 5.18% 334898 2998 56,57
LSO:Ce 7.4 0.14° 23000 6.6 49.07°  57.00 [2,34]
BC- 1.0 0.0842 53 210pgE (58]
400/NE-
102

80.5 usshaping 31 usshaping 22 usshaping !3 usshaping 24 us shaping big us shaping
412 ps shaping ~ © measured with Compton electrons d measured with v photons

€ measured with K-dip spectroscopy (photoelectrons)  ° unpublished data of M. J. Knitel

6 Gd3Al,Gaz012:Ce, single crystal 7(Gd,Y)3(Ga,Al)5012:Ce, ceramic

E external a source  linternal a source A average over available data

M Jinear model fit of 232Th and 238U internal contamination response evaluated at 5.4 MeV [40]

Fig. 2.3 shows the a/p ratio at E, = 7386 keV (*!°Po) and E, = 662 keV as a function
of cerium concentration in LaBrs:Ce scintillator. The a/p ratio has a maximum value of
0.36 around 2.5% of cerium concentration while the lowest is 0.26 for 100% (CeBr3).

The measured a/pf ratio values for LaBrs:Ce (5 mol% Ce), LaCl3:Ce (10 mol% Ce),
CeBrs, LaBr3:Ce,Sr (5 mol% Ce, 500 ppm Sr), GSO:Ce and GYGAG:Ce are included in
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Figure 2.3: a/f ratio of LaBrs:Ce as a function of cerium concentration, measured with internal 21°Po contam-
ination, Ey = 7386 keV.
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Figure 2.4: Non-proportionality of response at 10 keV of various scintillators in function of their a/f ratio at
alpha energies as listed in Table 2.1.

Table 2.1.

2.3.3. NON-PROPORTIONALITY AND a/ﬁ RATIO

Fig. 2.4 shows the a/pf ratio and gamma photon nonproportionality at 10 keV plotted
against each other, based on the data listed in Table 2.1. Gamma energy of 10 keV has
been chosen as the lowest gamma energy easily available in the literature for a large
group of materials. When data at 10 keV were not available, we used a linear extrapola-
tion from the available nonproportionality curve towards 10 keV. Other reason to chose
10 keV is that the K-edge of most heavy elements in scintillators is at higher energy,
which ensures that sudden changes of a photoelectric effect cross section do not influ-
ence measurements of the non-proportionality. It is possible to avoid this problem by
using electron non-proportionality, but it is not available for a large range of materials.

During collecting the data for Table 2.1 we tried to match experimental conditions of
gamma and alpha measurements as closely as possible. For instance, the shaping time
has a strong influence on a/ and gamma nonproportionality (see Appendix 2.6.2), so it
is important to assure the same shaping time for both measurements.

Despite difficulties with providing the same experimental conditions, a clear trend
is observed in Fig. 2.4. A high value of non-proportionality at 10 keV is correlated with
a high a/f ratio. We may distinguish three groups of scintillators on this plot. The first
group are scintillators with a low value of nonproportionality at 10 keV and low a/§: the
oxide scintillators like BGO, GSO:Ce, LSO:Ce, CWO, and the plastic (NE213) scintillator.
The second group are mainly rare earth halides (LaBrs:Ce, LaCls:Ce, CeBrs), and alumi-
nates YAP:Ce and YAG:Ce. The last group are alkali halides CsI:Tl, Nal:Tl, alkaline earth
Srl,:Eu, and co-doped LaBrs;:Ce,Sr. They all have a high a/f ratio and high value of non-
proportionality at 10 keV. LaBrs:Ce shows that co-doping with Sr not only improves the
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function of the a/p ratio, measured at multiple cerium concentrations. Electron response is normalized to 1
at 450 keV, the a/f at 662 keV gamma equivalent. Values expressed in percent displayed next to data points
show the cerium concentration.

non-proportionality and energy resolution but also causes an increase of the a/f ratio.

Csl:Na and ZnSe:Te are far away from the general trend. Csl:Na has a high mobility of
sodium near the crystal surface [59], and it is sensitivity to surface finishing and humidity
conditions [60] (see Appendix 2.6.2). These factors were probably not carefully consid-
ered during measurements and resulted in unreliable a/f. ZnSe:Te is a semiconducting
scintillator and quenching processes may follow another trend line characteristic for that
type of materials.

The trend marked with dark blue arrows in Fig. 2.4 shows a change of the a/ B ratio in
series from CeBrs, LaBrs:Ce to LaBr;:Ce,Sr. A small change in chemical composition or
defect structure results in significant changes of the a/f ratio and non-proportionality
of response.

To further demonstrate the correlation between the a/f ratio, we plotted data
measured in this work for LaBr;:Ce with different Ce concentration against non-
proportionality measured with SLYNCI [61] at 4.7 and 9.5 keV Compton scattered elec-
tron energy. Fig. 2.5 shows clearly that the a/pf ratio increases with increase of non-
proportionality.

The intrinsic energy resolution R;,; can be used as a measure of scintillators non-
proportionality, although it can be strongly affected by parameters like crystals quality,
inhomogeneities, light collection etc. In this work we will follow a definition of intrin-
sic energy resolution which is simple and commonly used in literature and it is defined
as a total energy resolution R;,; decreased by a counting statistic limit resolution Rp; of

a light detector R;,;(E) =/ R?o tal R12v1' Contribution of a counting uncertainty intro-
duced by a photo-detector is assumed to have a Poisson statistic origin (photon count-
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Figure 2.6: Intrinsic energy resolution of various scintillators measured at 10 keV gamma energy against their
a/ P ratio. The dashed curve is to guide the eye.

ing) and in the case of a photomultiplier tube (PMT) it depends on a light output accord-
ing to the formula
Ry =2.35 m, (2.2)
Nphe
where v is the excess noise factor caused by multiplier gain variation and Ny, is a num-
ber of photoelectrons collected from a photocatode. More details on intrinsic energy
resolution can be found elsewhere [2].

Fig. 2.6 shows the intrinsic energy resolution measured with gamma photons at 10
keV energy R; (10 keV) versus the a/f ratio (based on data in Table 2.1). Increase of the
a/ p ratio is correlated with decrease of the intrinsic energy resolution. This trend is also
followed by undoped cesium iodide samples Csl at liquid nitrogen temperature. CsI "A"
and "B" denotes two different purities placed at the same a/f ratio (exact values were
not available).

Fig. 2.7 shows the intrinsic energy resolution measured at 662 keV R;;;(662 keV)
versus the a/f ratio (based on data in Table 2.1). The group of scintillators in the orange
ellipse do not follow the trend, and these are only alkali halides and a semiconducting
scintillator.

2.4. ANALYSIS AND DISCUSSION

The stopping power 3—5 for a charged particle is defined as the differential energy loss
dE divided by the corresponding distance traveled dx. In many theoretical models and
experimental analysis of scintillation processes [19, 61-72] the stopping power g—i is a
starting point to evaluate the initial excitation density. Since the electron stopping power
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Figure 2.7: Intrinsic energy resolution of various scintillators measured at 662 keV gamma energy against their
a/ P ratio. The dashed curve is to guide the eye.

is a fundamental parameter for theoretical studies of gamma/electron nonproportional-
ity, one can also consider to use other types of particles to study a high density excitation
in scintillation material.

Fig. 2.8 shows the stopping power as a function of kinetic energy of an electron and
an alpha particle in sodium iodide, calculated with multiple methods. The databases
ASTAR and ESTAR, provided by The National Institute of Standards and Technology
(NIST) of the U.S. contain stopping-power tables for alpha particles and electrons.
Both databases, ASTAR and ESTAR, generate stopping powers according to International
Commission on Radiation Units and Measurements (ICRU) Reports 37 and 49 [73, 74].
Unfortunately, in case of ASTAR, these data are provided only for a certain group of ma-
terials and do not include many potentially interesting scintillators. To overcome this
limitation, we have used the SRIM package [75] for calculating stopping powers of alpha
particles.

Theoretical calculations for electrons were compared with the empirical model of
stopping power made by Bizarri [66], which is based on the dielectric theory and optical
data from Evaluated Photon Data Library (EPDL97).

For electrons we used a modified Bethe equation as good approximation. An electron
stopping power can by approximated by the non-relativistic Bethe equation

dE 2nq3Na<%>l 1.16(Egjp + cI)

dx - Ekin n 1
where g, is the elementary charge, p is the scintillator density, Ey;, is kinetic energy
of the electron. < Z/A > is average atomic number divided by atomic mass, calculated
as weighted sum of the atomic constituents < Z/A>=3;w;Z;/ A;, where wj, Z; and
Aj; are the fraction by weight, atomic number and mean excitation energy [76]. I is the

, (2.3)
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average ionization energy of the material and was calculated with ESTAR database pro-
vided by NIST. Since the Bethe equation is not valid at low energy electrons (< 10 keV)
we have introduced coefficient ¢ as an empirical correction. By comparing the Bethe
equation with the stopping power derived from optical data for sodium iodide, we have
found that ¢ = 1.4 is a fair approximation of stopping power at low energies.

Fig. 2.8 shows that the ASTAR data and SRIM package data for alpha particles pro-
vide very similar results. The advantage of using alpha particles in nonproportionality
measurements is that the stopping process is better understood and provides higher ac-
curacy of g—f calculations then for electrons. The uncertainty of the alpha particle stop-
ping power at 5.3 MeV is in range between 1% to 4%, while for 10 keV electrons is about
10%. Furthermore, the energy density is much higher while using alpha particles. Fig.
2.8 shows that 5.3 MeV alpha particles (>'°Po alpha source) have two times higher ini-
tial stopping power 350 MeVcm?/g then electrons in the energy range available in K-dip
spectroscopy (30 eV - 70 keV): 170 MeVcm?/g. At lower energies there are scarce data
available for electrons, and it is very difficult to discuss the accuracy. In addition, the
cylindrical track model, commonly used in theoretical calculations, is much more ap-
propriate for a particles then for electrons [62].

We used K-dip electron nonproportionality data measured by Khodyuk et al. [7, 53,
77, 78] and converted the electron energy scale to an electron stopping power scale us-
ing Eq. 2.3. In case of alpha particles, we have used the literature data already shown on
Fig. 2.1, and then we calculated the stopping power with the SRIM package as a func-
tion of energy for each scintillator. The maximum stopping power near 1 MeV (Fig. 2.8)
corresponds with the minimum a/f in Fig. 2.1 for all studied scintillators.
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Fig. 2.9 shows both electron and alpha nonproportionality in function of stopping
power. The alpha data extends the trends observed in the electron data. Interestingly,
the measurements with alpha particles seem to group into two separate classes. The
first class is composed of Nal: Tl and CsI:Tl, but also LaBrs:Ce,Sr and Srl,:Eu can be added
to the picture in similar range of the a/f ratio and stopping power. The second group
contains GSO:Ce, CdAWO,, BaF;, and LaCls:Ce. This suggests that at high density excita-
tion we deal with two distinctive and universal trends of nonproportionality, what is not
so clear for electron data. However, one may notice that electron responses of GSO:Ce
and LaCls:Ce are also overlapping. Similar situation is observed for electron response of
Nal:T1 and LaBr3:Ce,Sr above 150 MeV/cm stopping power.

Fig. 2.6 shows that the intrinsic energy resolution at 10 keV correlates with the a/f
ratio for all studied materials. The same is not true for intrinsic energy resolution at 662
keV, see Fig. 2.7, where a group of alkali halides and ZnSe:Te deviates from the general
trend. The observed correlation suggests that the same physical processes are respon-
sible for intrinsic energy resolution and light yield quenching at a high density of exci-
tation (low gamma energy) for all studied scintillators. The same is not true at 662 keV
excitation for alkali halides. Here a new type of quenching is present at a low density
excitation (high gamma energies). Many theoretical models explain the presence of the
"hump" in the non-proportionality curve of alkali halides (see Nal:Tl on Fig. 2.9) as an
interplay of linear trapping and higher order quenching processes [62, 66]. The deviation
of alkali halides in Fig. 2.7 may support statements that the "hump" is a result of charge
separation in the electron track and increased trapping at low density excitation in this
group of materials.

Latest scintillator’s theory development [79] and laser experiments [80] provide a
deeper explanation of the above observations. According to Williams and co-workers
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high energy density quenching is mainly caused by non-radiative annihilation of exci-
tons and energy loss by Auger quenching involving free charge carriers. Exciton anni-
hilation follows second order kinetics, Auger quenching follows third order kinetics. It
is expected that materials exhibiting third order of quenching show more proportional
response. In laser experiments Grim and co-workers [80] showed that BGO and CdWO,
scintillators exhibit second order quenching. Figure 2.4 and 2.9 shows that these two
scintillators are characterized by a low value of nonproportionality and small a/p ra-
tio. Grim also studied Srl,:Eu which was found to obey third order quenching. Figure
2.4 shows that Srl, is among the scintillators with high value of non-proportionality and
high a/p ratio. In case of CsI:T1 and Nal:Tl they have found dependence of quenching
order on energy of optical excitation. Under 5.9 eV excitation CsL:Tl has a mixed order:
65% of third order and 35% of second order, while Nal:T] has a second order quenching.
Under 6.1 eV excitation CsL: Tl has third order quenching, while Nal: Tl has mixed order
65% of third order and 35% of second order. In case of scintillation caused by high en-
ergy electrons, due to momentum conservation of electron-hole pairs we have energies
exceeding bandgap energy. Because of that we may expect that quenching order will be
similar to that one caused by 6.1 eV photons, so third order for CsI:T], and mostly third
order for NaL: Tl

2.5. CONCLUSIONS

We have found that the a/f ratio can be used for characterization of scintillators in the
same way as a low energy electron and gamma non-proportionality. In many aspects
measurement of the a/f ratio has advantages over other methods. It provides higher
precision and higher density of excitation than is available with Compton or photoelec-
tric effect electrons.

It has been shown that the a/f ratio can be used for characterizing scintillation ma-
terials, and it follows the same trends and patterns as previously found for nonpropor-
tionality of electron/gamma photon response. The a/f ratio also correlates with an in-
trinsic energy resolution measured with 10 keV gamma photons. Materials with the high
a/ B ratio have a high intrinsic energy resolution at high energy density excitation. The
same trend is observed for 662 keV gamma photons with exception of alkali halides and
ZnSe:Te.

Despite what processes are responsible for scintillation energy losses at high energy
density excitation, we may conclude that strontium co-doping decreases intensity of
quenching in LaBrs:Ce. Interestingly, alkali halides have low intensity of quenching and
perform better than LaBr3:Ce and LaCl3:Ce at high density excitation (with a particles or
10 keV electrons). The superiority of LaBrz:Ce and LaCls:Ce over alkali halides probably
comes not from high resistivity to high density quenching, but from lack of a low density
quenching which is responsible for the "hump" in electron/gamma nonproportionality.
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2.6. LITERATURE REVIEW ON & RESPONSE

2.6.1. DEFINITION OF THE a/ 5 RATIO

Amount of light produced L(E) per energy E of a particle absorbed in a scintillator varies
with the particle energy. Because of historical reasons, in gamma/X-ray photon research
of the non-proportional response nonPR, the L/E value is usually normalized by L/E
measured at energy of 662 keV with 13’Cs gamma photons and expressed in percent:

L)
nonPR(E) = L(GBZLW -100%. (2.4)
662 keV

The a/p ratio is the ratio of the alpha response to that of electron or gamma ray
response in a scintillator. It is defined in a similar way as the electron/gamma/X-ray
non-proportionality of response, normalized for light output at certain energy (usually
662 keV), but relating not only an energy, but also a particle type:

L(Ea)
Ea
L(Ep)
Ep

alf= (2.5)

where L(E) is a light yield (expressed in photons) emitted due to a particle with initial
energy E. Indexes stand for particle type [81]. It is assumed that the a/f ratio is identical
with the a/y ratio, because interactions of a gamma photon with a scintillator occurs by
the photoelectric effect or Compton scattering leading to an energetic electron which is
responsible for the light yield response.

For practical purposes the a/f ratio can be defined as

_ Ep ch(Eg)a

alf= E—a—ch(Eﬁ)ﬁ, (2.6)

where ch(Eq)q and ch(Ep)g are the channel numbers of full absorption peaks on pulse
height spectra due to a and S (y) particles. It means that for a/ < 1 we observe the
a peak in a pulse height spectrum at a channel corresponding to a lower gamma-
equivalent energy than that of the true alpha particle energy. This effect is usually ex-
plained by "high density excitation quenching". Some scintillators have higher immu-
nity to this effect having high a/f ratio and others show much lower efficiency for a
radiation than for g (y).

2.6.2. FACTORS AFFECTING THE /3 RATIO

ALPHA PARTICLE ENERGY

Many researchers reported a dependence of the a/f ratio on the alpha particle energy
(10, 19, 20, 22, 82]. Extensive review was done by Tretyak [83] with the aim of using the
a/ B ratio to predict quenching factors for heavy ions. Some of these results are shown in
Fig. 2.1. All a/ B(Eg) curves share very similar shape, with a minimum around 1 MeV and
a linear part starting from 2-3 MeV and going up. The only one exception was found for
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the semiconducting scintillator, zinc selenide doped with tellurium ZnSe(Te). The min-
imum of the a/f ratio curves occurs always at the energy of 1 MeV, which corresponds
to the energy of maximum stopping power of alpha particles, compare Fig. 2.8.

Fig. 2.1 shows that for many scintillators the assumption of a linear dependence of
the a/ B ratio on an alpha energy is justified in energy range from 2.5 to 10 MeV. The slope
of the a/f ratio curve is steeper for materials with high a/g ratio, like CsI:Tl, Nal:T], and
flatter for materials with low a/ S ratio like CaWO,4, GSO:Ce, CeBrs3 or a plastic scintillator.
For example CaWO, has a slope of 0.0125 per MeV, while CsI(TI) has slope of 0.0311 per
MeV. Schumacher and Flammersfeld [82] reported a slope of 0.0099 per MeV in energy
range 5.3-8.78 MeV for organic single crystal scintillators (see Appendix 2.6.2).

TEMPERATURE
Fig. 2.10 shows the a/p ratio of multiple scintillators versus temperature. All halide
scintillators exhibit strong and complex dependence of a/f on temperature. On the
other hand, the a/ B ratio of oxide scintillators appears to be very stable and independent
of temperature.

An anomalous high a/f ratio has been reported by Arnaboldi et. al [86] for undoped
ZnSe scintillator at temperature of 50 mK. It was measured with a 5.7 MeV external alpha
source of ?>Ra and 2615 keV line of ?%Tl, and depending on the size of the detector the
a/ B ratio was found to be 2.9 for the small crystal (37.5 g), 2.5 for the large (120 g) and 2
for the huge one (337 g). The authors have ascribed this high value to the difference in
the light pulse shape for gamma and alpha particles and probable extremely long time
scale light emission from gammas.

Concluding, the a/f ratio can be very sensitive to temperature change, leading to a
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variation of the value by up to a factor of 3. In addition, the light yield due to alpha par-
ticles can be much higher than due to gamma particles (a/f > 1). This is an unexpected
observation, because the alpha particles induce higher excitation density compared to
gammas, which should lead to higher quenching and a low light yield.

SHAPING TIME

Decrease of the a/f ratio with increase of shaping time was reported for Nal:T1, CsI:T1,
Csl:Na and ZnSe:Te [19, 35]. For other scintillators like BaF,, Lil:Eu, BGO, CWO and
GSO:Ce the a/f ratio is independent from a shaping time [35]. An example how strong
this dependence can be is shown in Fig. 2.1, where a/B(E,) of CsI:T]l has been mea-
sured with two shaping times: 1 us and 7 us, orange squares and red full circles curves
respectively. The difference is almost 0.2 shift between curves.

Kudin et al. [87] has found that increase in shaping time causes decrease of the a/f
ratio in CsL:TL. Especially short shaping times (shorter than 1 us) resultin a large increase
in the a/ B ratio, up to almost 1 for crystals with high thallium concentration. The strong
dependence on the shaping time is caused by a different scintillation pulse shape for an
alpha particle and electron excitation. Because gamma-induced scintillation pulses are
longer (slower) then alpha-induced, the «/f ratio decreases with increase of the shaping
time. This effect is widely used for particle discrimination in scintillators, however its
origin is not well understood.

CHEMICAL COMPOSITION

Table 2.1 lists values of the a/f ratio in different scintillating materials together with the
energy of used alpha particles, the isotope and type of the source - an internal or ex-
ternal. In addition to that, Table 2.1 compiles the light yield LY measured with 662 keV
gamma photons, the intrinsic energy resolution R;,; at 10 and 662 keV gamma energy,
and the gamma photon non-proportionality of response NonPR measured at 10 keV. An
intrinsic energy resolution has been calculated as the excess of measured energy resolu-
tion above the Poisson limit arising from photon counting. In this section we will discuss
the data relevant for the alpha particle response, while details of the gamma photon data
will be used later.

