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“We think too small, like the frog at the bottom of the well.
He thinks the sky is only as big as the top of the well.
If he surfaced, he would have an entirely different view.”

Mao Tse-Tung
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1. Introduction

1.1 Radiation

It was on a dark November evening in 1895 that the German physicist Wilhelm C.
Rontgen noticed a weak light shimmering on a little bench nearby while
experimenting with a blackened cathode-ray tube. Highly excited, Roentgen lit a
match, and, to his great surprise, discovered that the source of the mysterious light
was a little barium platinocyanide screen lying on the bench. Rontgen concluded that
the cathode-ray tube had to emit some new kind of radiation of an unknown type. To
reflect his bewilderment, he called the new radiation ‘X-rays.’

Only one year later, Becquerel discovered other types of ionising radiation when
he observed that a uranium-containing compound was able to blacken a photographic
plate, which was well covered by black paper and aluminium foil. When Becquerel
announced his discovery of the new rays, it was Rutherford who proved that the new
rays discovered by Becquerel were actually composed of three different forms of
radiation. By carefully studying the absorption of the rays, he found that one
component, which he called the ‘alpha rays,” could be absorbed by a sheet of writing
paper, or a few centimetres of air. In fact, Becquerel had not detected these alphas,
because the box containing the film absorbed them. A second component, the ‘beta
rays,” Rutherford found to be one hundred times more penetrating. A third type of
Becquerel rays were christened ‘gamma rays’ by Villard in 1900. These rays could
penetrate several feet of concrete, but were essentially akin to X-rays but with much
shorter wavelength.

Inextricably bound up with the discovery of X-rays and other types of ionising
radiation is scintillator research. In fact, the compound Rontgen inadvertently used in
order to detect the X-ray radiation was a scintillator (from ‘scintilla,” which is Latin
for spark). But also the uranium-containing compound Becquerel employed to
demonstrate the existence of alpha, beta and gamma rays was a scintillating material.
Soon, not only ionising radiation was subject of investigation, but also the scintillating
material itself had become an area of research.

1.2 Radiation detection

In order to be able to detect radiation (X-rays, gamma rays) efficiently, one needs
to understand the basic interaction mechanisms between the radiation and the
detector. In principle, when X-rays or gamma rays pass a material, there is a certain
probability that they have interaction and are absorbed. In the range of a few kilo-
electronvolt (keV) to several megaelectronvolt (MeV), photoelectric effect, Compton
scattering, and pair production are the dominant processes by which the X-rays or
gamma rays are absorbed.

In the case of photoelectric effect, the total energy of the X-ray or gamma ray
(photon) is transferred to a bound electron of the atom (mostly a K- or L-shell
electron). The kinetic energy gain of the electron is simply the energy of the incident
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radiation minus the binding energy of the electron. Compton scattering is the effect
where a photon partially transfers its energy to a weakly bound electron. As a result,
the energy of the incident photon is distributed among the Compton electron and the
secondary photon. The latter may escape the material and only the electron
contributes to the signal. The conversion of a photon into an electron and a positron is
called pair production. This effect is only present for photon energies larger than 1.02
MeV.

After absorption of the X-rays or gamma rays, the created high energy primary
electrons lose their energy by collisions with other electrons in the material,
generating secondary electron and holes. This avalanche of secondaries continues
until the energy of the electrons is no longer sufficient to further ionise the material.
The excess energy is then lost by thermalisation. These ionisations consist of mainly
electrons and holes that may be separated by an electric field and collected at
electrodes. This method is mainly applied in gas and semiconductor based detectors
that are most suitable for the detection of X-rays, low energy gamma rays and charged
particles. For higher energy X-ray and gamma rays, scintillators are the more obvious
choice.

1.3 Scintillators

The principle of radiation detection based on scintillators is the detection of
ionising radiation by observing the scintillation light produced: when the electron and
holes, created after absorption of radiation, recombine (or transfer their energy to a
luminescent centre), the light is detected by a photomultiplier tube, a photodiode, or
another light detector. The light detector in turn converts the light into an electric
pulse. The intensity of the pulse is a measure for the absorbed energy.