Organic and plastic scintillators — The lowest value of a/f in Table 2.1 is for BC-400
plastic scintillator. Similar values were reported for other plastic and liquid (organic)
scintillators. Czirr [88] has measured the a/pf ratio of liquid scintillator NE213 by dis-
solving a 2!°PoCly alpha source and by evaporating it on the NE102 plastic scintillator
surface. The a/p ratio for NE102 was 0.072 and 0.098 for NE213. Galunov [89] has re-
ported measurements with an 24! Am external source (E, = 5.4 MeV) for stilbene 0.05,
anthracene 0.04 and p-terphenyl 0.07. These low values in the range from 0.04 to 0.098
show that organic and plastic scintillators do not perform well in alpha-induced high
density excitation. Processes responsible for the low light yield are especially severe in
these type of materials. More results on the a/ f ratio of organic scintillators can be found
in Appendix 2.6.2.

Hull et. al [90] reported exceptionally high values of the a/p ratio for a group
of organic crystals: stilbene 0.294, anthracene 0.294, diphenylanthracene 0.716,
tetraphenylbutadiene 0.225, triphenylbenzene 0.852, salicylamide 0.218. Since these
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values are extremely far from the literature data and provided by the author without any
comment on this discrepancy, we will disregard them.

Oxide scintillators — The oxide scintillators shown in Table 2.1 have a/f in the range
from 0.14 for cerium doped lutetium oxyorthosilicate Luy(S5i04)O:Ce (LSO:Ce) to 0.33
for neodymium doped yttrium-aluminum garnet Y3Al5012:Nd (YAG:Nd). The a/f ratio
of gadolinium oxyorthosilicate Gd,SiO5:Ce (GSO:Ce) and cerium doped ceramic garnet
(Gd,Y)3(Al,Ga)50,2:Ce (GYGAG:Ce) has been measured at different alpha energy than
other scintillators in that group, which most were measured with a 5.49 MeV 2Alam
source. For fair comparison, we have evaluated their values at 5.49 MeV using the en-
ergy dependence slope of 0.0125/MeV in Fig. 2.1, which leads to 0.255 for GSO:Ce and
0.284 for GYGAG:Ce.

The oxide compounds in Table 2.1 are listed in decreasing order of the a/f ratio.
The a/p ratio is the lowest for oxyorthosilicates and germanates: LSO:Ce, GSO:Ce, and
bismuth germanate Bi;Ge3 012 (BGO). Interestingly, exchange of lutetium to gadolinium
improves the alpha response in case of oxyorthosilicates. The highest alpha/beta ratio
is observed in the group of aluminium garnets GYGAG:Ce, LuAG:Ce, LUAG:Pr, YAG:Ce,
YAG:Nd and parovskites YAP:Ce. Gadolinium aluminium gallium garnet (GAGG:Ce) has
much lower alpha/beta ratio than other garnets, but when gadolinium is partially re-
placed by yttrium in GYGAG:Ce the a/§ ratio increases.

Alkaline earth halide scintillators—Tn this group CaF,:Eu has the lowest a/ = 0.221.
A higher value of 0.335 has been measure for BaF,, while the highest value of 0.55 has
been reported for Srl»:Eu.

Rare earth halide scintillators — This group of materials exhibits very interesting
properties for studying non-proportionality of scintillators response. CeBrs, LaBrs:Ce,
LaCls:Ce, LaBrs:Ce,Sr have the same crystallographic structure, the luminescence cen-
ter, very similar electronic structure, density, etc., but despite that, the a/f changes sig-
nificantly and increases from 0.266 for CeBrs up to 0.513 for LaBr3:Ce,Sr (see Table 2.1).
Especially intriguing is the change of the a/f ratio between LaBr3:Ce 0.36 to 0.513 for Sr
co-doped LaBr3:Ce,Sr. This means that the small addition of co-dopant (500 ppm of Sr)
significantly changes the response of the material to a high density of excitation. A small
addition of co-dopant changes the a/f ratio to a value typical for alkali halide scintilla-
tors (see below). On the other hand CeFs has very low a/p ratio of 0.183 [28] (internal
212po, E, = 8.8 MeV), much different than other compounds in this group.

Because of very similar properties and clear change of the a/f ratio this group of
materials can be used as a workbench for studying quenching processes at high den-
sity excitation. Later in this work we will use CeBrs - LaBrs:Ce system for studying the
relation between the a/f and electron non-proportional response (see Section 2.3.3).

Alkali halide scintillators — One of the highest values of the a/f ratio have been ob-
served for alkali halides. For doped materials the a/p ratio is in range between 0.45 for
Csl:Na and 0.604 for Nal:TI. Much higher values, even exceeding unity, have been re-
ported for pure alkali halides at cryogenic temperatures (see Appendix 2.6.2).

Semiconductor scintillators— There are scarce data available on the a/ 8 ratio of semi-
conducting scintillators. The only one example presented in Table 2.1 is zinc selenide
doped with tellurium and it has the a/f ratio of 0.69, in the same range as that of alkali
halide scintillators.
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Noble gas scintillators — Very high values of the a/f ratio were found for noble gas
scintillators. Value of 0.99 has been reported for 5.49 MeV alphas measured with 10 bar
high-pressure xenon gas scintillator [91]. Tanaka et. al [92] measured an a/f ratio equal
0.78 in liquid xenon with 5.3 MeV alphas. Similar results of the a/f ratio were obtained
by Peiffer et. al [93] with liquid argon: 0.85 with 7.68 MeV alpha particles from internal
214pg contamination, in respect to 2.614 MeV gammas from the 22Th source.

DIRECTIONAL ANISOTROPY

For multiple materials a dependence of the alpha/beta ratio on the incidence direction
of the alpha beam has been found. Heckmann [94] reported that in case of anthracene
the ratio of the maximum light yield, measured with a particle beam direction perpen-
dicular to the main cleaving plane ab, to the minimum, measured parallel to the axis
a, is about 1.55 at an « energy of 5.3 MeV. Since the light yield measured with electrons
does not depend on electron direction this results in a change of the a/f ratio.

Schumacher and Flammersfeld [82] studied the directional dependence of the a/f
ratio of multiple organic single crystal scintillators. Light yield due to alpha excitation
has been measured with the 8.78 MeV alpha energy line from a ThC source and the elec-
tron light yield has been measured with the Compton edge of a 842 keV >*Mn gamma
source. The results are reproduced in Table 2.2. In Appendix 2.6.2 it has been shown that
the a/p ratio of organic scintillators is rather low when compared to other scintillators
in Table 2.1. Schumacher and Flammersfeld noticed that their results are higher when
compared with literature data. This was successfully explained by the dependence of
the a/p ratio on alpha particle energy used in experiment (energy dependence of the
a/ B ratio has been discussed in Appendix 2.6.2). In their experiments a 8.78 MeV alpha
source has been used, while many other measurements were done with a 5.3 MeV 21°Po
alpha source. They found that the a/g ratio of organic scintillators is 40% higher when
measured at E, = 8.78 MeV, compared to E, = 5.3 MeV. Taking into account the above
fact, the results of the a/ 8 measurements shown in Table 2.2 are in good agreement with
previously discussed data.

Some angles of incidence leads to higher a/f ratio: for example the maximum value
0f 0.156 for athracene is measured with the alpha beam parallel to the ¢’ axes, while in the
case of terphenyl the a/f ratio maximum is equal to 0.192 along the a axes. The highest
difference between directions is observed for naphthalene, the a/g ratio is almost 70%
higher when incidence beam is parallel to the ¢’ axes, than when measured parallel to
the b axes.

Danevich et. al [27] have measured the a/f ratio of cadmium tungstate CAWO, by
irradiating it with a particles in three directions perpendicular to the (010), (001) and
(100) crystal planes (directions 1,2 and 3 respectively). Energy of the a particles from
external 24! Am source was adjusted by using different sets of absorbers. The difference of
the a/ B ratio between directions was the most pronounced at the lowest alpha energy of
E, =2.07 MeV: 0.13 for the direction 1, 0.09 for the direction 3 and 0.07 for the direction
2. At the alpha energy of E, = 5.25 MeV the relative difference of the a/ measured at
different directions become smaller: 0.19 for the direction 1, 0.15 for the direction 3 and
0.14 for the direction 2.

An analogues study has been done for ZnWOy [95]. The a/f measured at the alpha
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Table 2.2: The a/f ratio of organic scintillators measured with the alpha beam direction parallel to main crys-
tallographic axes: ¢/, b and a. Column two refers to light yield measurements with Compton electrons, nor-
malized to 100 for anthracene. Data reproduced from Schumacher and Flammersfeld [82].

Scintillator Lightyield (a/B)¢ (a/B)p (al/Bla

Anthracen 100 0.156 0.104 0.132
Naphtalene 20 0.139 0.082 0.074
Terphenyl 36 0.154 0.175 0.192
Diphenyl 20 0.156 0.137 0.179
Diphenylenoxid 36 0.152 0.119 0.154
Fluoren 27 0.132 0.179 0.182
Plastic NE102 44 0.124

energy of E, = 2 MeV at different direction was: 0.15 for the direction 1, 0.085 for the
direction 3 and the lowest, 0.075 for the direction 2.

Dependence on direction of the alpha irradiation was not found for YAG:Nd [47] and
CeF3 [28].

CO-DOPING

Co-doping is a procedure where a small amount of an impurity is added to the
scintillator leading to improvement of a light yield, an energy resolution or a non-
proportionality, but the impurity is not a luminescence center itself. Such effect has been
reported by Bardelli et. al [96] for PbWO, for which the a/f ratio of undoped material
is 0.22 and co-doped with E Gd and Mo it increases to 0.29 when measured with inter-
nal 2!°Po contamination. Besides improving the &/ ratio also the light yield improves
approximately by a factor of 1.5-3. Yang et al. [97] showed that LaBr3:Ce co-doped with
calcium or strontium has higher a/f ratio than non co-doped material. Also the differ-
ence between pulse shape due to alpha or gamma particles becomes significantly bigger
in LaB3:Ce,Ca and LaBj3:Ce,Sr, which improves pulse shape discrimination.

In contrary, boron co-doping of Gd3GazAl,0;2:Ce does not increase the a/f ratio
[98]. Probably, in this case energy resolution improvement is not caused by improved
proportionality of response, but due to a reduced self-absorption of the scintillation
light, and in the result, increased light yield.

DOPANT CONCENTRATION

Yanagida et. al [49] has studied the a/p ratio of ceramic lutetium-aluminium garnet
Lu3Al5012:Pr (LUAG:Pr) as a function of praseodymium concentration. The a/f ratio
increases with Pr concentration from 0.300 at 0.22 mol% to 0.346 at 0.7 mol% and then
slightly decreases to 0.340 at 1 mol% Pr.

Kudin et. al [87] has studied dependence of the a/f ratio on TI concentration in
CsL:Tl in 0.02 - 0.35 mol% range. The a/p ratio increases with increase of Tl concen-
tration and reaches maximum for the highest studied T1 concentration. The maximum
value is strongly dependent on shaping time, for 12.8 us a/ = 0.55, for 0.2 us a/f = 0.99
(influence of shaping time has been discussed in Appendix 2.6.2).




34 REFERENCES

SURFACE FINISHING

Simulation with the SRIM package shows that the range of a 5 MeV alpha particle in Nal
is 27 um and the Bragg peak is observed 23 um from track beginning (own simulation
with SRIM package). Any alteration of crystal structure within this depth will easily affect
the a/f ratio measurement.

For CsI:Tl and Csl:Na a high sensitivity to a surface finishing was observed [60, 87,
99]. Kudin et al. [87] studied the influence of aging of CsI:T1 for various Tl concentration
and found that the a/p ratio is especially sensitive to surface treatment when concen-
tration of Tl is lower than 6 x 10~ mol%. For this concentration a/f was 0.321 before
polishing, 0.505 after polishing, and decreased back to 0.32 after 14 days of aging. Kudin
pointed out that increase of the a/f ratio observed for alpha particles with energy lower
than 1 MeV reported by Gwin and Murray [19] (also shown of Fig. 2.1), can be explained
by deformation-induced point defects in a thin surface-adjacent layer.

Yang et al. have studied the influence of humidity on CsI:Tl and CsI:Na [60] by mea-
suring a radioluminescence with 60 keV gamma source under different humidity condi-
tions. They found that CsI:Tl is less sensitive to moisture then CsI:Na. A CsI:Na crystal
after exposure to a high humidity environment (relative humidity higher than 50%) de-
velops "dead" layers from which sodium out-diffuses to the surface. The study of crystal-
lites on the crystal surface with Time-of-Flight Secondary Ion Mass Spectrometer (ToF-
SIMS) showed a development of sodium-rich regions. This observations explain excep-
tionally low a/f = 0.023 reported by Dinca [59] for CsI:Na. Since "dead" layers develop
starting from the surface, a measurement with alpha particles can lead to very low light
yield due to a limited depth of penetration, while 662 keV gamma particles can reach the
"active" bulk crystal.
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SHAPE OF INTRINSIC ALPHA PULSE
HEIGHT SPECTRA IN LANTHANIDE
HALIDE SCINTILLATORS

Everyone has their own Everest to climb

Wanda Rutkiewicz

Internal contamination with actinium-227 and its daughters is a serious drawback in
low-background applications of lanthanide-based scintillators. In this work we showed
the important role of nucleary de-excitations on the shape of the internal alpha spectrum
measured in scintillators. We calculated with Bateman equations the activities of con-
tamination isotopes and the time evolution of actinium-227 and its progenies. Next, we
measured the intrinsic background spectra of LaBrs (Ce), LaBrs (Ce,Sr) and CeBrs with a
digital spectroscopy technique, and we analyzed them with a pulse shape discrimination
method (PSD) and a time-amplitude analysis. Finally, we simulated the a background
spectrum with Geant4 tool-kit, consequently taking into account complex a-y-electron
events, the a/ B ratio dependence on the a energy, and the electron/y nonproportionality.

We found that a -y mixed events have higher light yield than expected for alpha particles
alone, which leads to overestimation of the a/ 3 ratio when it is measured with internal
227 Th and ®*3 Ra isotopes. The time-amplitude analysis showed that the a peaks of *'9 Rn
and 'S Po in LaBr3(Ce) and LaBr3 (Ce,Sr) are not symmetric. We compared the simula-
tion results with the measured data and provided further evidence of the important role

This chapter is adapted from: W. Wolszczak and P. Dorenbos, Shape of intrinsic alpha pulse height spectra in
lanthanide halide scintillators, Nuclear Inst. and Methods in Physics Research, A, http://dx.doi.org/10.
1016/j.nima.2017.02.041
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of mixed a-y-electron events for understanding the shape of the internal a spectrum in
scintillators.
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3.1. INTRODUCTION

Internal radioactive contamination is a serious drawback of lanthanide-based scintilla-
tors in low background applications. It reduces detector sensitivity [1], interferes with
neutron measurements [2, 3] and complicates data analysis. A high internal background
limits the usability of modern lanthanide-based scintillators when high radio-purity is
important, for example in dark matter searches [4], gamma measurements in space ex-
ploration missions [5], detection of rare events [6, 7], and construction of high-sensitivity
gamma detectors.

Intrinsic contamination with @ and B-decaying isotopes has been found in many
lanthanide-based scintillators, for example LaBrs:Ce, LaCls:Ce [8-10], CeBrs [1], and
CsyLiLaBrg:Ce (CLLB) [3]. The sources of the contamination are naturally occurring ra-
dioactive isotopes: 38La, 2’ Ac, and their daughters undergoing @ and - decays. Nat-
ural lanthanum is composed of stable 1391 3 (99.91% abundance) and radioactive 38La
[11]. Since it is not possible to separate both isotopes by chemical methods, *®La con-
tamination is unavoidable in scintillators containing lanthanum. Moreover, natural ac-
tinium contains a radioactive 2’ Ac isotope. Actinium and lanthanum have very similar
chemical properties, so all lanthanide-based scintillators are subjected to ?2”Ac isotope
contamination. Using cerium instead of lanthanum in cerium bromide makes it possi-
ble to obtain much higher radio-purity of the final material [1], but CeBrs has a lower
energy resolution compared to other lanthanide scintillators.

Much research has addressed these issues trying to understand the origin of an inter-
nal background, simulate it, and find a way to avoid it. Hartwell and Gehrke [12] reported
the presence of alpha emitting nuclides in LaCls:Ce and identified the contamination as
227Ac and its daughters. Milbrath et al. [13] characterized an alpha contamination in
LaClz:Ce with coincidence measurements and provided further evidence of ?2”Ac pres-
ence. Later, Quarati et al. [14] studied radioactive decays of '*®La in LaBr3:Ce and mea-
sured the shape of the internal § spectrum. These data were used later by Camp et el.
[15] to successfully simulate an internal 8 and gamma spectrum from '38La with PENE-
LOPE/penEasy Monte Carlo code. Quarati et al. [1] also studied an alpha contamination
in CeBr3 and LaBrjs:Ce.

Despite these efforts, the shape of the internal alpha spectrum in lanthanide-based
scintillators is still not fully understood. An attempt to simulate an internal alpha spec-
trum was not completely successful in LaBrs:Ce [16], while recently Mesick et al. [2]
simulated an alpha spectrum very accurately in CLLB. If an alpha activity in both scin-
tillators is caused by the same 2’ Ac contamination, then why does an alpha spectrum
shape depend on a host material (compare [1, 3, 13])?

The aim of this study is to provide a deeper understanding of an internal a spectrum
in the following lanthanide-based scintillators: CeBrs, LaBrs:Ce and LaBr3:Ce,Sr (5% of
Ce, 500 ppm of Sr). In Section 3.2 of this article, we discuss the origin of an intrinsic con-
tamination in lanthanide-based scintillators in order to clarify which isotopes and alpha
decays are expected in an internal background spectrum. Next, by analyzing the exper-
imental data of Milbrath et. al [13] we show the influence of nuclear de-excitations on
positions of internal alpha peaks. In Section 3.4, we calculate the time evolution of 22 Ac
and its daughters with Bateman equations, which provides an understanding of the rela-
tive intensities of alpha peaks. Then, we present measurements of the background spec-
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trum of the three mentioned materials performed with modern digital techniques. The
results prove the usefulness of pulse shape discrimination (PSD) for separating a from y
events, and a time-amplitude analysis for selecting >'°Rn and 2!°Po decays from a total
a spectrum. Our results explain why the previous attempt to simulate an a spectrum
in LaBr3:Ce [16] was not successful. Finally, we compare our experimental results with
a GEAN4 simulation to verify the role of nuclear gamma de-excitations in shaping an
internal alpha spectrum.

3.2. ORIGIN OF INTRINSIC CONTAMINATION

The decay chain of 22’ Ac is a sub-chain of the uranium 235 series (also called the "4n+3
chain"). The most probable path of 2’ Ac decay goes through the following isotopes (see
Fig. 3.1): 337Ac — 22’Th — 22Ra — 319Rn — 3}°Po — 2}!'Pb — 21!Bi — 297T1 — 207Pb
and ends on a stable lead-207. In this chain there are five @ decays and three ™. Since
227pc has the longest decay time, the rate of consequent decays is limited by that of ac-
tinium, and equal rate for all following daughter’s decays may be expected (this will be
discussed in detail in Section 3.4). On the other hand, in measurements of an intrinsic a
particle background in ?*Ac contaminated crystals, we observe three broad bands, in-
stead of five equal intensity a peaks. Shoulders or an additional low intensity peak are
observed in some measurements, which makes an internal alpha spectrum difficult to
analyze. Fig. 3.2 shows an exemplary spectrum of an intrinsic activity pulse height spec-
trum (PHS) measured in a commercial LaBrs:Ce scintillator (BrilLance380™). A similar
structure was reported for LaCls:Ce [10] and CeBr3 [1]. On the right side of the picture we
see a broad structure of three main peaks, ascribed to a particle detection, and a small
satellite peak between the 2" and 3"¢ main peaks. These peaks do not have the same
intensity (height) as one would expect: the first and the second peak are equally intense,
the satellite peak is two times less intense, and the third peak is the least intense.

3.3. COINCIDENCE MEASUREMENT ANALYSIS

Not only does the a energy spectrum have missing peaks, but identifying corresponding
isotopes and «a energies is also problematic.

Quarati et al. [1] analyzed the LaBr;:Ce internal contamination spectrum and iden-
tified the peaks as follows: the first peak in the structure (see Fig. 3.2) as *>Ra (E, = 5716
keV), no peak from 227Th, the second peak as 2114 (Eq = 6623 keV), the satellite peak as
219Rn (E, = 6819 keV), and the third peak as 215 pg (E,=7386 keV). However, the values of
the a/ B ratio calculated with these energies are inconsistent (namely: 0.359, 0.343, 0.348,
0.359). The three last values increase with the energy, but the first one is exceptionally
high. Recent research showed that the a/ ratio increases monotonically, approximately
linear, with a energy in many scintillators at alpha energies higher than 2 MeV (a review
on the a/f will be published separately [17]). This suggests that the identification of the
first peak as ?>>Ra needs to be reconsidered.

Hartwell et. al [9] identified the first peak as a mixed peak of 2?>Ra and 2%"Th, but
in the analysis of the alpha response linearity they used the energy of >’Th (~6 MeV),
which resulted in a linear relation of the a/f ratio on the alpha energy. On the other
hand, Negm et. al [16] have ascribed the first peak to 223Ra E4 = 5716 keV, which again
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Figure 3.1: 335U decay chain: actinium series. Dashed arrow is a decay mode with <1% probability. Dotted
arrows are decay modes with <0.01% probability. Graphics by Edgar Bonet used under CC BY-SA 3.0 license.
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Figure 3.2: Exemplary intrinsic activity spectra of 1 inch LaBrz:Ce (5 mol% of cerium). 137 Cs source was placed
for energy reference.

resulted in a deviation from the linear relation between the a/f ratio and Ey.

To solve these inconsistencies we analyzed coincidence measurements done by Mil-
brath et al. for LaCls:Ce [8], but we found another complication for the a spectrum anal-
ysis. Milbrath et al. performed a measurement of the LaCl;:Ce internal alpha spectrum
in coincidence with gamma escapes detected by a High Purity Germanium (HPGe) de-
tector. They looked for alpha decays followed by immediate gamma de-excitation and
escape from the crystal. The same alpha particle energy was expected in coincidence
with multiple y energies, but in fact the measured alpha energies were also different. For
instance, 22”Th decays with 5757 keV a emission and can be followed either by 236.0 keV,
256.3 keV or 286.1 keV y (see Table 1 in [8]). Nevertheless, the a energies measured in
coincidence were the following: 5831 keV, 5781 keV and 5727 keV. This means that for
the same true « particle energy three different energies were actually measured. The dif-
ference exceeds the standard deviation which ranged from 44 to 65 keV. If one calculates
the a/p ratio, the values for 5757 keV a energy are 0.324, 0.320 and 0.316, which is a
non-physical result.

We can investigate this by taking a closer look at the simplified >’ Th decay scheme
shown in Fig. 3.3. After the a decay with E, = 5757 keV the daughter nucleus is in the
excited state at 286.1 keV energy. It can de-excite by three different ways from this state:

* by emitting a single 286 keV y photon,

* by emitting 256 keV and 50.1 keV y photons, or

1@/ B ratios were obtained by calculating measured a energies from Tab. 1 in [8] to y-equivalent energy scale
using equation AlphaEnergy = (GammaEnergy) x 2.2784 + 1578.6 (in units of keV) and dividing by a true
a particle energy.
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Figure 3.3: Simplified nuclear levels chart of 227 Th isotope decaying into 223Ra by 5757 keV a emission. Other
possible a decay modes, excited nuclear levels of 2?3Ra and low intensity/forbidden y transitions were ex-
cluded for clarity.
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Figure 3.4: a/p ratio of LaCl3:Ce 10 mol% calculated using Milbrath coincidence data [8] in function of true
a particle energy (black diamonds) compared with a/f ratio calculated with subtracting y photon energy left
in scintillator (refined data, red circles). The inset shows energy range of 227Th and 223Ra isotopes for which
multiple coincidences for the same true « energy were observed.
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¢ by emitting 226 keV and 29.8 keV y photons.

The lifetime of the 2>’ Th excited nuclear state is very short (shorter than 1 ns), so the
gamma particle will be absorbed in a crystal and measured together with the alpha par-
ticle as a single event (shaping time used for collecting the scintillator signal is usually
much longer than hundreds of ns). In case of 236 keV y escape there is a high probability
that a 50.1 keV gamma will be absorbed in a crystal and recorded together with the 5757
keV a. Because a y photon has much higher light yield (per MeV) than an «a particle, a
significant amount of light will be added to an alpha event.

If one removes the energy of the second photon from an alpha event, then the a/f
curve significantly improves when compared to the raw data. Fig. 3.4 shows the a/f
ratio of LaCls:Ce calculated with raw Milbrath data [13] and the a/f ratio refined by sub-
tracting the gamma energy. Deviation of the a/f ratio curve from linearity significantly
decreases when the scintillation light added by gamma de-excitations is subtracted.

From the above analysis we can conclude that alpha decays followed by gamma nu-
clear de-excitations will be measured with a scintillator at higher energies than that of
the alpha particle alone. Such an effect is not observed with typical a particle detectors
(e.g., silicon surface barrier detectors), because they are not sensitive to gamma photons,
and they measure an alpha particle energy alone. To understand the shape of an internal
contamination a spectrum we need to take into account all electromagnetic processes
following a nuclear decay: y de-excitations, Compton effect, Auger electron emission,
and X-ray fluorescence.

3.4. TIME EVOLUTION OF % AC CONTAMINATION

To investigate alpha peak intensities in an internal contamination spectrum, we first an-
alyzed the time evolution of concentrations and activities of the 2>’ Ac isotope and its
daughters. The differential equations governing successive radioactive decays can be
written as

AN, (1)
ahn@ _ AN (D),
P 1N (1)
AN, (D)
_dzt = —LaNo(D+ 12N (D), 3.1)
AN, (D)
d_nt“z AN () + Ano1 N1 (8),

where N;(t) is a number of atoms of a radioisotope i at a time t, 1, is a total removal
decay constant (including all decay branches), 1;_; ; is a partial decay constant (related
to single decay branch from isotope i — 1 to i) calculated from a branching ratio A;_; ; =
b;_1,; - Ai—1. The solution of this set of equations was first proposed by Bateman [18] for
the case without a decay chain branching. The general problem solution, with included
decay chain branching, was proposed by Skrable [19] as follows:

i e—ljt

i-1
N;(t) = N1(0) Ajj+1 X _. (3.2)
=N A L G

p#j
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Figure 3.5: Evolution of activities of 227 Ac isotope and it's daughters starting from 1 mol of pure 227 Ac. Activities
are expressed in decays per second (dps), including all possible decay branches of a particular isotope. Orange
line shows the sum off all decay rates in the sample.

To calculate the solutions, we used TGeo package from the ROOT framework [20]. The
calculations were performed assuming one mole of pure ?>’Ac at the beginning, eval-
uated during 10'! seconds. There are 16 isotopes involved in the entire ?’Ac decay
chain, which starts with ?’ Ac and ends on stable 3° Pb, accompanied by a small amount
(~ 10'* atoms) of stable 33" Bi produced through a cluster decay: 5°Ra — 3°Bi + ;*C.

Equation (3.2) provides a solution for the number of atoms as a function of time.
Since the number of atoms is not easily measurable, we are rather interested in activ-
ities. In Fig. 3.5 we show the calculated decay rates of the isotopes, according to the
formula A; = N;A;, where A; is a decay constant of isotope i. Activities are expressed in
the number of disintegrations per second, so they include all possible decay channels
of a particular isotope. From this plot one can see that the total activity A;pq; = X A;
increases first, and after reaching an equilibrium stage at day 109 it decreases exponen-
tially, being limited by the 22’ Ac decay rate. The important fact is that 22” Ac, 22’ Th, ??*Ra,
219Rn, 215po, 2'Pb and 2°7Tl all have the same decay rate after reaching the equilibrium
state.

Fig. 3.5 shows the decay rates of the isotopes. However, we are interested in alpha
decay rates specifically, since they correspond to the intensities of the alpha peaks in
the internal background spectrum. For instance, in case of the ?2’Ac alpha decay, the
branching ratio a-BR(**’Ac) = 1.38 % is very low. Consequently, the ?2”Ac alpha peak
intensity is almost a hundred times lower than the alpha peaks of 22’Th or ?*3Ra, even
though all three have the same decay rate. The amount of the initial contamination of
227 Ac is usually unknown, so from a practical point of view a ratio of an alpha decay rate
to the total alpha activity is more useful than just an absolute activity. Fig. 3.6 shows the
ratio of alpha isotopes decay activity A; (multiplied by the a branching ratio) to the total
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Figure 3.6: Time evolution of fractions of total alpha activity of 227 Ac isotope and it’s daughters starting from 1
mol of pure 227 5,

activity A;qrq; of all alpha decaying isotopes. During the first 8 hours, the alpha decays
are dominated by decays of 22’ Ac, then alpha activity from 22’ Th increases. Finally, after
109 days the decays of 22"Th, 223Ra, 2!9Rn, 2! Bi and 2!°Po reach equal decay rates, while
the activity of 22’Ac decreases and becomes more than two orders of magnitude lower
then others. The alpha activities of 2! Po, 21%At, ?23Fr and ?'%At isotopes are many order
of magnitude lower, so these isotopes are extremely difficult to detect on a statistically
significant level.

The main conclusion is that after 109 days the decaying isotopes are in equilibrium
and activities of alpha decays of 227Th, 223Rq, 219Rn, 211Bi, and 215Po are equal. Very low
activity from ?2”Ac alpha decays may be also detected, and in fact a weak 2>’ Ac alpha
peak was reported by Hartwell et al. [9].

3.5. MATERIALS AND METHODS

3.5.1. SAMPLES AND EXPERIMENTAL SETUP

The intrinsic activities of the following three samples were measured: a 3 by 3 inch cylin-
der of LaBrs:Ce (5 mol% of Ce), a 2 by 2 inch cylinder of CeBrs and a bare sample of
approximately 10 mm x 5 mm x 20 mm LaBr3:Ce,Sr (5 mol% of Ce, <0.5 mol% of Sr).
The first two samples were encapsulated by the manufacturer, Saint Gobain Corpora-
tion, and the third sample was encapsulated in our lab into a hermetic can with a quartz
window.

Fig. 3.7 shows the schematic of the experimental setup. A measured sample was
coupled with an optical grease to an XP4312 photomultiplier tube (PMT) and placed
inside a light-proof casing. A laser diode was mounted in the casing pointing to the
photocatode of the PMT. The laser light pulses were used in the later data analysis for a
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Figure 3.7: Schematic of the digital nuclear spectroscopy setup.

gain correction. The casing was putin a 15 cm thick lead castle in order to reduce natural
background in the measurement. The raw signal from the 50 Q terminated anode was
directly connected to the 50 Q input of a CAEN Digitizer model 5730.

3.5.2. DATA ACQUISITION AND ANALYSIS

The digitizer generates an internal trigger when an input signal exceeds the threshold
voltage V;;,. The input signal is sampled with 14-bit precision and 500 Mega Samples
per Second (MSPS) sampling rate and stored in a buffer. Each stored waveform has 1280
samples (2560 ns) and is attached with a 32 bit counter of the Trigger Time Tag (TTT).
The time resolution of TTT is 12 ns.

Home made data acquisition software (DAQ) was developed for controlling data ac-
quisition, data transfer to a PC, performing an initial analysis, and storing the results
in ROOT data file format [20]. Since the TTT counter overflows after around 17 s, ev-
ery buffer received from the digitizer was attached by the DAQ with a local PC Time Tag
(PTT). The PTT was used in a later analysis for time ranges exceeding the TTT counter
size.

Fig. 3.8 shows the steps of the data analysis. The three first steps are calculated for
every event during a data acquisition: a base line Vpj, a pulse integral Q;q;4;, and a
pulse shape discrimination (PSD) factor V,/Qorqi- The base line Vg, is calculated as an
arithmetic average of the first 340 samples, when a scintillation pulse is not yet present.
The pulse integral is calculated by subtracting the base line Vg from the waveform and
summing values of 150 samples (300 ns) starting from the end of the base line calcula-
tion window. The integration time of 300 ns is sufficient for the fast cerium scintillators
studied in this work. For Pulse Shape Discrimination (PSD), a PSD factor Vj,/Qgorq1 as
described by Ogawara et al. [21] was calculated as a ratio of a raw pulse maximum am-
plitude V), to integrated charge Qo¢ai-
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Figure 3.9: Pulse shape discrimination parameter V), /Q;,4; in function of y-equivalent energy measured with
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Fig. 3.9 shows an exemplary plot of a PSD factor versus a gamma equivalent energy
measured with a 1 inch LaBrs:Ce sample exposed to ambient radiation. The band cen-
tered around Vj,/Qyorq; = 0.07 displayed across all energies and widening toward lower
energy comes from gamma/electron events, while a small band in the energy range 1.7 -
2.7 MeV, with slightly higher V},/Qo41, is caused by alpha particle events. One may no-
tice a gamma peak from °K/!%8La events around 1.5 MeV and a weak gamma peak from
208T] around 2.6 MeV. An alpha particle window was accordingly adjusted for selection
of alpha events in different samples. The example plot shows the importance of usage
of PSD in this case, since the 28Tl y-peak overlaps with the alpha spectrum and without
that technique it is difficult to distinguish gamma decays from 2°®T1 and alpha decays
from 2!5Po.

3.5.3. TIME-AMPLITUDE ANALYSIS

We used features of the 226Ac decay chain in the off-line analyses to select only a specific
sequence of events in an energy-time space. Since >'?Rn decays into ?!°Po with decay
time of around 4 seconds, and 2'°Po decays to 211pp with decay time around 1.8 ms (see
Fig. 3.1), in off-line analysis we selected pairs of alpha decays falling within the 20 ms
coincidence window. Additionally, we added energy criteria by requiring that the first
event has the energy of a 2!%Rn alpha decay, and the second that of a 2!°Po decay: >'*Rn
(T1/2 =3.98 s, Qn = 6946 keV)—212Po (T2 = 1.781 ms, Q, = 7526 keV). This eliminated
most random events and filtered out only Rn-Po event pairs.
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3.5.4. SIMULATION

In order to verify the importance of the gamma de-excitations we simulated the internal
alpha spectrum in LaBr3:Ce,Sr with the Geant4 toolkit and home made analysis software.
Decays of 223Rq, 227Th, 211Bj, 219Rn, 2°Po in equal amounts were simulated including a
decays, internal conversion and Auger de-excitations. The observed energy E}, in partic-
ular event m was calculated by including the a/f ratio of the « particle, and the gamma
Y, and an electron nonproportionality Ye, according to the following formula:

e Iy
E,, =Eq-alB(Eq)+ ) Ee-Ye(Ee)+ Y Ey-Yy(Ey). (3.3)
i=1 i=1

Eq, E., Ey are true energies of the a, electrons and gammas in m event; summing goes
over all electrons 7, and gammas 7, in the event. We used electron nonproportionality
data Y, and gamma non proportionality Yy from [22].

We did not find appropriate data on the a/p ratio as a function of alpha energy, so
we used a linear model as approximation (see also Fig. 3.4)

al/B(Eq)=a+Db-E,, (3.4)

where a and b are free parameters fitted to the experimental data. Comprehensive jus-
tification of the linear approximation will be presented in a separate article on the a/f
ratio [17].

The energy resolution was simulated by convoluting the generated spectrum with an
energy resolution model R(E") = AVE’, where Ais a free parameter and E’ is an observed
(quenched) energy.

3.6. RESULTS

3.6.1. MEASUREMENT

Fig. 3.10, 3.11 and 3.12 show the internal background spectra of the measured sam-
ples: LaBrs:Ce, CeBrs and LaBrs:Ce,Sr respectively. The main feature for all three sam-
ples is a peak located around 1450 keV which originates from potassium °K gamma
decays and/or '3La decay daughter de-excitation in the case of LaBrs. In LaBrz:Ce and
LaBr3:Ce,Sr this peak appears at a lower channel number than the measured alpha spec-
trum, but in the case of CeBrj:Ce it overlaps with it. Hence, a suppression of the potas-
sium presence or PSD becomes crucial for measuring a pure alpha spectrum in CeBrs.

Alpha events were separated from electron/gamma events by using PSD (see Fig.
3.9). Peaks originating from 2!9Rn and 2!°Po alpha decays were separated from the rest of
the alpha decays with time-amplitude analysis. In Fig. 3.10, 3.11 and 3.12 alpha particle
spectra with separated peaks are shown for LaBrs:Ce, CeBrs:Ce and LaBr;:Ce,Sr sam-
ples. The main difference between the samples is the position of the alpha spectrum
on a gamma calibrated energy scale. Since the true energies of alpha decaying isotopes
are the same, it means that the alpha particle light yield quenching is significantly dif-
ferent in these materials. The quenching is the lowest in LaBr3:Ce,Sr and the highest in
CeBrs:Ce.
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Figure 3.10: Intrinsic activity energy spectrum (dark blue) measured with 3 inch LaBr3:Ce (5 mol% of Ce) crys-
tal together with Radon-219 (green) and Polonium-215 (red) peaks separated using amplitude-time analysis
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Figure 3.11: Intrinsic activity energy spectrum measured with 2 inch CeBr3 crystal. Alpha (magenta) and
gamma events (dark blue) were separated with PSD, then Radon-219 (green) and Polonium-215 (red) peaks

were separated using time-amplitude analysis (colour online).
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Figure 3.12: Internal background spectrum of LaBr3:Ce,Sr sample with alpha and electron/gamma events sep-
arated (colour online). Alpha peaks from 215Po and 219Rn were separated from total alpha decays spectrum
with time-amplitude method. Gamma/electron background is clean from any peaks at energy range where
alpha particles are observed (2400-4000 keV). From the alpha discriminated spectrum, it is clear that alpha
peaks are asymmetric.

Note that an asymmetric shape of the alpha peaks is observed for LaBrs:Ce (Fig. 3.10)
and LaBrs:Ce,Sr (Fig. 3.12), but not for CeBrs (Fig. 3.11). Fig. 3.13 shows the alpha
peaks from 2'°Rn and 2!°Po isotopes in LaBr3:Ce,Sr with a double-Gaussian fit used as
amodel. This model is used for mathematical simplicity, without physical justification.
Consequently, the energy resolutions shown in Fig. 3.13 should not be treated as precise
and quantitative.

Table 3.1 lists the a/f ratio measured with an internal alpha activity and analyzed
with the time-amplitude analyses. In case of asymmetric alpha peaks in LaBrz:Ce and
LaBr3:Ce,Sr the highest intensity peak was used for calculating the a/f ratio. As one can
notice, the a/ B ratio increases from CeBrs, LaBrs:Ce up to LaBrs:Ce,Sr. Furthermore, the
a/ B ratio increases with the true alpha energy for all studied materials.

3.6.2. SIMULATION

Fig. 3.14 compares the simulation (red curve) and the measurement (black curve) of
the internal alpha background in LaBr3:Ce,Sr. Separate energy spectra of the constituent
isotopes are shown below the red curve, while the energies without including an energy
resolution are shown as vertical lines. One may notice that 2!5Po has a single vertical line
corresponding to an a decay directly to the ground state of the daughter nucleus. The
simulation successfully reproduces the main feature of the internal activity spectrum:
the three band structure. However, a low energy tail is present for every band in the
measured spectrum. It is especially visible for Ra/Th peak, which is followed by a long
tail on the left side. As a consequence it has a lower intensity than expected from the
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Figure 3.13: Rn-219 and Po-215 alpha peaks measured with internal contamination background in LaBr3:Ce,Sr
sample and separated from total background spectrum using pulse shape discrimination and time-amplitude
analysis. Asymmetry of alpha peaks is clearly visible.

Table 3.1: a/p ratio measured in different materials using time-amplitude analysis to separate Po-215 and
Rn-219 alpha peaks from a internal background.

Material Isotope True a energy (keV) Measured y equivalent (keV) a/f ratio

LaBr3:Ce,Sr  Po-215 7386.1 3804 0.515
LaBr3:Ce,Sr  Rn-219 6819.2 3435 0.504
LaBr3:Ce Po-215 7386.1 2682 0.363
LaBr3:Ce Rn-219 6819.2 2410 0.353
CeBr3 Po-215 7386.1 1966 0.266

CeBr3 Rn-219 6819.2 1753 0.257
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Figure 3.14: Comparison of simulation of internal alpha activity (red curve) of Ac-227 and the measured data
(black curve) with LaBr3:Ce,Sr (colour online). The simulation includes all de-excitation processes (X-ray flu-
orescence, Auger electrons emission) and assumes complete absorption of all y photons.

simulation. Similarly the peak-to-valley ratio between >'°Rn and ?!°Po is lower due to
events coming from the tails. The disagreement is anticipated, since the asymmetric
shape of alpha peaks was not included in the simulation. This provides further evidence
that the asymmetric shape previously shown in Fig. 3.13 is crucial for understanding the
spectrum shape.