The initial impetus to scintillator research was given by Edison, who discovered
the well-know calcium tungstate scintillator after a comprehensive study of thousands
of compounds. However, it was Hofstadter [1,2] just after the second World War who
demonstrated that sodium iodide doped with thallium produced an exceptionally large
scintillation light output. Since then, numerous other scintillating materials have been
discovered, many with unique properties and applicability. Nowadays, inorganic
scintillators are widely used for the detection of radiation in research, medical
diagnostics and industry. Yet, for many applications a scintillator that meets all the
requirements is not available. Especially for new digital diagnostic systems and real-
time imaging applications, new inorganic scintillator materials are needed that have
both a high light yield and a fast response. This is one of the reasons for continuous
scintillator research and development. But also from a scientific point of view,
scintillation materials are of great interest.

Up until recently, scintillator research has largely been a field of trial and error.
Phenomenological models coupled to requirements such as high density, stability in
air and ease of crystal growth were the main points of departure which led to the
discovery of most of the scintillators used nowadays. In general, attention was
focused on the characterisation of the scintillation properties, and theoretical work on
scintillators is scarce. Only few studies present a more detailed investigation of the
scintillation mechanism. Nevertheless, many inorganic materials were found to be
efficient scintillators with a high light yield and good energy resolution.
Unfortunately, the question why these materials showed such excellent scintillation



properties remained open, due to the lack of in-depth knowledge about the
scintillation mechanism.

The investigations described in this thesis are therefore directed to address these
two subjects in scintillator research. That is: (i) the search for new inorganic
scintillators for gamma ray detection and (ii) the systematic research of the
scintillation mechanisms in scintillator materials.

The thesis is organised as follows: In part A, chapter 3 a general introduction to
X-rays in medicine and a review of medical applications and the most commonly used
scintillators in that field are presented. The basic scintillator requirements for some
medical imaging applications are reviewed and the properties of some new inorganic
scintillator materials are presented. The choice of the studied compounds is
motivated. Two new high-energy-resolution scintillators, LaCl3:Ce’* and LaBr3;:Ce’”
are presented in Chapter 4. It is shown that they have a high light yield, excellent
energy resolution and timing properties. For applications where a good energy
resolution is required, LaCl;:Ce”" and LaBr;:Ce’" are very promising scintillators and
in many respects better than Nal:TL.

Part B of this thesis deals with the concepts of scintillation, the process that leads
to the formation of electrons and holes and, in particular, the scintillation mechanism.
Chapter 5 gives a general introduction to scintillation. In the next four chapters, the
scintillation mechanism is described in detail for four different types of compounds.
The elpasolites with structural formula Cs,LiYXs:Ce®™ (X = Cl, Br) are treated in
Chapter 6, the properties and mechanism of the lutetium halides, LuX3:Ce’" (X = F,
Cl, Br) are discussed in Chapter 7, the scintillation mechanism in LaCls:Ce®” and
LaBr3:Ce’" is discussed in Chapter 8 and Chapter 9 deals with the ternary halides
K,LaXs:Ce® (X = Cl, Br, I). Finally, conclusions are drawn in chapter 10. First the
experimental techniques used to study the compounds are discussed Chapter 2.
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2. Experimental Techniques

2.1 Introduction

In this chapter, the techniques used to study the scintillating materials are
described. The procedure followed to chart the properties of these crystals was in
many cases the same. First, an impression of the optical characteristics of the
scintillating material was obtained by performing X-ray excited optical luminescence
spectroscopy, vacuum ultraviolet (VUV) excitation and emission measurements, and
time resolved excitation and emission measurements using synchrotron radiation.
Then, experiments using gamma ray radiation were carried out. These concern pulse
height spectra giving information on light yield and scintillation decay time
measurements. Information on the lifetime of the excited state of defects was obtained
by selective excitation with a hydrogen flash lamp.