Fig. 3.15 shows the simulation of the internal alpha spectrum excluding the contri-
bution of gamma photons, assuming that all gamma photons escape from the crystal
without being absorbed (the third term in Eq. 3.3 is abandoned). In this case, the Ra/Th
peak is a double peak, which is not observed in the measurement. The spectrum simu-
lated in this way is very different from the measured with CeBrs (Fig. 3.11) and LaBr3:Ce
(Fig. 3.10).

One may compare the 2!9Rn peak in Fig. 3.14 and the same peak in Fig. 3.15. The low
intensity lines of mixed a/y events are on the right side of the highest intensity line in the
simulation which included gamma de-excitations (Fig. 3.14). In the second case, when
the gamma absorptions were excluded (all gamma photons escape), the low intensity
lines are on the left (Fig. 3.15). This proves that a correct simulation of an internal back-
ground spectrum in scintillators is impossible without taking into account gamma inter-
actions. In fact, the shape of a measured spectrum is somewhere in between a complete
gamma absorption simulation and a complete escape, additionally smeared by Comp-
ton scattering.
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Figure 3.15: Comparison of Ac-227 alpha activity simulation (red curve) and the measured data (black curve)
with LaBr3:Ce,Sr (colour online). The simulation assumes no contribution from gamma photons (all photons
escape from the crystal).

3.7. DISCUSSION

In case of lanthanum-based scintillators, we observe asymmetric alpha peaks (see Fig.
3.13 and 3.10). In contrast, in CeBrs, alpha peaks are symmetric (compare Fig. 3.11).
The asymmetric peaks with low energy tails are responsible for a low valley-to-peak ratio
observed in an internal background spectrum of LaBrs;:Ce, LaBrs:Ce,Sr, and probably in
LaClz:Ce [13]. The origin of this phenomenon is unknown. We considered several hy-
potheses to explain the effect, and we concluded that the most probable is the presence
of light yield non-uniformities in the crystal structure. These non-uniformities can ex-
ist on the length scale of the a particle track length (~ 25 ym) and are washed out with
much longer f-tracks.

We excluded the role of X-ray or gamma escape in that process by analyzing coin-
cidence measurements done by Milbrath [13]. From Fig. 3.13 one can see that energy
difference between "main" peaks and "escape" peaks is around 100 keV, but such ener-
gies were not observed in a coincidence with 2'Rn and ?'%Po peaks.

The simulation (Fig. 3.14) shows that 2!°Po decays with emission of a single a energy,
so it is not disturbed by gamma absorption. On the other hand, the 2'°Rn alpha peak can
be recorded with accompanying gamma de-excitations, which can be seen in Fig. 3.14
as a tail at the high energy side of the peak. The tail is caused by recording an « particle
with de-excitation gamma photon. As gamma photons have higher light yield then alpha
particles, the lines are seen on the right side from the main alpha peak. The reader may
compare the simulated >'Rn peak shape with the peaks measured with time-amplitude
analysis in LaBrs:Ce (Fig. 3.10) and CeBrj (Fig. 3.11).

In the simulation we assumed that all gamma photons are absorbed within the scin-
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tillator. This assumption is justified for big crystals, like 2 inch CeBrs (Fig. 3.10) and
3 inch LaBrj:Ce (Fig. 3.11), but does not hold for the small sample of LaBrs:Ce,Sr (Fig.
3.12). A high energy tail made of @-y mixed events is visible in 3 inch LaBrs:Ce and 2 inch
CeBr3, but it disappears in the small LaBrs:Ce,Sr sample (Fig. 3.12).

3.8. CONCLUSIONS

Digital spectroscopy can be a powerful tool for studying scintillators, and it makes possi-
ble to perform a complex analysis like a pulse shape discrimination or a time-amplitude
analysis. This permitted us to investigate the complex structure of an internal alpha
spectrum in LaBrs:Ce, LaBr;:Ce,Sr and CeBrs.

An alpha spectrum measured in a scintillator with an internal contamination can be
significantly distorted by gamma de-excitations of decay products. This is because an
alpha particle can be detected together with a gamma photon as a single event, but both
particles have significantly different light yields. This conclusion is particularly impor-
tant for everyone trying to simulate an internal alpha activity. In addition, measuring the
a/ B ratio with an internal alpha contamination seems to be an attractive way of avoid-
ing surface effects, but it can not be easily done with an alpha isotope decaying into an
excited state of a daughter nucleus.

By applying time-amplitude cuts on the acquired data, we were able to separate Po-
215 and Rn-219 alpha peaks from the total spectrum. By this means, we found asym-
metric alpha peaks in LaBr3:Ce and LaBr3:Ce,Sr but not in CeBrs. The cause of this phe-
nomenon is not known.

Our approach to include nuclear de-excitation processes in simulation is promising,
and together with experimental data on asymmetric a peaks gives a way to construct
a complete and accurate simulation of a scintillation response to an internal activity.
We advise using the ?!°Po alpha peak in future a/f ratio measurements, as this peak
is made out of pure alpha decays to a ground state, not followed by any other type of
de-excitation.
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TIME-RESOLVED GAMMA
SPECTROSCOPY OF SINGLE EVENTS

Nearly every understanding is gained by a painful struggle in which belief and unbelief
are dramatically interwoven.

Leopold Infeld

In this article we present a method of characterizing scintillating materials by digitiza-
tion of each individual scintillation pulse followed by digital signal processing. With this
technique it is possible to measure the pulse shape and the energy of an absorbed gamma
photon on an event-by-event basis. In contrast to time-correlated single photon counting
technique, the digital approach provides a faster measurement, an active noise suppres-
sion, and enables characterization of scintillation pulses simultaneously in two domains:
time and energy. We applied this method to study the pulse shape change of a CsI(Tl) scin-
tillator with energy of gamma excitation. We confirmed previously published results and
revealed new details of the phenomenon.

This chapter is adapted from: W. Wolszczak and P. Dorenbos, Time-resolved gamma spectroscopy of single
events, Nuclear Inst. and Methods in Physics Research, A, 886 (2018) 30-35 https://doi.org/10.1016/j.
nima.2017.12.080
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4.1. INTRODUCTION

Despite many years of studies on scintillating materials many questions are still open.
While luminescence processes and high energy radiation interactions with matter are
well understood, the fundamental processes of energy transport and high density
quenching are still puzzling [1-6]. It is well known that a scintillation pulse shape
changes with change of type of excitation (y-rays, neutrons, a particles, high energy
ions) [7-13]. This phenomenon is commonly used for particle discrimination in vari-
ety of applications [14-17]. However, the origin and the exact mechanism are still not
known. In last years, a dependence of a scintillation pulse shape on y photons energy
was reported for various materials [18-21]. Recent theoretical developments [2, 3, 5, 6]
provided an explanation of these observations by modeling the charge separation inside
the ionization track created during a gamma energy excitation.

Despite successful results of the theoretical modeling, many aspects still require an
experimental study and verification. This raises a need for new data and a new exper-
imental approach. The aim of this study is to provide a new method of characterizing
scintillators in two domains simultaneously: in terms of the excitation energy, and time
evolution of scintillation.

We will demonstrate that by digitization of individual scintillation pulses and digi-
tal signal processing it is possible to study the scintillation mechanism in terms of pulse
shape and light yield at the same time. For each scintillation pulse it is possible to cal-
culate the integral light output and corresponding deposited amount of energy. The
acquired pulse height spectrum can be later subdivided into energy bins. An average
scintillation pulse shape can be calculated for each energy bin by taking an average of all
acquired events within that bin. However, to obtain undistorted pulse shapes additional
signal processing and event selections are required before taking the average.

With this method we verified previous experimental results on CsI(T]) pulse shape
dependence on gamma energy, and we compared those results with theoretical models
[6]. We have found that the pulse shape change predicted by the model is in good agree-
ment with the measured data, however we observed some differences. The proposed
method was used to characterize a scintillation decay time of CsI(T]) excited with pulsed
X-rays and gamma rays. It was found that X-ray pulses produce a significantly different
pulse shape compared to single gamma events of an energy equal to the aggregate en-
ergy deposition of multiple lower-energy x-ray photons in the pulse. We will conclude
that the proposed method provides a new way of characterization of scintillators.

4.2. MATERIALS AND METHODS

4.2.1. THE SETUP

The measuring setup is shown diagrammatically in Fig. 4.1. Scintillation pulses from a
one inch CsI(Tl) sample are converted to electrical pulses by a Hamamatsu H5510 Pho-
tomultiplier Tube (PMT). The scintillation crystal is optically coupled with silicon oil to
the PMT’s entrance window. The PMT’s anode signal is connected directly to the 10-bit 4
Giga Samples Per Second (GSPS) DT5761 digitizer from CAEN. The digitizer has an input
range of 1 Vpp, input impedance Z;,, = 50 Q, and a memory buffer depth of 7.2-10% sam-
ples. No preamplifier nor other ways of analog signal shaping have been used. All data
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Figure 4.1: Schematic of the Time Resolved Gamma Spectroscopy setup. The gamma source or a pulsed X-ray
tube excite the scintillation crystal. The resulting scintillation pulses are detected with a photomultiplier tube
and digitized on event-by-event principle.

acquisition and on-line processing is done with a personal computer and homemade
software veroDigitizer.

A 137Cs source has been used for excitation. The barium X-rays ( 32 keV) were ab-
sorbed by a lead absorber placed between the '3”Cs source and the detector. In this way
we avoided photoelectric absorption of low energy X-rays, and only photoelectrons or
Compton electrons from 662 keV gamma interaction were detected. As an alternative to
v rays, we used a light excited X-ray tube N5084 from Hamamatsu for generation of ultra
short X-ray pulses (<100 ps). The X-ray tube has a tungsten target and is powered with
a 40 kV power supply. Each X-ray pulse contains multiple X-ray photons, which enables
low energy excitation (~10 keV) but with a high light output.

4.2.2. DATA ACQUISITION

When the anode signal exceeds the digitizer’s trigger voltage V;, an event is triggered and
stored in a local buffer. Each event contains a waveform consisting of 56k voltage sam-
ples (14 us time range). When the internal buffer is full, all digitized events are transfered
to the PC for data processing. In order to record low energy events, the digitizer’s trigger
voltage Vi, was set as close as possible to the signal’s base line. However, the low V;,
results in pick-up of noise spikes like in the exemplary pulse shown in Fig. 4.2. Fig. 4.3
shows the steps of the data processing which are required before the triggered events can
be used for calculating average pulse shapes. Only events fulfilling multiple criteria are
selected in order to remove unwanted noise events, suppress pile-up, and assure good
quality of each triggered pulse. The following sections will discuss in detail each step of
the data processing.
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Figure 4.2: Event triggered by a noise spike at around 1 us with a coincident scintillation pulse starting at
around 5 us.

4.2.3. FILTERING AND DECIMATION

The digitizer reduces a continuous-time signal from the PMT to a discrete-time digital
signal (sampling). High sampling frequency of the used digitizer f; = 4 GHz provides
precise timing information, but in case of CsI(T]) with slow decay time it results in high
uncertainty of each value at a point in time of the measured signal (low signal to noise
ratio). This can be seen in Fig. 4.2 and raw signal in Fig. 4.4. To increase the signal
to noise ratio and decrease the uncertainty of a measured voltage each waveform was
down-sampled (decimated) by first applying a low pass digital filter and then reducing
the number of samples by a factor of M = 256.

To avoid aliasing it is needed to do a low pass filtering before downsampling [22]. The
cutoff frequency of the filter has to be equal or lower than the Nyquist frequency of the
down-sampled signal, which is f., = fj\f = 4002 ~ 7.8 MHz. Fig. 4.5 shows time and
frequency domain responses of multiple standard digital filters designed for -3dB cutoff
frequency at 7.8 MHz. Because in our measurements we want to preserve an undistorted
time response of the signal, the filter choice is limited just to two filters: a moving average
filter (length N = 227) or a Bessel filter. The moving average filter has the worst frequency
response among considered filters. It has side lobes in the stop band, but provides the
fastest rise time in response to the step input, and it is free of overshoots in the time
domain. In addition, a recursive implementation of the moving average filter provides
the shortest computation time compared to that of the other filters [22]. The moving
average filter was used for the results presented here.

Each sample of the down-sampled waveform d|[i] is calculated by taking the average
value of length M = 256 from the filtered waveform f[i] according to the formula: d[i] =

1 M-(i+1) .
LT flil.
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Figure 4.3: Diagram of data processing workflow. o, is the standard deviation of the base line; o',;_;j,, is a
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Figure 4.4: Exemplary pile-up event.

4.2.4. QUALITY CUTS

Selections were applied to data to remove noise events, assure proper triggering time
within each waveform, and to select non distorted single scintillation pulses. Fig. 4.3
shows the steps of the data processing. After an event decimation a baseline BL and
its’ standard deviation o ; are calculated. If o; exceeds the base line standard deviation
threshold o ;_;j the event is discarded and no longer processed. In this way we assure a
good quality of the calculated base line. Usually o p;—;,, is exceeded when random noise
is present within the base line window or a scintillation pulse was triggered too late and
the leading edge is before the expected triggering time.

In the next step the integral Q of a decimated pulse is calculated using the previously
obtained base line: Q = Zé (wli]—BL). If the calculated Q is lower than the minimum in-
tegral threshold Qy, the event is discarded and no longer processed. This requirement
suppresses all events which exceed the digitizer’s trigger threshold, but consist mostly
of noise spikes, single photoelectron events, afterglow pulses, or other non-scintillation
pulses. This requirement is crucial especially for low energy deposition events when
noise is of the same order of magnitude as the scintillation pulses. If not suppressed
properly it can lead to creation of an artificial fast component in a decay spectrum or
other distortions of a pulse shape.

Fig. 4.2 shows an example of a "wrong" event: a scintillation pulse appears after
the expected trigger point. A noise peak exceeded the trigger threshold and the event
was digitized and stored. The scintillation pulse which coincided with the noise pulse
caused that the event passed minimum energy requirement. However, the leading edge
of the scintillation pulse is not properly located in the time window.

To properly measure a pulse shape it is important to suppress pile-up of scintillation
events within the acquisition window. In Fig. 4.4 the black line shows a raw signal from
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the digitizer; the red line shows the signal after low pass filtering and downsampling; the
blue line shows the output of a digital constant fraction discriminator (DCFD). There are
two points in the figure when the DCFD signal is crossing zero, which indicates that we
are dealing with two scintillation pulses. If more then one zero crossing nZC >1 was
observed within the acquisition window the event was rejected from further processing.
If only one zero crossing was observed the event was kept for further processing, and the
zero crossing time was used later for aligning events in time.

4.3. RESULTS

Fig. 4.6 shows a pulse height spectrum measured with CsI(Tl) excited with 662 keV y-
photons. The barium x-ray peak was successfully suppressed by the lead absorber, and
only Compton scattered events are present besides the 662 keV photopeak. The shown
energy range was divided into 10 energy bins and an average pulse shape for each range
has been calculated separately.

Fig. 4.7 shows pulse shapes of CsI(T]) scintillation measured in multiple energy sub-
ranges. The only curve that deviates significantly is for 25-97 keV energies. Another
measurement was performed with the requirement that the energy deposit is lower than
184 keV to investigate better the low energy range. Fig. 4.8 shows the decay curves at
low energy deposition. The largest difference was observed for 25-41 keV events, a very
small deviation was observed in the 41-89 keV range, and small but still significant pulse
change was observed from 89 keV to 184 keV.

To quantify the pulse shape change shown in Fig. 4.8, the decay curves were fitted
with a double exponential function f(¢) = A; exp (—%) + Azexp (—%), where A; and A,
are the amplitudes of the fast and the slow component, and 7; and 7, are decay times.
The results of these fits are shown in Fig. 4.9 for the decay times vs energy and Fig. 4.10
for the intensities I; and I, which were calculated as follows: I; = m. Both
decay constants are decreasing with decrease of energy, but there is a 'dip’ present near
60 keV. The slow component decreases from around 5.8 us to 4.7 us in the studied energy
range, while the fast component changes from around 900 ns to 850 ns.

The intensity of the slow component I, increases with increase of energy, see Fig.
4.10. The intensity change deviates from being smooth at energies around 50 keV, simi-
larly to the decay components.

Fig. 4.11 shows a pulse height spectrum measured with a 137Cs source together with
X-ray pulses from a pulsed X-ray tube. The tube pulses are observed at equivalent de-
posited total energy of around 1.3 MeV with FWHM of 37%. Assuming that the average
energy of a single X-ray photon from the tungsten anode is around ~10 keV, we may
estimate that a single X-ray pulse leads to ~130 detected x-ray photons.

Fig. 4.12 compares a scintillation pulse shape of CsI(T]) excited with high energy
gamma photons (575-758 keV), low energy Compton electrons (25-96 keV), and pulsed
X-rays ( 10 keV). Events excited by the pulsed x-ray tube exhibit the lowest intensity of
the long decay component, while high energy y photons have the highest intensity of the
slow component. The pulses from Fig. 4.12 were fitted with a double exponential func-
tion and the results are shown in Table 4.1. The fast component under X-ray excitation is
6% faster compared to the 662 keV energy range. The slow decay constant decreases 11%
in the same energy range. The intensity of the slow component increases 4.3% when the
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Figure 4.6: Pulse height spectrum of 137Cs gamma source measured with CsI:TL.
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Table 4.1: Decay constants and their intensities of CsI(Tl) luminescence excited with a pulsed X-ray tube, low,
and high energy excitation.

Excitation T1(Ms) T2(us) L (%) I (%)

X-rays 800 4.7 87.1 12.9
25-97 keV 845 5.1 83.9 16.1
575-758 keV 850 5.3 82.8 17.2

source of excitation is changed from 662 keV to X-rays. The pulse change measured with
low energy deposition (25-97 keV) compared to the 575-758 keV range is significantly
smaller and it is less than 1% change of the fast decay component and less then 4% of
the slow component. The change of intensity is around 1%.

The pulse shape factor was defined as a ratio of two integrals: the leading edge, and
the tail part of the pulse. Length of both integrals was optimized to get the pulse shape
factor value close to one. The integral limits for both edges were 1.92 us for the early
part, and 10.88 us for the tail part of the pulse. Fig. 4.13 shows pulse shape factor versus
energy of pulses. X-ray pulses (1000-2200 channels) have higher pulse shape factor then
vy rays from Cs-137 source (662 keV at 800 channel).

4.4, DISCUSSION

Lu et al. [6] provided a detailed theoretical analysis of the pulse shape dependence on
gamma energy in CsI(T]). Three possible reactions leading to luminescence were con-
sidered. Reaction 1 is the direct TI* excitation by sequential capture of free holes and
electrons: TIt + e + ht — (T1")* — TI" + hv. Reaction 2 is the recombination of self-
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Figure 4.14: Comparison of the Lu model predictions [6] with the measured data. (Colour online)

trapped holes with electrons trapped on T1%: T1° + STH — (TI*)*. Reaction 3 is the ther-
mally activated release of electrons trapped as TI° that subsequently recombine with
holes trapped as TI*: TI° + TI>* — (TI*)*. According to Lu et al., the fast ~700 ns decay
component can be mostly attributed to the 576 ns radiative decay of (T1*)* created in
Reaction 2 and secondarily to a fast component of Reaction 3 found at high excitation
densities. The 3- and 17-us components are the rate- and transport-limited phases, re-
spectively, of Reaction 3 that become more prominent at lower excitation densities. The
energy dependence of the pulse shape can be explained by the change of efficiency of
the Reaction 3 with excitation density, which is dependent on the electric field created
between space-separated T1° and TI>* reservoirs.

Fig. 4.14 shows a comparison of the theoretical modeling results by Lu [6] and exper-
imental data presented in this work. The model provides a good qualitative description
of the data; the same trend and magnitude of the experimental pulse shape change is re-
produced by the calculations. However, there are some discrepancies. The model does
not predict correctly a change of the slow component (~5 us) decay constant, and the
change of the fast component (~ 800 ns) is predicted to be bigger then observed in exper-
iment. Some difficulty for a fair comparison is caused by the fact that the experimental
data are measured with limited energy resolution ranges, while theoretical predictions
are provided for monoenergetic gamma photons.

4.5. CONCLUSIONS

In this article we have presented a new method of charactering scintillators. We found a
weak pulse shape dependence on gamma energy for CsI(Tl), and different scintillation
decay time for gamma rays and X-ray pulsed excitations. The experimental results are in
good agreement with theoretical predictions by Lu et al. [6], but minor differences are
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observed and require more research.
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CsBA,I::EU°",SM*" - THE FIRST
HIGH RESOLUTION BLACK
SCINTILLATOR FOR y-RAY

SPECTROSCOPY

At a time when science plays such a powerful role in the life of society, when the destiny of
the whole of mankind may hinge on the results of scientific research, it is incumbent on
all scientists to be fully conscious of that role, and conduct themselves accordingly.

Joseph Rotblat

Scintillators are materials that absorb a high energy particle («, B,y radiation) and down-
convert its energy into a short pulse of visible or near-visible light. The ultimate energy
resolution for y-photon detection as determined by photon detection statistics can only
be approached for materials that show a perfect proportional response with y-energy. A
large amount of research has resulted in the discovery of highly proportional materials
like Srl:Eut and CsBayIs:Eu?*. However, the resolution is still limited because of un-
avoidable self-absorption of Eu** emission especially when large sized scintillators are
to be used. By co-doping with Sm** the emission of Eu** can be efficiently shifted to
the far-red by exploiting non-radiative energy transfer. Here we apply that new idea to

This chapter is adapted from: W. Wolszczak, K. W. Kramer, P. Dorenbos, CsBay I5 :Euer,Sm2+ - The first high
energy resolution black scintillator for y-ray spectroscopy, physica status solidi (RRL)-Rapid Research Letters,
2019.
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CsBay Is :Eu?*. With emission wavelength around 755 nm, remarkable high energy reso-
lution of 3.2% at 662 keV gamma excitation, and scintillation decay time of 2.1 ys, Sm co-
doped CsBayIs:Eu** can be considered as the first black scintillator. The proposed double-
doping principle can be used to develop an entirely new class of Near-Infrared (NIR) scin-
tillators. Readout with high quantum efficiency silicon based photo-detectors instead of
traditional photomultiplier tubes may then improve energy resolution to beyond the cur-
rent resolution record of 2%.
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5.1. INTRODUCTION

A precise measurement of y-ray energy is a mayor requirement in nuclear spectroscopy,
nuclear safeguarding, environmental monitoring, academic research, and medical
imaging. Such requirement has powered extensive research to develop a scintillator with
ultimate energy resolution [1]. Past 20 years the focus has been on Ce3* and Eu?* acti-
vated halide (chloride, bromide, and iodide) compounds with impressive results [2—-6].
The latest development pushed the resolution limit to 2.0% at 662 keV y-photon detec-
tion in LaBrs:Ce,Sr [7], and this material holds the record for the best energy resolution
obtained with an inorganic scintillator up today.

The fundamental limit in energy resolution as determined by Poisson statistics in the
number of detected photons is almost reached with LaBr3:Ce,Sr. To go beyond the 2%
energy resolution, the number of detected photons needs to be significantly larger which
requires a new approach in scintillation research. A small bandgap scintillator, needed to
attain the highest light yield, must be combined with a highly sensitive photon detector.

Figure 5.1a shows the quantum efficiency (QE) curves for a bi-alkali photomultiplier
tube (PMT) and of an avalanche photodiode (APD), and the photon detection efficiency
(PDE) of a Si-photomultiplier (Si-PM). All commercial scintillators of today are devel-
oped for the ultraviolet or blue spectral range: Nal:T1 410 nm [8], LaBr3:Ce3* 380 nm [3],
CeBr3 380 nm [9], Srl,:Eu?* 430 nm [6]. Fig. 5.1a shows that such emission matches well
the maximum sensitivity between 400-440 nm of PMTs. The quantum efficiency of 26-
28% [10] is moderate, although it can reach up to 35% for a superbialkali photocathode.
In contrary, modern large area APD silicon photodetectors offer quantum efficiency up
to 80-90%, with a maximum sensitivity at longer wavelengths around 600-800 nm. The
QE of an APD is limited mostly by silicon reflectivity, and the effective quantum effi-
ciency can even be increased to around 98% by back-reflecting scintillation light towards
the APD with appropriate scintillator encapsulation [11]. To exploit this high QE, it is re-
quired to develop a new class of scintillating materials with long-wavelength emission
in the red or NIR.

Previous attempts to obtain efficient red emitting scintillators have failed.
CaF,:Sm?* has 725 nm luminescence [12], but the low density of CaF, discards it from
use in gamma spectroscopy. GdsAl, Gaz0;2:Yb3" offers 650 to 1200 nm infra-red scintil-
lation, but 4f-4f forbidden luminescence of ytterbium is much too slow for applications
in scintillation counting [13]. Lu,S3:Ce®* with maximum of emission at 592 nm was re-
ported to be a promising red-emitting scintillator [14], but sulfide single crystals were
found to be difficult to grow in large sizes required for efficient y-photons absorption.
A material which is probably closest to meet the requirements for a red scintillator is
LaBrs:Pr3* [15]. It has good energy resolution of 3.2% at 662 keV gamma excitation and
emission between 450 and 900 nm, but it has slow decay time of 11 us and little advan-
tage above LaBr3:Ce®*. In this work we will exploit Sm?* as a new scintillating center that
emits in the NIR where the APD has maximum efficiency. We will also exploit the known
excellent scintillation performance of CsBa,I5:Eu?* with a yield of 90’000 photons per
MeV (ph/MeV) and 2.3% energy resolution at 662 keV y-detection [16, 17]. The CsBaIs
lattice enables incorporation of high Eu?* concentration which increases efficiency of
electron-hole capture from the ionization track created by a high energy particle. How-
ever, the blue Eu?* emission needs to be measured with a PMT and high Eu?* concen-
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Figure 5.1: a) Quantum efficiencies of different types of photodetectors together with the emission of
CsBayIs:Eu,Sm, b) view onto the crystal structure of CsBayI5 along the b-axis.

tration results in increased self-absorption and a light loss depending on the interaction
point inside the crystal. This leads to energy resolution deterioration with increasing
crystal size. Sm?* as a co-dopant with a strong absorption in the Eu?* emission range en-
ables efficient energy transfer from Eu?* to Sm?* which radically shifts emission into the
NIR. Self-absorption losses are avoided and high quantum efficiency Si-photodetectors
can be used. The principle was first demonstrated for Srl,:Eu,Sm, however, energy res-
olution was poor and increased concentration of Sm quenched the luminescence [18].
In this work we present CsBayI5:2%Eu,1%Sm as the first successful material which offers
both NIR emission and excellent energy resolution in y-ray spectroscopy.

5.2. SAMPLE PREPARATION AND CRYSTAL GROWTH

Crystals of CsBayIs: Eu?*, Sm?* were grown by the Bridgman technique from anhydrous
Csl, Baly, Eul, and Sml,. Csl (Merck, p.a.) was dried in vacuum at 400°C. Bal, was
prepared from BaCOj3 (Alfa Aesar, 4N7) and HI acid (57%, Merck, p.a.), dried in vacuum,
and crystallized from the melt for purification. Eul, and Smls were synthesized from
the elements in sealed silica ampoules. Eu and Sm (Metall Rare Earth Limited, 3N) were
slowly heated to 500°C and 400°C, respectively, until the reaction was finished. Iodine
(Merck, p.a.) was kept in the colder part of the ampoule to avoid overpressure. Eul,
and Sml3 were sublimed for purification in Ta ampoules under vacuum at 1000°C and
800°C, respectively. Sml, was obtained from Sml; and Sm in a Ta ampoule at 900°C.
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For crystal growth stoichiometric amounts of the starting materials were sealed in silica
ampoules under vacuum. CsBayI5 melts congruently at 610 °C. After heating to 625°C the
melt was slowly cooled to room temperature within 10 days. All handling of the starting
materials and products was done under strictly dry and oxygen free conditions in a glove
box (MBraun, Garching) or sealed sample containers.

5.3. EXPERIMENTAL METHODS

Optically excited luminescence spectra were measured with an FL-1039 Horiba 450 W
Xenon lamp combined with a Gemini-180 Horiba double-grating monochromator. The
emission from the sample was dispersed with an Acton SP2300 Princeton Instruments
monochromator and detected with a Hamamatsu C9100-13 CCD camera.

X-ray excited luminescence spectra were recorded using an X-ray tube with tungsten
anode. The emission from the sample was dispersed with an ARC VM504 monochroma-
tor and recorded with a Hamamatsu R493-02 PMT. The emission was not corrected for
the monochromator transmission nor quantum efficiency of the PMT.

The scintillation decay time profiles were measured with the time-correlated single
photon counting (TCSPC) method. The setup consists of a PicoQuant LDH-P-C-440M
pulsed diode laser, a Hamamatsu N5084 light-excited x-ray tube, and an ID Quantique
id100-50 single-photon counter. The laser driver was triggered from a Hewlett Packard
function generator. The driver’s reference output was connected to the start input of an
Ortec 567 time-to-amplitude converter (TAC), while the photon counter was connected
to the stop input. An Ortec AD114 amplitude-to-digital converter was used to digitize
and collect the start-stop time differences. An Ortec 462 time calibrator was used to
determine the TAC bin width.

y-ray excited Pulse Height Spectra (PHS) were recorded with an Advanced Photonix
Avalanche Photo-Diode 630-70-72-510, connected to a Cremat CR-112 pre-amplifier,
and an Ortec 672 spectroscopic amplifier with 10 p shaping time. The sample was
mounted in a pressed-Teflon holder, and placed 0.1 mm from the surface of the APD. The
APD temperature was stabilized at T=270K by a two stage Peltier device and a LakeShore
temperature controller. The APD bias voltage was 1690V. The crystals were mounted
without any optical coupling, and the APD was used without any protective entrance
window.

y-ray excited PHS were recored with a Broadcom AFBR-S4N44C013 Silicon Photo-
multiplier, connected directly to 50 Q input of a CAEN DT5761 digitizer. Temperature of
the SiPM was not actively stabilized, however, the setup was contained in a closed box
and measurements were performed in a stable environment of a dry nitrogen glove-box.
Home made software was used for data acquisition. Each scintillation pulse was numer-
ically integrated for 10 us, and the integrals were used for creation of a PHS.

5.4. RESULTS

CsBayI; crystallizes in the monoclinic TIPb,Cl5 structure [19] with space group P12;/c1.
The structure shown in Fig. 5.1b contains [Cslg] and [Ba(1)Ig] polyhedra that share trian-
gular faces and form chains along the a-axis. They are interconnected by halide bridges
and [Ba(2)I;] polyhedra. The density calculated on basis of crystallographic data is 4.77
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Figure 5.2: a) photo of the black scintillator in a quartz vial, b) optical and X-ray excited emission and excitation
spectra.

g/cm®. Eu?" and Sm?* are assumed to occupy a Ba®* site. Fig. 5.2a shows the studied
black CsBayI5:2%Eu,1%Sm sample which needs to be encapsulated in a quartz vial be-
cause it is hygroscopic. Fig. 5.2b shows the optical emission excited at 360 nm and the
excitation spectra at room temperature. 99.5% of the emission comes from Sm?* 5d-4f
emission at 755 nm and a weak contribution is from Eu?" near 430 nm. Emission from
both luminescence centers becomes broader at 300 K, which can be explained by the
standard theory on electron-phonon coupling. The Sm?>* absorption and luminescence
excitation covers the entire visible range which explains the black color of the sample.
The X-ray excited emission at 300K is more intense than at 93 K and is spectrally identi-
cal to the photon excited emission. There were no signs of thermal quenching up to 350
K. Fig. 5.3a shows the pulsed X-ray excited scintillation decay profile at 300K. The main
decay component of 2.1 us is fast enough for y-ray nuclear spectroscopy but too slow for
high-count rate application.

Fig. 5.3b shows the pulse height spectrum using a '3 Cs radioactive source emitting
662 keV y photons and 32 keV X-ray photons for the scintillator coupled to an APD. From
the total absorption peak at 662 keV we obtain a light yield of 45’000 ph/MeV and an en-
ergy resolution of 3.2% , expressed as the full width at half maximum (FWHM) intensity.
This is narrow enough to observe the X-ray escape peak at 29 keV lower energy. 45’000
ph/MeV are still missing, but considering that crystal growth and the Eu and Sm concen-
trations are not yet optimized, the observed yield and 3.2% resolution is regarded an ex-
cellent result for a first trial into this new research direction. Fig. 5.4 and the pulse height
spectrum for CsL: Tl in Fig. 5.3b demonstrates that energy resolution of CsBayI5:Eu,Sm
stands-out when compared with other long-wavelength commercially available scintil-
lators.

Instead of an APD one may also use a Si-PM for scintillation detection. The PDE for a
Si-PM, as shown in Fig.5.1a, has maximum sensitivity at 400 nm and extends to 900 nm.
In the case of recently developed infra-red (IR) enhanced Si-PMs, the detectors reach
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Figure 5.3: a) pulsed X-ray excited scintillation decay, b) pulse height spectra of CsBazI5:Eu,Sm and CsL:Tl
coupled to an APD and excited with 662 keV y-rays.
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Figure 5.5: CsBayIs:Eu,Sm application in nuclear spectroscopy. a) a Si-PM with a CsBayI5:Eu,Sm sample
mounted on top, b) the pulse height spectrum of CsBayI5:Eu,Sm coupled to a SiPM and excited with 662 keV
y-rays.

over 20% QE at 690 nm [20]. Furthermore, the development of NIR sensitive Si-PMs is
a current objective for developing LIDAR sensors for self-driving car applications, and
we anticipate rapid development and further enhanced sensitivity in the 700-1100 nm
range. Because Si-PMs are very low cost (~30 US$), not sensitive to magnetic fields, and
small they enable the development of compact and portable gamma spectrometers at
relatively low price. As a first assessment, we coupled a crystal of CsBayI5:Eu,Sm to a Si-
PM as shown in Fig. 5.5a. The '37Cs pulse height spectrum in Fig. 5.5b shows an energy
resolution of 5.4%. It is worse than the 3.2% with the APD mainly because of the 4-5 times
lower QE, but still it demonstrates a low cost and miniaturized gamma spectrometer.

A gamma photon can interact with a scintillator by three basic interactions. 1) Comp-
ton scattering which is responsible for the Compton edge and Compton continuum in
the spectrum of Fig. 5.3b. 2) The photoelectric effect which is responsible for the photo-
peak at 662 keV, and 3) pair production which only becomes important well above 1.022
MeV. Different interactions dominate depending on initial energy, but the final product
of each is a hot cloud of charge carriers inside an ionization track. After an ionized track
is created, hot electrons and holes thermalize to the conduction band bottom and va-
lence band top through interactions with phonons as illustrated in Fig. 5.6a. Because of
different dispersion relation of holes and electrons, holes reach the top of the valence
band much faster than electrons the bottom of the conduction band. In addition, a
strong Frohlich coupling constant to optical phonons leads to rapid self-trapping of the
holes. The self-trapping process has been studied extensively in alkali halides, and is
very typical for halide materials. A recent study [21] showed that most holes are even
self-trapped before they reach the activator dopant in the scintillator. After the charge
carriers have been trapped at Eu?*, energy is transferred non-radiative to Sm?>* which is
then followed by the dipole allowed 5d-4f emission at 755 nm. The transfer at the chosen
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Figure 5.6: Scintillation mechanism, theoretically predicted energy resolution, and requirements for Sm?* 5d-
4f emission. a) Illustration of the scintillation mechanism of CsBayI5:Eu,Sm, b) and c) configuration coordi-
nation diagrams for the Sm2* levels in two different host materials, d) the different contributions R;,;=1.1%,
Rav, Ryoiser and R;,,,=0% to the energy resolution R;,;,; as function of the light yield.

dopant concentrations appears very efficient because Fig. 5.2b shows that 99.5% of light
emission originates from Sm?*, while only 0.5% from Eu*.

The reason to select Sm2* as a new activator in scintillators is because it can, de-
pending on type of compound, show dipole-allowed 5d-4f luminescence in the infra-
red. Sm?* has a 4f% electron configuration and the relevant ’ Fy, ° Dy, and °D; 4f-levels
are shown in the configuration coordinate diagram of Fig. 5.6b. After energy transfer
from Eu®*, Sm2™ is in its lowest 4°5d! state. Unlike the 4f-levels, this state has a strong
interaction with the environment leading to a configurational coordinate offset in the
excited state parabola, and the energy depends on type of compound. Fig. 5.6b shows a
situation where the 4f°5d! level is located well above the ° Dy level. This results in relax-
ation to the Dy or ®D; levels followed by forbidden and very slow (~1 ms) emission of
no use for scintillation applications. In iodides like CsBayI5 the 5d level is at lower energy
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and the situation shown in Fig. 5.6c applies. Now the 4f°5d! level is below the °Dj level
and the desired relatively fast 5d-4f emission is observed.

5.5. DISCUSSION

The energy resolution Ry,,; of a scintillator coupled to an APD can be written as R?o ral =

2 2 2 2 . . . . _ .
R . +Rz +R;, . +R,, where R;,: is the contribution from non-proportional

response, also called the intrinsic resolution, R;, = 2.35y/F/N,;, is the contribu-
tion from the APD avalanche gain fluctuations and from counting statistics, Rypise =
2.350 poise! Nej, is a contribution from the APD noise, and R;j, is related to crystal inho-
mogeneity [22]. F is the excess noise factor of an APD and N,j, is the number of electron-
hole pairs generated in the APD by a scintillation pulse. 0,;s. is the standard deviation
in the noise contribution arising from surface and bulk charge recombination of an APD
and expressed in RMS electrons. Fig. 5.6d shows the different contributions for realistic
values of F = 2, 0,,9i5¢ = 40 electrons RMS, effective QE = 98%, and R;,;r = 1.1%, and
assuming a perfect crystal with R;;;=0. The curve for the total energy resolution R;,;4;
crosses the current resolution record of 2% when the scintillation yield passes 62’000
ph/MeV at 662 keV. This is not an unusually high light yield, and it has been observed
for various Eu?* doped iodide scintillators. This implies that for each of those scintil-
lators we may add Sm?* to shift the emission to wavelengths where an APD has max-
imum sensitivity, and then it is well-feasible to go below 2% energy resolution. Iodide
compounds are then the most likely candidates because they already demonstrated the
required scintillation yield with Eu?" activation, and the iodides are known to have low
intrinsic resolution [23] . In our first attempt we already achieved 3.2% resolution with
CsBayl;. The data point in Fig. 5.6d shows the current result. The arrow points at the
projected result when we can improve crystal quality and manage to recover the 45’000
ph/MeV loss.

5.6. CONCLUSIONS

By adding Sm?* to CsBa,l5:Eu®" energy transfer from Eu to Sm results into an efficient
755 nm near infra-red emitting scintillator. The !37Cs pulse height spectrum with 3.2%
energy resolution at 662 keV with APD read-out can be considered as the birth certificate
of the first black scintillator. There are many other potential iodide compounds where
the new research strategy can be applied to, and a realistic evaluation shows that reso-
lution lower than 2% is well-feasible. We also demonstrated 5.4% resolution with a very
low cost Si-PM. Such a detector can for example easily be incorporated into miniature
portable y-spectrometers, even in a smartphone type of device, for safety applications.
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ENGINEERING NEAR-INFRARED
EMITTING SCINTILLATORS WITH
EFFICIENT EU®* — SM?* ENERGY
TRANSFER

A man can control only what he comprehends, and comprehend only what he is able to
put into words. The inexpressible therefore is unknowable.

Stanistaw Lem, The Futurological Congress

In this chapter we present a concept to develop a new class of Near-Infrared (NIR) scintilla-
tors employing efficient Eu’* — Sm?* energy transfer. By studying optical spectroscopy of
BaBrI:Eu,Sm we derived a criterion for obtaining fast Sm?* 5d— 4f emission. By exploiting
lanthanides phenomenology we created a list of possible new NIR scintillators.

6.1. INTRODUCTION
Scintillators are important materials used for detection of ionizing radiation [1-3]. They
can absorb a high energy particle and down-convert its energy into a short pulse of visi-
ble light. The linear dependence between the absorbed energy and the number of emit-
ted photons is the basis of gamma spectroscopy. Scintillators are used in numerous ap-
plications like homeland security [4], medical imaging [5], space exploration [6-8], or
high energy physics [9, 10]. High energy resolution is one of the important properties
vital for these applications.

Europium-doped halide scintillators (Srlp:Eu?* [11], BaBrl:Eu?>* [12], CsBayls:Eu?*
[13]) are among the ones that offer the highest energy resolution and light yield [14].
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Figure 6.1: Energy level diagram of two distinctive locations of the lowest 4f level in respect to 4f5d levels. a.)
The lowest excited 4flevel is above minimum 5d level b.) The lowest excited 4flevel is below minimum 5d level.