2.2 X-ray excited optical luminescence

Figure 1 depicts schematically the set-up used for X-ray excited optical
luminescence spectroscopy. The X-ray excited optical luminescence spectra were
recorded in reflection mode using an X-ray tube with a Cu-anode (XR). The
maximum power dissipation of the tube is 2 kW, but typically, the anode was
operated at 35 kV and 25 mA. The sample under study is mounted in the sample
holder (S1). The emission from the sample is dispersed by an Acton Research
Company (ARC) VM-504 monochromator (M) and detected by a Hamamatsu R943-
02 photomultiplier tube (PMT) (P2) or an EMI 9426 PMT (P1). The ARC VM-504
monochromator is of the Czerny-Turner configuration. It has a 0.39-meter focal
length, featuring triple indexable plane gratings (1200 grooves/mm, blazed at 150 nm,
300 nm, and 750 nm, respectively) and two movable diverter mirrors. Both the sample
chamber and the monochromator are operated under vacuum. The wavelength
accuracy of about ~1 nm. All spectra presented in the thesis were corrected for the
wavelength dependence of the photodetector quantum efficiency as well as
monochromator transmission.

Temperature dependent X-ray excited optical luminescence measurements were
performed between 80 and 400 K using a Cryospec model 20A Joule-Thomson
Miniature Refrigerator operated with 99.999% purity nitrogen gas at 120 bar. The
temperature resolution is typically 5 K. The temperature measurements, in absolute
terms, are limited by experimental factors such as the thermal coupling between the
control stage and the sample.

Copyright © 2003 by E.V.D. van Loef



Figure 1: Schematic representation of the set-up used for X-ray excited optical luminescence
spectroscopy, with XR = X-ray tube, H = housing, S1 = sample chamber 1, S2 = sample chamber 2/
mirror, F = IBH Consultants Ltd. S000F hydrogen coaxial flashlamp M = monochromator, P1 = EMI
9426 PMT, and P2 = Hamamatsu R943-02 PMT.



2.3 Vacuum Ultraviolet (VUV) excited life time measurements

VUV excited lifetime spectra were recorded using an IBH Consultants Ltd.
hydrogen coaxial flashlamp model 5000F (pulse FWHM ~ 1 ns), see Figure 1 (F).
The luminescence is dispersed through an ARC VM504 monochromator (blazed at
300 nm, 1200 grooves/mm) (M). The sample (S2) is excited by the light dispersed
through the monochromator and the emission from the crystal is measured in
reflection at 90 degrees angle using a quartz lens and a cooled Hamamatsu R943-02
photomultiplier tube (cooling housing model TE-104 from Products for Research)
(P2) in combination with interference filters and/or cut-off filters.

2.4 VUV excitation and emission spectroscopy

Excitation and emission spectra, between 150 and 300 nm, and 250 and 600 nm,
respectively, were recorded using a Vacuum Ultraviolet (VUV) set-up, see Figure 2.
It consists of an ARC type DS-775 deuterium discharge lamp (L), an excitation
monochromator (ARC, model VMS502 with 1200 grooves/mm blazed at 250 nm with
Al/MgF, coating for high reflectivity in the VUV region) (M1), MgF, windows, a
focussing unit (F), a sample chamber with MgF, lenses (S), and an emission
monochromator (Macan 910 with 1200 grooves/mm blazed at 350 nm) (M2) with a
Philips XP2254/B PMT (P2). The sample holder as well as the excitation
monochromator is operated at vacuum. All spectra presented in the thesis were
corrected for the wavelength dependence of the photodetector quantum efficiency as
well as monochromator transmission, using sodium salicylate as a reference.

2.5 Time-resolved excitation and emission spectroscopy

High resolution, time-resolved excitation and emission spectra were recorded
using synchrotron radiation at the SuperLumi experimental set-up of the Synchrotron
Strahlungslabor (HASYLAB) at the Deutches Elektronen Synchrotron (DESY) in
Hamburg, Germany. A schematic representation of the SuperLumi experimental set-
up is shown in Figure 3.