One of the reasons is that Eu?* can be incorporated in high concentration without con-
centration quenching. However, the re-absorption of Eu?* luminescence by other Eu?*
atoms (self-absorption) is detrimental to the scintillation process in large crystals re-
quired for y-spectroscopy. It affects decay time, light yield, and energy resolution [11].
One possible solution to that problem can be addition of a co-dopant at low concentra-
tion which absorbs Eu?* emission and re-emits it at a longer wavelength. The idea has
been verified recently in Srl»:Eu,Sm [15] and CsBayI5:Eu,Sm (Chapter 5). Besides limit-
ing the self-absorption, shifting the wavelength emission to NIR can be a way to energy
resolution better than 2%, see Chapter 5 and Fig. 5.6d.

Sm2* has [Xe]4f® electronic configuration in its ground state [16]. It can be excited
to 415 states or to 4£°5d! states (4f5d for short). The energy of 4f lanthanide electrons
is weakly affected by the host environment. However, the electron at the 5d! orbital is
not screened, and its energy can be controlled by changing the host environment. The
4f—4f transitions of lanthanide ions are parity-forbidden, have very slow decays (~ 1ms)
and narrow emission lines, and are characterized by narrow absorption lines. Thus, the
4f—4f transitions are not suitable for application in scintillators. The allowed 5d—4f
transitions show broad spectral bands with high absorption and emission intensities and
short luminescence decay time (~ 1us). These spin and parity allowed 5d—4f transitions
can be used for developing new scintillators [1].

Fig. 6.1 shows two examples of distinctive energy locations of the 4f°5d! level in two
different host environments. Fig. 6.1 a.) shows a desired case for scintillation applica-
tions. It is when the bottom of the 4f°5d! band is below the °Dy level of the 4f® electron
configuration. As a result, parity-allowed 5d—4f emission is dominating. Fig. 6.1 b.) il-
lustrates the situation when the bottom of the 4f°5d! band is above the >Dy level. The
emission branches between the parity-allowed 5d—4f and the parity-forbidden 4f—4f
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emission. The intensities depend on the transition probability and the population of the
states. In addition, thermally-excited transitions from the Dy state to the 4f°5d! state
may make the situation even more complex and dependent on temperature.

In this article we explore a possibility of efficient energy transfer between europium
and samarium for scintillation applications. As a starting point we have chosen bar-
ium bromide iodide BaBz], as it is a high density host with experimentally proven high
energy resolution of 3.4% at 662 keV y-excitation, and high light yield of 97,000 photo-
electrons/MeV [12]. We will present x-ray and optical characterization of BaBrl:Eu,Sm,
and derive a criterion for a host in which Sm?* has fast 5d—4f emission.

6.2. SAMPLE SYNTHESIS AND CRYSTAL GROWTH

BaBrl:Eu?*,Sm?" was synthesized from stoichiometric amounts of the binary halides
BaBry, Baly, Eul,, and Sml,. BaBr, and Bal, were prepared from BaCO3 (Alfa Aesar,
4N7). The carbonate was dissolved in concentrated hydrobromic (Merck, suprapur 47%)
or hydroiodic acid (Merck, suprapur 57%), respectively. The product was dried up on a
sandbath, heated to 450°C in vacuum (< 10~3 mbar), and purified by Bridgman crys-
tal growth in a glassy carbon ampoule. Eul, was synthesized from Eu metal (Stanford
materials, 4N) and iodine (Merck, p.a.). The starting materials were sealed in a silica
ampoule under vacuum. The ampoule was heated in a tube furnace keeping the colder
end at about 100°C to avoid an overpressure. The metal was slowly heated and kept at
500°C until the iodine had reacted completely. Eul, was sublimed for purification in a
tantalum ampoule under vacuum at 1000°C. Sml3 was prepared in a similar way from Sm
metal (Alfa, 3N). The ampoule was heated to 400°C and SmlI3 was sublimed at 800°C in
a silica ampoule. Sml, was obtained by reacting Sml3 with Sm in a tantalum ampoule at
900°C for 2 days. The tantalum ampoule was sealed by He-arc welding and encapsulated
into a silica ampoule under vacuum.

Crystals of BaBrI:Eu,Sm were grown by the Bridgman technique using a vertical,
static ampoule with seed selection tip and a moving furnace. The starting materials
were sealed in a silica ampoule under vacuum and heated to 780°C for 1 day. BaBrI
melts congruently at 770°C. Then the furnace was slowly moved up by a controlled step-
per motor with 0.6 mm/hour cooling the crystal to room temperature within about 10
days. The ampoules were opened in a glove box (MBraun, Graching, D) equipped with
a microscope and with water and oxygen values < 0.1 ppm. Crystals were cleaved from
the boule and pieces of about 5 mm size were sealed in small silica ampoules for further
spectroscopic characterization. The phase purity of the product was verified by powder
X-ray diffraction on a Stoe Stadip diffractometer in Bragg-Brentano (reflection) geometry
with CuK,, radiation from a curved (101) a-SiO, monochromator and a linear position
sensitive detector. BaBrI adopts the PbCl, crystal structure (orthorhombic, Pnma, no.
62) as its parent compounds BaBr, and Bal, [17]. Since starting materials and products
are hygroscopic all handling was done under strictly dry conditions in glove boxes or
sealed containers.
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Figure 6.2: X-ray excited emission spectra of BaBrI and BaBrI:Eu,Sm.

6.3. EXPERIMENTAL METHODS

X-ray excited emission spectra were measured with an X-ray tube with a cobalt anode
operating at 60 kV and 10 mA. The emission was recored using an Ocean Optics optical
fiber detector. Photoluminescence excitation and emission measurements were made
with an Ekspla NT230 Optical Parametric Oscillator (OPO) laser or Newport 66921 xenon
lamp excitation in combination with a Horiba Gemini 180 monochromator. The emis-
sion light of the sample was dispersed with a Princeton Instruments Acton SP 2300 and
detected with a Hamamatsu R7600U-20 (300-920 nm) or R7600U-03 (185-650 nm) pho-

tomultiplier tube (PMT), or a Hamamatsu C9100-13 electron multiplier CCD camera.

Time resolved spectra were recorded using a CAEN DT5724 or DT5730 digitizer con-

nected to one of the PMTs and controlled by home made software. The sample was
placed in a Janis Research VPF-700 cryostat, and its’ temperature has been stabilized

with a LakeShore 331 controller. A closed cycle helium chiller has been used for low
temperature measurements.

6.4. RESULTS

Fig. 6.2 shows X-ray excited emission spectra of pure BaBrl host and

BaBrl:5%Eu?*,0.5%Sm?* at room temperature. The host emission is characterized
by a single broad peak with maximum at 457 nm, and the peak is absent in the Eu
and Sm doped sample. In the BaBrI:Eu,Sm sample we can identify the 411 nm peak as
5d—4f emission of Eu?*, and Sm?* emission is between 600 and 820 nm. Sm?* emission
consists of a broad 5d—4f band at ~700 nm, and five sharp lines which can be ascribed
to parity forbidden 4f—4f transitions.

Fig. 6.3 shows photoluminescence and photoluminescence excitation spectra mea-
sured at room temperature and 13 K. The optically excited luminescence spectrum at
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Figure 6.3: Emission and excitation spectra of BaBrI:5%Eu,0.5%Sm at a) room temperature and b) 13 K.

room temperature is identical to the X-ray excited emission in Fig. 6.2. A small ~3 nm
shift observed between both spectra is due to a calibration uncertainty of the two differ-
ent spectrometers used for each measurement. The room temperature excitation spec-
trum shown in Fig. 6.3a has a distinctive peak at 538 nm which can be ascribed to 4f—5d
excitation of Sm?*. Excitation wavelengths from 400 to 600 nm are responsible for a di-
rect Sm?* excitation, while below 400 nm we expect both a direct Sm2* excitation and
Eu?* excitation with a following energy transfer to Sm?*.

Fig. 6.3b depicts a significant change of the emission spectrum at 13K. The broad
5d—4f emission at ~700 nm disappears, and five new sharp lines appear. The excitation
spectrum is much better resolved at 13 K (Fig. 6.3b) than at room temperature (Fig. 6.3a)
and clearly shows a series of Sm?* 4f—5d excitation bands between 400 and 600 nm.
The lowest excitation peak is shifted compared to room temperature from 538 nm to 526
nm, and an additional shoulder at around 540 nm appears. These two excitation bands
are usually referred as samarium A and B bands [18]; in this case 540 nm and 526 nm,
correspondingly.

Fig. 6.4a shows BaBrl:Eu,Sm emission spectra at 16 K and 300 K compared with
4f—4f Sm?* transition energies measured in BaCIF:Sm?2* by Kiss and Weakliem [19]. A
good match is observed between 4f—4f transition energies in both compounds, and it
illustrates a low sensitivity of 4f—4f transitions energies on the host environment. The
Dy —F; transitions with /=0-4 can be easily identified as dominating at room temper-
ature. The strongest line at 1.804 eV (687 nm) is the 5Dy —7Fy transition. °D; —’F 7 emis-
sions with J=0-5 arise at low temperature and become dominating. No de-excitation to
the “Fg level is observed. The broad 5d—4f band is absent at 16 K. We conclude that
in BaBrl:Eu,Sm we deal with the situation shown in Fig. 6.1 b). Tab. 6.1 collects all
wavelengths and energies of the observed 4f—4f transitions. Fig. 6.4b shows the room
temperature spectrum with a Gaussian function fitted to the spectrum with 4f—4f peaks
masked. The band center is at 1.755 eV which corresponds to 707 nm emission.

The anticipated energy transfer from Eu?* to Sm?* is not 100% efficient at room tem-
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Figure 6.4: a.) Emission spectrum of BaBrI:5%Eu,0.5%Sm excited at 475 nm with OPO laser at 16K and 300K.
b.) Gaussian fit of Sm?* 5d—4f emission peak under 4f—4f lines observed at 300 K.

perature and light emission is from both luminescence centers, see the X-ray excited
spectrum in Fig. 6.2. Fig. 6.5a shows the Eu?* photoluminescence decay profile at 412
nm emission fitted with a single-exponential decay time of 365 ns. Fig. 6.5b shows the
Sm?* jon photoluminescence decay of the °Dy —Fj transition at 686 nm. The single-
exponential decay time of 1024 us is too long for most applications as a scintillator. A fast
spike observed at the leading edge of Sm?* emission in Fig. 6.5b comes from the 5d—4f
emission band which overlaps with all 4f—4f lines, and it has decay time of 14 ns. Such
short decay time can be explained with fast depopulation of the 4f5d level to the lower
energy °Dy level.

Table 6.1: Energies of 4f-4f transitions of Sm%*.

Excited state  Ground state Wavelength (nm) Energy (eV)

"Fo 687 1.805

F, 702 1.766

5Dy “Fy 730 1.699
“Fg 767 1.617

A 815 1.521

"Fy 629 1.971

F 640 1.938

5D, ZFZ 663 1.870
Fs3 695 1.784

“Fy 733 1.692

"Fs 784 1.582

Fig. 6.6 and 6.7 show time-resolved photoluminescence of BaBrI:Eu,Sm at room and
11 K temperature. Fig. 6.6 is characterized by a Gaussian band from fast 5d—4f Sm?*
emission, and following it slow 4f—4f line emissions. The line emissions are on top of
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Figure 6.5: a.) Photoluminescence decay profile of BaBrl:5%Eu,0.5%Sm recorded at room temperature using
360 nm optical excitation and emission observed at 412 nm (Eu?* 4f-5d transition). b.) Photoluminescence
decay profile of BaBrl:5%Eu,0.5%Sm recorded at room temperature using 412 nm optical excitation and emis-
sion observed at 686 nm (Sm?* °Dy —7F transition).
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Figure 6.6: Time-resolved photoluminescence of BaBrl:5%Eu,0.5%Sm at room temperature excited at 410 nm
with an OPO laser.
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Figure 6.7: Time resolved photoluminescence of BaBrI:5%Eu,0.5%Sm at 11 K excited at 360 nm with an OPO
laser..

a Gaussian shape emission long time after the initial fast 5d—4f emission has decayed.
This suggest thermal re-population of the emitting 4f5d state from the lower energy °Dy
state. The situation changes significantly at 11K in Fig. 6.7, when the 5d—4f emission
is observed after the excitation, and it completely decays within 2 us. Apparently, ther-
mal re-population of the 4f5d state is impossible at 11 K, so only initially excited 5d—4f
emission can be detected.

Fig. 6.8 shows time-gated emission spectra of Sm?" at room and 10 K temperatures.
A short 100 ns gate enables elimination of slow 4f—4f emission from the emission spec-
trum, and only fast 5d—4f emission is observed. The peak at room temperature is very
broad, and has no structure. Measurement at 10 K reveals structure in the band, and
sub-bands at 1.627, 1.76, and 1.993 eV can be distinguished. This suggests that multiple
4f final state levels are involved in 5d—4f emission resulting in a multi-peak structure in
the emission spectrum.

6.5. DISCUSSION

6.5.1. ENERGY TRANSFER

When the concentration of luminescence centers is high, it may be possible that two
centers are close enough to enable excitation to be transferred from one to another. The
energy transfer process in inorganic materials was first studied theoretically by Forster
[20] and Dexter [21]. On the microscopic level, the excitation is transferred from a donor
ion, D, to an acceptor ion, A, over distance R. In BaBrl:5%Eu,0.5%Sm Eu?* is a donor,
and Sm?* is an acceptor. Initially (Eu?*)* is in an excited state, and Sm?" is in a ground
state. An interaction # between the ions causes transition from |(Eu?*)*,Sm3*) to
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Figure 6.8: Time-gated OPO laser excited emission of Sm?* at 10K and room temperature. Excitation 412 nm
and 100 ns gate were used.

|Eu®*, (Sm?*)*) state. The transition probability is
2
Kgr = == ((Bu®*)", Sm** | 7£Eu®*, (Sm?")") f egu(B)esm (E)AE, 6.1)

where egy (E) and espy (E) are normalized line-shape functions of europium emission and
samarium absorption [22]. The interactions - which cause energy transfer are elec-
trostatic/magnetic coupling, and/or exchange interaction between ions. Probability of
energy transfer can be expressed in terms of the oscillator strengths in electric dipole-
dipole approximation:

2 4
dd _ (Fleo) ’;”m—zewz% Foupe Fomer f eru(B)esm (E)AE, 6.2)
where f,2+ and fg,,2+ are the oscillator strengths of the (Eu?*)* — Eu?* and Sm** —
(Sm%*)* transitions, €, is vacuum permittivity, e is electron charge, n refractive index,
m, an electron mass, and w is taken as the average frequency of the involved transitions.
The probability of electric dipole-dipole energy transfer decreases as 1/R® with a micro-
scopic distance R between the donor and acceptor ions. On a macroscopic level there is
a distribution of distances between donors and acceptors. The distribution of distances
depends on the lattice structure, unit cell parameters, and the ion concentration. Low
concentrations correspond to large distances and lower rate of energy transfer. The en-
ergy transfer rate is also determined by the overlap of the emission lines of the donor and
the excitation lines of the acceptor.

Here we consider the simplest case where energy migration among Eu®* ions is ab-
sent, and only energy transfers from Eu?* to Sm?* ions take place. We also assume that
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the average ion-ion distance does not change with time (every (Eu®")* ion has a neigh-
bor Sm2* ion). Then, the energy transfer between Eu?* and Sm?* can been be modeled

with the following set of rate equations:

dN(EuZ*)* _ _N(Eu2+)* _ N(Eu2+)*

dr T(Eu2+)* TET

(6.3)
dN(szJr)* _ N(Eu2+)* _ N(SWLZ*)*

dr TET T(Sm2+)*

where Ng,2+)» and N g2+« are correspondingly numbers of exited Eu?* and Sm?" ions,
T(gu2+)» and T g2+« are radiative decay constants in absence of a co-dopant, and Tgr
is the energy transfer constant. The first equation describes the dynamics of the ex-
cited state population of Eu?>*. The first term describes a radiative decay of Eu?*, the
second is responsible for energy transfer from Eu®>* to Sm?*. The second equation de-
scribes the dynamics of Sm?*, where the first term is energy transfer while the second is
Sm?* radiative decay rate. We introduce the Eu®* total decay rate in presence of Sm?*

ki = 1/7(g,2+)+ + 1/7Er, and the Sm** decay rate in absence of Eu®* as kp = 1/7 g2+

We assume that initially only Eu?* ions are excited: N g2+ (t = 0) = N?Eu%)* and
N(gmz+) (£ =0) = 0. Thus, the set of equations 6.3 has the following solution:
-k
N(EL{2+)*(t) (Eu2+)*e 1t
(6.4)
—kot _ kit
N(szJr)*(t) NO u2+)* kl k2 (e 2 —e 1 )

We can define the energy transfer efficiency as a ratio of energy transfer rate kg7 to the
total decay rate of the excited europium population kj:

ker
€=—oy), (6.5)

k1
where kg is the rate of the non-radiative energy transfer from europium to samar-
ium. From Eq. 6.3 we can write k1 = 1/7(g,2+) + kg7, and kgr can be expressed as

k1 —1/7 g2+, so the energy transfer efficiencyise =1- kl+ Shendrik et al. mea-

(Bu2+)*
sured Eu®* luminescence decay time of 7 = 400 ns (Aexc = 337 nm) in BaBrl:0.05%Eu,
and Bizarri et al. [12] obtained 420 ns in BaBrI:8%Eu (Aex = 370 nm, Agj, = 415 nm).
Since the sample studied in this work has an intermediate europium concentration, we
take the average of these data as estimation of europium decay time in absence of samar-
ium in BaBrI:5%Eu. Decay time of photoluminescence of Eu?* in presence of samarium
in BaBrl:5%Eu,0.5%Sm is 365 ns (Fig. 6.5a). From this we calculate the energy trans-
fer efficiency € = 1 —365/410 = 11%. This is a rather low value, and the energy trans-
fer from europium to samarium ions seems to be inefficient. One of the reasons can
be too low concentration of samarium, and too large distances between ions. This is
highly improbable at the donor concentration of 5% and acceptor concentration of 0.5%.
However, these are concentrations in the melt during crystal growth, and it is possible
that the actual samarium concentration in the single crystal sample is much lower. The
simplicity of the applied model can result in underestimated energy transfer efficiency,
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5D, 4f5d
SDO

Figure 6.9: Configurational coordinates diagram of Sm?* in BaBrl with depicted radiative and non-radiative
processes. Solid arrows indicate radiative, dotted arrows non-radiative processes.

since we have omitted the donor-donor transfer within the europium ions population.
Europium-europium energy transfer is expected to increase the chance of excitation get-
ting in a proximity of a samarium ion, which was not included in the model. This sim-
plification may result in underestimation of the energy transfer efficiency. However, the
measured decay curves (Fig. 6.5) do not show significant deviations from the exponen-
tial behavior predicted by the model, see Eq. 6.4, so the assumed approximation seems
to be justified.

Interestingly, despite the low efficiency of energy transfer and low Sm?* concentra-
tion, 81% of the X-ray excited emission comes from Sm?*, see Fig. 6.2. It seems that in
BaBrl:5%Eu,0.5%Sm despite 10-times lower concentration of Sm?" it captures about 2/3
of all electron-holes.

6.5.2. 5D—4F EMISSION OF SM2*

Fig. 6.9 shows a configurational coordinates diagram of Sm?* in BaBrlI which explains
the observed emission spectrum change with temperature in Fig. 6.6 and 6.7. At 13
K, 4f—5d excitation is followed by non-radiative relaxation to 5Dy and °D; states, and
5d—4f emission is observed only shortly after the excitation. Thermally activated tran-
sitions back to 4f5d state are impossible. As temperature rises the excited 4f5d state be-
comes thermally populated from the °Dy and °D; states, and both types of luminescent
transitions are observable at room temperature. The °D; emission disappears at room
temperature, which can be explained either by ionization to the conduction band or
thermally-activated transition from 5D, back to 4f5d state.

Fig. 6.8 shows that the time-gated emission spectrum measured at 10 K has a struc-
ture which is not visible at room temperature. There are three peaks visible, and a shoul-
der at 2.3 eV extending to higher energies. Similar three-peak emission structure was
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observed in other Sm?* -doped materials [23] and interpreted as de-excitations from the
4f5d level to the “Fg, “Fy, and “F, final states [24]. However, the energy spacing between
the sub-bands in Fig. 6.8 does not match the energy spacing between the “F_» final lev-
els (Tab. 6.1). Possibly, the harmonic approximation of the proposed configurational di-
agram is not valid, and the change of energy level with lattice distortion is non-quadratic.
Then, the spacing between levels changes at higher vibrational levels and does not reflect
the same spacing as in the vibrational ground state.

To obtain the preferred 5d—4f emission for scintillation application we have to make
sure that the bottom of 4f5d band is at similar or below energy as the °Dy excited state.
It is known that the 4f5d level red-shifts towards lower energies with change of anion of
the host according to the nephelauxetic sequence:

F <Cl” <Br <I.

Iodides are then the most promising hosts for obtaining 5d—4f emission of the Sm?*
dopant. We can provide a much stronger and practical requirement based on systemat-
ics in lanthanide spectroscopy.

Since there are much more data on Eu?* emission energy Ep 2+, we can use lan-
thanide phenomenology to predict Sm?>* emission. Dorenbos showed that the 4f5d level
energy of divalent lanthanides is linearly correlated [16]. The energy of Sm?* 5d—4f
emission can be written as:

ESIn2+ = EEu2+ —1.22 eV. (66)

Based on the knowledge of the location of > Dy level we can state a criterion for 5d—4f
emission as follows: Eg .+ < 1.805 eV. If we include 25 meV margin for thermal excita-
tion it results in a requirement that europium emission energy must be lower than 2.995
eVor

e, > 414 nm. (6.7)

Eu2+
On basis of this requirement we propose in Tab. 6.2 suitable candidate scintillators
for applying the Eu>*—Sm?* energy transfer mechanism. We selected europium doped
materials with known high light yield and high energy resolution, and calculated the
expected Sm?* emission wavelengths using Eq. 6.6. These values agree well with mea-
sured optical Sm?%* 5d—4f emissions in CsBayls (Chapter 5), Srl, [25], BaBrI (Fig. 6.4b),
and CsSrls (Chapter 7).

6.6. CONCLUSIONS

BaBrl:5%Eu,0.5%Sm is one of the first scintillating materials with double doping. BaBrI
is a "border-case" host in which Sm?* ions shows both 5d—4f and 4f— 4f emission. The
long decay time of 4f—4f emission makes a scintillation pulse height spectrum mea-
surement virtually impossible, and BaBrl:5%Eu,0.5%Sm can not be used as a scintillator
in y-ray spectroscopy. The energy transfer in BaBrl:5%Eu,0.5%Sm has low efficiency of
11%, and for obtaining higher efficiency it requires optimization of dopant concentra-
tions. Although it may not find application in y spectroscopy, it still may be used e.g.
as a red-emitting X-ray phosphor or luminescence thermometer [28, 29]. The 5d—4f
emission of Sm?* goes to one of the seven “F;, J=0-6, final states which reduces self-
absorption as compared to Eu?*. It was found that most of X-ray excited emission comes
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Table 6.2: Candidate scintillators for applying the Eu?*—Sm?2* energy transfer mechanism for NIR scintilla-

tion. L.Y. - light yield of Eu** doped material at 662 keV of y-photon excitation, R — energy resolution at 662

keV, 7 2+ — decay time of Eu?" scintillation, A°™;,, —5d-4f emission of Sm?>* predicted with Eq. 6.6, A5™;, —
Sm?* Sm2+

5d-4f Sm2* emission measured, references.

Compound LY. R Tpg2+ /lgﬁlz; Ref. Eu?* Ag‘n‘::“ pred. /lggt2+ meas.
(kPh/MeV) (% FWHM) (ns) (nm) (nm) (nm)
KSr,15:Eu 94 2.4 990 445 [26] 792 -
K,Bals:Eu 57 2.7 720 448 [26] 801 -
KSr»Brs5:Eu 75 3.5 1080 427 [26] 736 -
KBayI5:Eu 87 2.6 910 444 [26] 788 -
CsBayl5:Eu 80-102 2.3-2.55 1000 432 [12,13] 751 758 (Chapter 5)
Srly:Eu 100 2.6 1000 431 [11] 748 753 [25]
BaBrI:Eu 97 3.4 432 413 [12] 696 701 (Chapter 6)
CsSrl3 65 5.9 3300 454 [27] 820 839 (Chapter 7)

from samarium, despite its low concentration and inefficient energy transfer from eu-
ropium to samarium. This is one of the first experimental cases which shows that dif-
ferent dopants have significantly different cross sections for electron-hole capture from
X-ray excited ionization.
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EXPLORING PROPERTIES OF NEW
HALIDE SCINTILLATORS WITH
EFFICIENT EU°"—SM*" ENERGY
TRANSFER AND NEAR-INFRARED
EMISSION

It is most important in creative science not to give up. If you are an optimist you will be
willing to "try" more than if you are a pessimist.

Stanistaw Ulam

In the previous chapter we discussed requirements for obtaining a spin-allowed 5d-4f
emission of Sm?*. We proposed a list of potential candidates for efficient energy trans-
fer between Eu** and Sm?*. Here we will investigate deeper the optical and scin-
tillation properties of CsBayI5:0.5%Sm>*, CsBayls:1%Sm>*, CsBayls:2%Eu®*,1%Sm>",
CsBay Is :4%Eu>* ,1%Sm?**, and CsSrlz:2%Eu®*,1%Sm?*. We have found that among the
studied samples the CsBay Is:2%FEu?*,1%Sm?* sample offers the best scintillation perfor-
mance. The sample with samarium-only has deteriorated scintillation properties, so we
conclude that the presence of europium is crucial for efficient scintillation.

7.1. INTRODUCTION

Most of scintillation research in recent years was focused on developing cerium and eu-
ropium doped compounds. This strategy resulted in many excellent materials with high

113
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energy resolution reaching 2% at 662 keV gamma excitation for LaBrs:Ce,Sr (see Fig. 1.4
in Chapter 1). This was possible due to better understanding of energy loss processes
in scintillators and discovering new materials with improved proportionality (LaBrs:Ce,
LaBrs:Ce,Sr, CeBrs, Srl,:Eu, etc.). However, to discover new materials with even better
energy resolution, a few requirements have to be met at the same time. The ultimate
scintillator should be not only highly-proportional at high density of excitation, but has
to offer high light-output, and very efficient detection of scintillation light. As discussed
in Chapter 5, silicon photo-detectors like Avalanche Photodiodes (APD) can provide al-
most 100% efficient detection, but in the red and near-infrared (NIR) spectral range. Cur-
rently, there is no commercial scintillator which is suitable for this sensitivity range. In
Chapter 5 we proposed the solution for this problem by applying non-radiative energy
transfer between europium and samarium. In Chapter 6 we investigated the require-
ments for obtaining fast, spin-allowed 5d-4f emission of Sm2*. Here we will characterize
the scintillation and optical properties of the materials proposed in Chapter 6 as possible
candidates.

7.2. SAMPLE PREPARATION AND CRYSTAL GROWTH

CsSrlz:Eu®",Sm?* was synthesized from stoichiometric amounts of the binary halides
Csl, Srly, Euly, and Sml,. CslI (Merck, suprapur) was dried in vacuum at 250°C. Srl, was
synthesized from SrCO3 (Alfa Aesar, 4N4) by dissolving in hydroiodic acid (Merck, supra-
pur 57%). The product was dried up on a sandbath, heated to 450°C in vacuum (< 1073
mbar), and purified by Bridgman crystal growth in a glassy carbon ampoule. Eul, was
synthesized from Eu metal (Stanford materials, 4N) and iodine (Merck, p.a.). The starting
materials were sealed in a silica ampoule under vacuum. The ampoule was heated in a
tube furnace keeping the colder end at about 100°C to avoid an overpressure. The metal
was slowly heated and kept at 500°C until the iodine had reacted. Eul, was sublimed
for purification in a tantalum ampoule under vacuum at 1000°C. SmlI3 was prepared in
a similar way from Sm metal (Alfa, 3N). The ampoule was heated to 400°C and Sml3 was
sublimed at 800°C in a silica ampoule. SmI, was obtained by reacting SmlIs with Sm in
a tantalum ampoule at 900°C for 2 days. The tantalum ampoule was sealed by He-arc
welding and encapsulated into a silica ampoule under vacuum.

Crystals of CsSrl3:Eu,Sm were grown by the Bridgman technique using a vertical,
static ampoule with seed selection tip and a moving furnace. The starting materials were
sealed in a silica ampoule under vacuum and heated to 660°C for 1 day. CsSrl3 melts con-
gruently at 650°C. Then the furnace was slowly moved up by a controlled stepper motor
with 0.6 mm/hour cooling the crystal to room temperature within about 10 days. The
ampoules were opened in a glove box (MBraun, Graching, D) equipped with a micro-
scope and with water and oxygen values < 0.1 ppm. Crystals were cleaved from the boule
and pieces of about 5 mm size were sealed in small silica ampoules for further spectro-
scopic characterization. The phase purity of the product was verified by powder X-ray
diffraction on a Stoe Stadip diffractometer in Bragg-Brentano (reflection) geometry with
CuKal radiation from a curved (101) a-SiO, monochromator and a linear position sen-
sitive detector. CsSrl; crystallizes in the stuffed PuBr; structure (orthorhombic, Cmcm,
no. 63) [1]. Since starting materials and products are hygroscopic all handling was done
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under strictly dry conditions in glove boxes or sealed containers.
The synthesis and crystal growth of CsBayI5:Eu,Sm and BaBrl:Eu,Sm samples have
been described previously in Chapters 5 and 6, correspondingly.

7.3. EXPERIMENTAL METHODS

Optically excited luminescence spectra were measured with an FL-1039 Horiba 450 W
xenon lamp combined with a Gemini-180 Horiba double-grating monochromator. The
emission from the sample was dispersed with an Acton SP2300 Princeton Instruments
monochromator and detected with a Hamamatsu R7600U-20 (300-920 nm) or R7600U-
03 (185-650 nm) photomultiplier tube (PMT), or a Hamamatsu C9100-13 electron mul-
tiplier CCD camera.

X-ray excited luminescence spectra were recorded using an X-ray tube with tungstate
anode. The emission from the sample was dispersed with an ARC VM504 monochroma-
tor and recorded with a Hamamatsu R493-02 PMT. The emission was not corrected for
the monochromator transmission nor quantum efficiency of the PMT.

The scintillation decay time profiles were measured with the time-correlated sin-
gle photon counting (TCSPC) method [2]. The setup consists of a PicoQuant LDH-P-
C-440M pulsed diode laser, a Hamamatsu N5084 light-excited x-ray tube, and an ID
Quantique id100-50 single-photon counter. The laser driver was triggered from a 8116A
Hewlett Packard function generator. The driver’s reference output was connected to the
start input of an Ortec 567 time-to-amplitude converter (TAC), while the photon counter
was connected to the stop input. An Ortec AD114 amplitude-to-digital converter was
used to digitize and collect the start-stop time differences. An Ortec 462 time calibrator
was used to determine the TAC bin width.

y-ray excited Pulse Height Spectra (PHS) were recorded with an Advanced Photonix
Avalanche Photo-diode (APD) 630-70-72-510 or Photonis XP2254B photomultiplier tube
(PMT), connected to a Cremat CR-112 pre-amplifier, and an Ortec 672 spectroscopic
amplifier with 10 us shaping time. The sample was mounted in a pressed-Teflon holder,
and placed 0.1 mm from the surface of the APD. The APD temperature was stabilized at
T =270 K by a two stage Peltier device and a LakeShore temperature controller. The APD
bias voltage was +1690V. The crystals were mounted without any optical coupling, and
the APD was used without any protective entrance window. More details about the APD
setup can be found in [3].

7.4. RESULTS

7.4.1. OPTICAL SPECTROSCOPY OF SM**

Fig. 7.1 shows photoluminescence emission spectra of CsSrl3:2%Eu®*,1%Sm?>",
BaBrl:5%Eu’*,0.5%Sm?*, and CsBayl5:2%Eu’*,1%Sm?" measured at room tempera-
ture. The wavelength ranges of typical Eu?* and Sm?* emission are marked at the top.
The Eu?* emission is characterized by a single broad peak ascribed to the spin allowed
5d-4f transition. The Eu?" peak shifts to red with change of the host in the sequence
from BaBrl (417 nm), CsBayI5 (430 nm), to CsSrl3 (454 nm). Similar red-shift is observed
for Sm?>* emission, however, the Sm?* emission in BaBrI is more complex, and it is char-
acterized by presence of five sharp 4f-4f transition lines and a weak broad 5d-4f emission
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Figure 7.1: Room temperature emission spectra of 1) BaBrI:S%EuZJ’,O.S%Sm2+ (Aexe. = 350 nm), 2)
CsBasls:2%Eu?t,1%Sm2* (lexc. = 360 nm), and 3) CsSrl3:2%Eu*,1%Sm?* (Aexc. = 360 nm) excited with a
xenon lamp and measured with a 300 nm blazed monochromator coupled to a CCD detector. The spectra are
not corrected for the monochromator and detector efficiencies.

at around 700 nm. The band between 800 and 1000 nm in BaBrI sample is from second
order transmission of the monochromator.

Fig. 7.2 shows excitation and emission spectra of CsBa,l5:0.5%Sm?" crystal mea-
sured at room and 10 K temperature. The emission spectrum is almost identical as that
of CsBayl5:2%Eu’*,1%Sm?* in Fig. 7.1, but then without Eu>* emission. The excitation
spectrum measured at room temperature (Fig. 7.2a) has multiple Sm?* excitation bands
extending from 300 nm to 750 nm. The lowest energy excitation peak is at 693 nm. The
emission spectrum changes dramatically at 10 K. Five sharp emission lines appear, that
can be identified as 4f-4f transitions from Dy Sm?* level to the ground state manifold
“Fp (688 nm), “F; (703 nm), 'F, (729 nm), 'F3 (767 nm), and “F4 (817 nm). The width of
the 5d-4f emission peak decreases at 10 K and a sub-structure becomes visible: a main
750 nm peak, and an additional shoulder at ~825 nm.

Fig. 7.3 shows photoluminescence emission and excitation spectra of
CsBa,l5:2%Eu’*,1%Sm?* at room temperature. A single emission peak is ob-
served at 762 nm. The excitation spectrum is similar to the excitation spectrum of
CsBa,I5:0.5%Sm?*. However, the higher Sm?* concentration causes optical saturation
and affects the intensity. The most dominating features of the excitation spectrum is a
peak at 704 nm and broad band between 500 and 650 nm. Despite presence of Eu’",
the excitation intensity is not enhanced in the range between 300 and 400 nm when
compared with Fig. 7.2a.
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Figure 7.2: Photoluminescence emission and excitation spectra of CsBay 15:0.5%Sm?™" a) at room temperature
and b) at 10 K measured with a xenon lamp excitation and a Hamamatsu R7600U-20 photomultiplier.
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Figure 7.3: Photoluminescence emission and excitation spectra of CsBay I5:2%Eu?*,1%Sm?* at room temper-
ature measured with a xenon lamp excitation and a Hamamatsu R7600U-20 photomultiplier.
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Figure 7.4: X-ray excited emission spectra of CsBayl5:2%Eu?*,1%Sm?* crystal as a function of temperature.
The inset shows enlarged range of 370-480 nm.

7.4.2. X-RAY EXCITED EMISSION

Fig. 7.4 shows the X-ray excited emission of CsBayI5:2%Eu?*,1%Sm?* crystal measured
between 93 K and 350 K. The broad Sm?* 5d-4f emission peak dominates at 755 nm at all
temperatures. It has the highest intensity at 150-250 K, the lowest at 93 K, and moderate
at 300-350 K. The peak’s shape and position does not change significantly. Very weak
Eu?* 5d-4f emission is observed around 420-430 nm. The inset shows the enlarged Eu?*
peak, which contains ~0.5% of the total integrated intensity. It broadens with increasing
temperature and shifts to shorter wavelengths.

7.4.3. LIGHT YIELD AND ENERGY RESOLUTION

Fig.  7.5a shows pulse height spectra of a !37Cs isotope measured with
CsBayl5:2%Eu’*,1%Sm?" and CsBa,l5:1%Sm?" using an APD. The energy resolu-
tion of the 662 keV full absorption peak is 4.5% in Sm doped sample, and 3.2% in the
Eu,Sm doped sample. This suggests that the presence of europium plays a role in the
scintillation process and leads to higher energy resolution.

Tab. 7.1 compiles the data on light yield and energy resolution of the studied crystals.
The table shows energy resolution and light yield ranges obtained with the best and the
worse sample cut from each studied boule. CsBa,I5:0.5%Sm?* crystals showed high vari-
ability of the light yield and energy resolution between different samples with the same
nominal composition. This is probably because of high non-uniformity of Sm?* doping
at low concentration of samarium in the starting melt. Some of CsSrl3:2%Eu®*,1%Sm?*
samples did not have well defined pulse-height spectra at all, while others showed dou-
ble photo-peak. It is possibly caused by high difficulty to growth a single-phase CsSrl3
perovskite crystals. Interestingly, the addition of europium to CsBayI5:1%Sm?* does not
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Figure 7.5: Pulse height spectra of 137 Cs measured with a.) CsBayl5:2%Eu?*,1%Sm?* and b.) CsBayl5:1%Sm?+
single crystals coupled to an APD.

change the light yield significantly, while it improves energy resolution. On the other
hand, the increased europium concentration in CsBa215:4%Eu2+,1%Sm2+ deteriorates
energy resolution when compared to CsBayl5:2%Eu?",1%Sm?", but it does not affect the
light yield significantly.

Fig. 7.6 shows the light yield and energy resolution of CsBa,I5:2%Eu?®*,1%Sm?* crys-
tal encapsulated in a quartz ampule and coupled to a XP2254B PMT. Both, the light out-
put and energy resolution increase with increasing shaping time. This suggests rather
long scintillation time. The energy resolution is much lower than measured with an APD,
and it is well expected as the data sheet of the PMT reports ~1% quantum efficiency at
750 nm of CsBayl5:2%Eu?*,1%Sm?* emission. Obviously, CsBa,l5:2%FEu?",1%Sm?" is
not a scintillator suited for a read-out with a traditional PMT, and the energy resolution
is highly limited by the detection efficiency in that case.

Table 7.1: Light yield and energy resolution of the studied samples.

Sample Lightyield Energy resolution
(phe/MeV) (% at 662 keV)
CsBayl5:0.5%Sm?* 20.4-38.5 14.8-56.0
CsBayl5:1%Sm?* 47.8 4.3
CsBayI5:2%Eu?t,1%Sm?*  41.5-45.8 3.2-3.9
CsBayI5:4%Eu’t,1%Sm?>*  38.2-51.6 4.5-6.3
CsStl3:2%Eu®*,1%Sm?>* 19.9-20.3 9.7-12.8

7.4.4. DECAY TIME

Fig. 7.7a shows the X-ray excited luminescence decay time of CsBayI5:2%FEu®*,1%Sm?>*
crystal at 300 K. The decay profile was fit with a double-exponential function. The dom-
inant decay component is 2.1 us and corresponds to 94% of the total scintillation light
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Figure 7.6: 137Cs pulse height spectrum measured with CsBayI5:2%Eu?*,1%Sm?* crystal encapsulated in a
quartz ampule and coupled to a XP2254B PMT.

intensity, while the fast component of 240 ns consists only 6% of the total. The long main
component requires an appropriate integration/shaping time for efficient collection of
all scintillation light, which was already seen in Fig. 7.6.

Since europium emission (430 nm) in CsBayls:2%Eu?*,1%Sm?" is well separated in
wavelength from samarium emission (760 nm, see Fig. 7.4), it is easily possible to sep-
arately measure europium scintillation decay with an optical band-pass filter. Fig. 7.7b
shows Eu?" scintillation decay in the CsBayl5:2%Eu?*,1%Sm?* crystal at 300 K measured
with a 420 nm band-pass filter. The decay profile was fit with a double-exponential func-
tion. The most of light (72.8%) is emitted with 136.6 ns decay time. We conclude, that
the europium emission is largely responsible for the fast 240 ns component observed in
the total scintillation decay profile, Fig. 7.7a.

Fig. 7.8a shows X-ray excited luminescence decay profiles as a function of temper-
ature. The decay time shortens with decrease of temperature. Fig. 7.8b shows the slow
decay component (the dominant scintillation component) as a function of temperature.
It decreases almost linearly between 400 and 100 K. The decay time slightly increases at
79 K when compared to the value at 100 K, and it can be explained by arising forbidden
4f-4f emission observed previously at 10 K, see Fig. 7.2b.

7.4.5. THE a/ 3 RATIO

Fig. 7.9a shows the internal contamination spectrum of the CsBa,I5:2%Eu?*,1%Sm?*
crystal measured with an APD and a '3”Cs source placed in the vicinity of the detector for
energy reference. An exponential slope between 700 keV and 2000 keV comes from direct
detection of Compton-scattered 662 keV gamma photons in the APD. The peak observed
at around 1 MeV of gamma-equivalent energy originates from the direct detection of X-
ray fluorescence photons in the APD. The four peaks at 2450 keV, 2909 keV, 3241 keV,
and 4415 keV of gamma-equivalent energy can be identified as internal alpha decays.
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Figure 7.7: a.) X-ray excited luminescence of CsBayl5:2%Eu®*,1%Sm?* crystal at 300 K (total emission) b.)
with 420 nm optical band-pass filter (Eu?* emission only).
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Figure 7.8: X-ray excited luminescence of CsBayI5:2%Eu’*,1%Sm?* as a function of temperature. a.) lumines-
cence decay profiles b.) decay time of the dominant (slow) component.
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Figure 7.9: a)) Internal contamination pulse height spectrum with a 137Cs reference in

CsBayls:2%Eu®*,1%Sm2* sample b.) The a/p ratio of CsBayls:2%Eu?*,1%Sm?* as a function of alpha
particle energy.

No gamma background is observed at this energy range as the sample size of around
~2-3 mm is too small for efficient detection of high energy gamma photons. The energy
resolution with alpha particles is shown in parentheses, and it ranges from 6.1% to 7.6%.
The alpha peaks were identified as 226Ra (2450 keV), 222Rn (2909 keV), 218Po (3241 keV),
and 2'*Po (4415 keV) based on analogue identification in BaF;, see Chapter 2. ?2Ra and
228Th contamination are common in barium-based scintillators, and the decays of the
daughter isotopes are responsible for the internal contamination [4]. Fig. 7.9b shows
the a/p ratio measured with the identified impurity isotopes. As it was discussed in
Chapter 2, the a/f ratio can be used for characterization of high density quenching of
scintillators, and the high value of 50-56% indicates high proportionality of the material.
Fig. 2.7 in Chapter 2 showed intrinsic energy resolution of multiple scintillators versus
the alpha/beta ration. The alpha/beta ration of ~50% in CsBa,I5:2%Eu®",1%Sm?" is very
close to the value for LaBr3:Ce,Sr, so we conclude that the CsBa,I5:Eu,Sm scintillator
have very good proportionality and intrisic energy resolution around 1%.

7.5. DISCUSSION

Almost all X-ray excited luminescence in CsBa,I5:2%FEu®",1%Sm?* comes from Sm?, so
either the energy transfer from europium to samarium is very efficient or samarium can
capture electrons and holes with much higher efficiency than europium, see Chapter
6.5.1. The weak Eu?* peak in CsBayI5:2%Eu?",1%Sm?* showed very similar behavior to
that observed previously for a much lower concentration sample in CsBayI5:0.5%Eu?*
[5]: it shifts towards short-wavelengths with increasing temperature (Fig. 7.4). This
indicates that self-absorption by Eu?* has been minimized in the Sm co-doped sam-
ple. However, the decay time change with temperature of CsBa,I5:2%Eu®*,1%Sm?>* (Fig.
7.8b) increases with temperature which can be caused by increased self-absorption of
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samarium at higher temperatures. Indeed, Fig. 7.3 shows increased broadening and
overlap of excitation and emission spectra of samarium at room temperature compared
to 10 K. Increasing overlap with increasing temperature leads to higher probability of
self-absorption and explains lengthening of the decay time at higher temperatures. On
the other hand, it is quite unexpected to observe strong self-absorption in such small
samples like used in this study (2-3 mm). More studies are required to find the origin of
decay time lengthening.

A single Eu?* peak was observed in CsBa,I5:2%Eu?*,1%Sm?* at 420 nm (350 K), and
at 429 nm (93 K). The same position was reported previously by Alekhin et al. [5] and
Shirwadkar et al. [6]. Bizzari et al. [7] has reported a double Eu?* peak at 432 and
465nm, which was attributed to occupation of two different barium sites. Two crystallo-
graphically inequivalent sites exist in CsBayI5 for the barium ions: one of them coordi-
nated by seven iodides and the second coordinated by eight iodides [8]. This possibility
was further investigated in [9], and the authors concluded that Eu favors the barium
seven-coordination sites and shows a tendency towards forming Eu-rich domains (clus-
ters). In our work we did not observe double Eu?* peak, and we conclude that Eu in
CsBa,l5:2%FEu®",1%Sm?" occupies only one coordination site. Possibly, the double peak
observed by Bizzari at al. can be explained by growth conditions and Eu clustering.

Fig. 7.8a shows X-ray excited scintillation decay in CsBayl5:2%Eu?*,1%Sm?*. A
fast component of 240 ns is probably caused by time and distance dependent en-
ergy transfer from europium to samarium. The double-exponential decay was not ob-
served in the BaBrl:5%Eu,0.5%Sm sample studied previously in Chapter 6, see Fig. 6.6.
This single-exponential decay justified applying the simple linear model previously pre-
sented for BaBrl:5%Eu,0.5%Sm in Section 6.5.1. Increased samarium concentration in
CsBa,l5:2%FEu®",1%Sm?" can be responsible for the increased efficiency of the energy
transfer and as result a double-exponential decay. We can estimate the efficiency of en-
ergy transfer from Eu to Sm in CsBayI5:2%Eu?",1%Sm?* with the simple formula pre-

sented in Section 6.5.1: e =1 — kl"‘»';’ europium decay time in presence of samarium
(

u2+y*
is taken as the main decay componEent) at Fig. 7.7b and the europium decay time without
samarium is 360 ns at 295 K in CsBayI5 with a small trace impurity of europium (mea-
sured by [5]). Then, the efficiency ise =1 — 13266 =~ 62%. It is much higher value than
in BaBrl:5%FEu,0.5%Sm, and in CsBa215:2%Eu%+,1%Sm2+ most of samarium excitation
originates from non-radiative energy transfer from europium, not direct hole-electron
capture like in BaBrl:5%Eu,0.5%Sm. However, more detailed analysis of energy transfer
process requires additional experimental data, preferably measured at multiple concen-
trations of both dopants.

The scintillation decay time of 2.1 us in CsBa,I5:2%Eu?*,1%Sm?* is not suitable for
high count rate applications, but it is still acceptable for many y-spectroscopy applica-
tions. The energy resolution of 3.2% obtained with CsBayl5:2%Eut,1%Sm>* places it
in the range of high-resolution scintillators. For the first time it is possible with a near-
infrared emission, which enables high detection efficiency with a silicon detector. How-
ever, it is not clear yet if this high resolution is caused by presence of europium and
efficient energy transfer to samarium, or maybe samarium alone is a good electron-hole
capturing center. This requires more experimental data and a study of a larger parameter
space.
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7.6. CONCLUSIONS

In this chapter we presented the scintillation properties of the recently discovered
CsBayl5:2%Eu®",1%Sm?* scintillator. It exploits the energy transfer mechanism from
Eu to Sm for shifting the emission into near-infrared spectral range. It has good perfor-
mance compared to the previously reported values, and is one of the first scintillators
with such a high energy resolution of 3.2% and NIR emission. The light yield of 46,000
ph/MeV of absorbed 662 keV gamma-ray energy was measured and makes it a moderate-
bright scintillator. It was shown that the presence of europium plays a role in scintillation
mechanism as the energy resolution of Sm-only sample was lower (4.3%). However, this
can be also explained by high variability of energy resolution in different samples with
the same composition. The performance of the Eu and Sm doped perovskite sample
CsSrl3:2%Eu?*,1%Sm?* was much worse. It has much lower efficiency of energy trans-
fer and worse scintillation properties.
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CONCLUSION

In Chapter 2 we showed that the a/f ratio can be used to characterize scintillators in
the same way as electron/gamma non-proportionality at low energy of excitation (~10
keV). In many aspects measurement of the a/f ratio has advantages over other meth-
ods. It provides higher precision and higher density of excitation than is available with
Compton or photoelectric effect electrons. It has been shown that the a/f ratio fol-
lows the same trends and patterns as previously found for nonproportionality of elec-
tron/gamma photon response. The a/f ratio also correlates with intrinsic energy reso-
lution measured with 10 keV gamma photons. Materials with high a/f ratio have high
intrinsic energy resolution at high density of excitation. The same trend is observed for
662 keV gamma photons with exception of alkali halides and ZnSe:Te. We have found
that alkali halides have low intensity of quenching and perform better than LaBrz:Ce and
LaCls:Ce at high density excitation (with a particles or 10 keV electrons). The superior-
ity of LaBrs:Ce and LaCls:Ce over alkali halides probably comes not from high resistivity
to high density quenching, but from lack of a low density quenching which is responsi-
ble for the "hump" in an electron/gamma nonproportionality curve. We can conclude,
that halide-based scintillators are the most promising for discovering new highly pro-
portional materials.

In Chapter 3 we presented digital spectroscopy as a powerful tool for studying scintil-
lators. It makes possible to perform a complex analysis like a pulse shape discrimination
or a time-amplitude analysis. This permitted us to investigate the complex structure of
an intrinsic alpha spectrum in LaBrj3:Ce, LaBr3:Ce,Sr and CeBrs.

An alpha spectrum measured in a scintillator with an intrinsic contamination can
be significantly distorted by gamma de-excitations of decay products. This is because
an alpha particle can be detected together with a gamma photon as a single event, but
both particles have significantly different light yields. This conclusion is particularly im-
portant for correct simulation of an intrinsic alpha activity. In addition, measuring the
a/ B ratio with an intrinsic alpha contamination seems to be an attractive way of avoid-
ing surface effects, but it can not be easily done with an alpha isotope decaying into an
excited state of a daughter nucleus.
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By applying time-amplitude cuts on the acquired data, we were able to separate Po-
215 and Rn-219 alpha peaks from the total spectrum. With this method, we found asym-
metric alpha peaks in LaBr;:Ce and LaBr;:Ce,Sr but not in CeBrs. The cause of this phe-
nomenon is not known. Our approach to include nuclear de-excitation processes in
simulation is promising, and together with experimental data on asymmetric a peaks
gives a way to construct a complete and accurate simulation of a scintillation response
to an intrinsic activity. We advise using the ?!°Po alpha peak in future a/f ratio mea-
surements, as this peak is made out of pure alpha decays to a ground state, not followed
by any other type of de-excitation.

Chapter 4 extends the digital analysis methods for the study of pulse shapes in scintil-
lators. With this method we have found a weak pulse shape dependence on gamma en-
ergy for CsI(Tl), and different scintillation decay time for gamma rays and X-ray pulsed
excitations. The experimental results are in good agreement with theoretical predictions
by Lu et al. [1], but minor differences are observed and require more research.

In Chapter 5 we proposed a new strategy for developing new near-infrared scintilla-
tors. By adding Sm?* to CsBa,l5:Eu®* energy transfer from Eu to Sm results into an effi-
cient 755 nm near infra-red emitting scintillator. The '3”Cs pulse height spectrum with
3.2% energy resolution at 662 keV with APD read-out can be considered as the birth cer-
tificate of the first black scintillator. There are many other potential iodide compounds
where the new research strategy can be applied to, and a realistic evaluation shows that
resolution lower than 2% is well-feasible. We also demonstrated 5.4% resolution with a
very low cost Si-PM. Such a detector can for example easily be incorporated into minia-
ture portable y-spectrometers, even in a smartphone type of device, for safety applica-
tions.

In Chapter 6 we investigated requirements for obtaining 5d-4f spin-allowed emis-
sion of samarium. We have found that BaBrI is a "border-case" host in which Sm?*
shows both 5d-4f and 4f-4f emission. The long decay time of 4f-4f emission makes a
pulse height spectrum measurement virtually impossible, and BaBrl:5%Eu,0.5%Sm can
not be used as a scintillator in y spectroscopy at room temperature. Also, the energy
transfer in BaBrI:5%Eu,0.5%Sm is not complete, and for obtaining high efficiency it re-
quires optimization of dopant concentrations. This compound may not find application
in y spectroscopy but still can be used e.g. as a red-emitting X-ray phosphor or a lu-
minescence thermometer [2, 3]. However, if the 4f5d level can be lowered sufficiently
to avoid 4f-4f emission, the 5d-4f emission of Sm?* ends in one of the seven ’F 7 states
which is expected to reduce self-absorption as compared to Eu?™.

In Chapter 7 we investigated further the possible candidate hosts for efficient
5d-4f emission of samarium. We have found that within studied compositions the
CsBayl5:2%Eu?",1%Sm?* sample shows the best scintillation performance and offers
3.2% energy resolution at 662 keV gamma excitation. It has moderate light yield of
46,000 photons/MeV (@662 keV), and 2.1 us scintillation decay time. The samarium-
only doped sample of CsBayI5 did not show so good scintillation performance, which
proves an essential role of europium in electron-hole capture process from an ionized
track.
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SAMENVATTING

In Hoofdstuk 2 hebben we aangetoond dat de a/fB-verhouding kan worden gebruikt
voor het karakteriseren van scintillatoren op dezelfde manier als laag energetische elek-
tronen kunnen worden gebruikt voor karakterisatie van niet-evenredigheids respon-
sie. In veel opzichten heeft meting van de a/f -verhouding voordelen ten opzichte
van andere methoden. Het biedt een hogere precisie en een hogere dichtheid van ex-
citatie dan beschikbaar is met Compton elektronen of elektronen gecreéerd met met
het foto-elektrisch effect. Er is aangetoond dat de a/B-verhouding kan worden gebruikt
voor het karakteriseren van scintillatiemateriaal. Het volgt dezelfde trends en patronen
met betrekking tot niet-evenredigheid als eerder gevonden voor de respons op elektro-
nen/gammafotonen. De a/f -verhouding correleert ook met de intrinsieke energieres-
olutie gemeten met 10 keV gammafotonen. Materialen met een hoge a/f-verhouding
hebben een hoge intrinsieke energieresolutie bij excitatie met hoge energiedichtheid.
Dezelfde trend wordt waargenomen voor 662 keV gammafotonen met uitzondering van
alkalihalogeniden en ZnSe: Te. We hebben gevonden dat alkalihalogeniden een lage
mate van uitdoving hebben en beter presteren dan LaBrs:Ce en LaClj3:Ce bij excitatie met
hoge dichtheid (met a-deeltjes of 10 keV-elektronen). De superioriteit van LaBrz:Ce en
LaCls:Ce over alkalihalogeniden komt waarschijnlijk niet doordat deze materialen beter
bestand zijn tegen uitdovingsprocessen als ze met een hoge dichtheid geéxciteerd wor-
den, maar juist door het ontbreken van uitdovingsprocessen wanneer het materiaal met
een lage dichtheid geéxciteerd wordt, die verantwoordelijk is voor de "bult" in de elek-
tron/gamma niet-evenredigheids responsie. We kunnen concluderen dat op halogenide
gebaseerde scintillatoren het meest veelbelovend zijn voor het ontdekken van nieuwe
materialen met hoge evenredigheid.

In Hoofdstuk 3 hebben we digitale spectroscopie als een krachtig hulpmiddel voor
het bestuderen van scintillatoren gepresenteerd. Het maakt het mogelijk om een
complexe analyse uit te voeren zoals het onderscheiden van pulsvormen of een tijd-
amplitude analyse. Dit stelde ons in staat om de complexe structuur van een intrinsiek
alfaspectrum in LaBr3:Ce, LaBr3:Ce,Sr en CeBrs te onderzoeken.

Een alfaspectrum gemeten van een scintillator met een intrinsieke verontreiniging
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kan aanzienlijk worden vervormd door gamma-de-excitaties van vervalproducten. Dit
komt omdat een alfadeeltje samen met een gammafoton kan worden gedetecteerd als
een enkele gebeurtenis. Beide deeltjes hebben echter aanmerkelijke verschillende lich-
topbrengsten. Deze conclusie is vooral belangrijk voor de juiste simulatie van intrinsieke
alfa-activiteit. Bovendien lijkt het meten van de a/f-verhouding met een intrinsieke
alfa-verontreiniging een aantrekkelijke manier om oppervlakte-effecten te voorkomen,
maar het kan niet gemakkelijk worden gedaan bij een alfa-isotoop die in een aangesla-
gen toestand van een dochterkern vervalt.

Door tijd-amplitudeselectie toe te passen op de verkregen gegevens, waren we in
staat om Po-215- en Rn-219-alfapieken van het totale spectrum te scheiden. Op deze
manier vonden we asymmetrische alfapieken in LaBrs:Ce en LaBr;:Ce,Sr maar niet in
CeBrs. De oorzaak van dit fenomeen is niet bekend. Onze benadering om reken-
ing te houden met nucleaire de-excitatieprocessen in simulaties te omvatten, is veel-
belovend en biedt samen met experimentele gegevens over asymmetrische a-pieken
een manier om een volledige en nauwkeurige simulatie van een scintillatierespons op
een intrinsieke activiteit te construeren. We raden aan om de 215Po-alfapiek te ge-
bruiken in toekomstige a/f-verhoudingsmetingen, omdat deze piek een gevolg is van
zuiver alfa-verval naar een grondtoestand, en niet gevolgd wordt door een ander type
van de-excitatie.

Hoofdstuk 4 breidt de digitale analysemethoden uit voor de studie van de pulsvorm
van scintillatoren. Met deze methode hebben we een zwakke pulsvormafhankelijkheid
gevonden als functie van de gamma-energie in het geval van CsI(Tl), alsmede verschil-
lende scintillatie-vervaltijden voor excitatie door middel van gammastraling en gepul-
ste rontgenstralen. De experimentele resultaten komen goed overeen met theoretische
voorspellingen van Lu et al. [1], maar er zijn desalniettemin kleine verschillen die meer
onderzoek vereisen.

In Hoofdstuk 5 hebben we een nieuwe aanpak voorgesteld voor het ontwikkelen van
nieuwe nabij-infrarode scintillatoren. Door Sm?* toe te voegen aan CsBa2I5:Eu2+, is en-
ergieoverdracht van Eu naar Sm mogelijk. Dit resulteert in een efficiénte nabij-infrarood
stralende scintillator, emitterend op 755 nm. Het !37Cs pulshoogtespectrum met een
energie-resolutie van 3,2% bij 662 keV met APD-uitlezing kan worden beschouwd als
het geboortebewijs van de eerste zwarte scintillator. Er zijn veel andere potentiéle jo-
dideverbindingen waar de nieuwe onderzoeksstrategie op kan worden toegepast. Een
realistische evaluatie toont aan dat een resolutie van minder dan 2% goed haalbaar is.
Tevens hebben we een resolutie van 5,4% aangetoond met een zeer goedkope Si-PM. Zo
een detector kan bijvoorbeeld gemakkelijk worden opgenomen in kleine draagbare y-
spectrometers, zelfs in een smartphone-achtig apparaat, voor veiligheidstoepassingen.

In Hoofdstuk 6 onderzochten we de eis voor het verkrijgen van 5d-4f spin-toegestane
emissie van samarium. We hebben ontdekt dat BaBrI een "grensgeval" is waarin Sm?*
zowel 5d-4f als 4f-4f-emissie vertoont. De lange vervaltijd van 4f-4f-emissie maakt een
pulshoogtespectrummeting vrijwel onmogelijk. BaBrl:5%Eu,0,5%Sm kan dan ook niet
worden gebruikt als een scintillator in y-spectroscopie bij kamertemperatuur. Ook is
de energieoverdracht in BaBrl: 5% Eu, 0,5% Sm niet volledig en voor het verkrijgen van
hoge efficiéntie vereist dit optimalisatie van doteringsconcentraties. Deze verbinding
vindt mogelijk geen toepassing in y-spectroscopie maar kan nog steeds worden gebruikt
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als bijvoorbeeld een rood-emitterend réntgenfosfor of in de luminescentiethermome-
trie [2, 3]. Als het 4f5d-niveau echter voldoende kan worden verlaagd om 4f-4f-emissie
te voorkomen, eindigt de 5d-4f-emissie van Sm?* in een van de zeven F; toestanden
waarvan wordt verwacht dat deze de zelfabsorptie verlaagt in vergelijking met Eu®*.

In Hoofdstuk 7 hebben we de mogelijke kandidaat-materialen voor efficiénte 5d-4f-
emissie van samarium verder onderzocht. We hebben gevonden dat van de bestudeerde
samenstellingen het CsBayIs: 2% Eu?", 1% Sm?* monster de beste scintillatieprestaties
vertoont en een energie-resolutie van 3,2% bij 662 keV gamma-excitatie biedt. Het heeft
een matige lichtopbrengst van 46.000 fotonen / MeV (@ 662 keV) en 2,1 us scintillatie-
vervaltijd. CsBayl5 gedoteerd met alleen samarium vertoonde niet zulke goede scintil-
latieprestaties, wat de essentiéle rol van europium in het elektron-gat invangingsproces
van een ionisatiespoor aantoont.
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