The entrance optics of the SuperLumi experimental set-up consists of two mirrors
for separate vertical and horizontal focusing. The first, cylindrical mirror is located at
a distance of 4.3 m from the source and accepts 50 mrad of the horizontal divergence.
The second, plane elliptic mirror focuses the 2.2 mrad vertical divergence to 0.1 mm
at the entrance slit of the monochromator. Both mirrors can be aligned by remote
control. The excitation monochromator (PM) is a 2 m normal incidence
monochromator (McPearson Company) equipped with two gratings that can be
interchanged in situ (1200 grooves/mm, blazed at 150 nm and 300 nm, respectively).
One can choose between three different, fixed entrance slits, 0.03 mm, 0.1 mm and
0.5 mm in width. With appropriate exit slits, this corresponds to a resolution of 0.02
nm, 0.05 nm and 0.23 nm respectively. The monochromator has two exit arms which
can be used alternately by moving a plane mirror into the light path.
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Figure 2: Schematic representation of the vacuum ultraviolet set-up, with L = ARC type DS-775
deuterium discharge lamp, M1 = excitation monochromator (ARC, model VMS502 with 1200
grooves/mm blazed at 250 nm with Al/MgF, coating for high reflectivity in the VUV region), M2 =
emission monochromator (Macan 910 with 1200 grooves/mm blazed at 350 nm), F = focussing unit, S
= sample chamber with MgF, lenses, P1 = EMI PMT and P2 = Philips XP2254/B PMT.

The synchrotron is operated in the multibunch regime (5 bunches) with almost 200 ns
distance between successive bunches. An elaborate description of both the SuperLumi
set-up and the synchrotron operation characteristics can be found in [1]. Emission
spectra were recorded using single photon counting techniques. Photons were counted
within a time window of approximately 10 ns at the start of the synchrotron
luminescence pulse. Another time window of the order of 100 - 200 ns was used at
the end of the pulse to discriminate between fast and slow luminescence components.
Also the integral count rate was recorded.



Figure 3: Schematic representation from [1] of the SuperLumi experimental set-up at DESY, Hamburg,
with SR = synchrotron radiation, PM = primary monochromator, A = exit arm, CC = chopper chamber,
S = sample, SC = sample chamber, M3-M4 = mirrors, OAD = position-sensitive detector and VUV-1/2
= emission monochromators.

2.6 Pulse height measurements

Pulse height measurements are generally performed to obtain information on the
light yield of the scintillating material under ionising radiation [2]. A typical set-up
for recording pulse height spectra is shown schematically in Figure 4. First, the crystal
is optically coupled to the window of the PMT with silicon-based grease (Viscasil
60,000 cSt, General Electric). To collect as much light as possible, it is wrapped in
several layers of 0.1mm thick UV reflecting Teflon tape. Gamma rays and/or X-rays
emanating from a radioactive source excite the crystal. In most cases a '>’Cs source is
used. The scintillation light is detected by a Hamamatsu R1791 PMT (P). The output
signal is integrated with a home-made pre-amplifier of the charge-sensitive type
(A1), having an RC-time of 50 ps. Next, the signal is amplified once again and
filtered using Gaussian shaping by an Ortec 572/672 spectroscopic amplifier (A2).
Shaping times of 0.5 to 10 s are available. Here, ‘shaping time’ is defined as the time
during which the output of the preamplifier is being integrated and shaped into a
Gaussian pulse. Finally, the analogue signal is converted to a digital pulse by a
conventional ADC unit (ADC). That way, the signal can be stored and processed by a
computerised data handling system (PC).
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Figure 4: Block scheme of the experimental set-up used for recording pulse-height spectra.
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Figure 5: Pulse height spectrum of y-rays and X-rays from a '*’Cs source recorded with a LaCly:Ce**
crystal.

An example of a pulse height spectrum is given in Figure 5 for gamma rays of a '>'Cs
source measured with a LaCl3:Ce’" crystal. In the pulse height spectrum, several
peaks can be observed. The rightmost peak (5) is created by scintillation events in
which the total energy of the gamma-ray photon is absorbed by the scintillator. This
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peak is called the photopeak or the full energy peak. At somewhat lower energy a
small peak (4) can be observed as a shoulder of the photopeak. It is due escape of X-
rays (in this case of lanthanum) the scintillation crystal after absorbing the gamma ray
photon. If a gamma ray photon interacts with the scintillating material by means of
the Compton Effect, the scattered photon may easily escape from the crystal and only
the recoil electron is absorbed. These events give rise to the Compton continuum from
the Compton edge (3) down to zero energy. The peak at (2) is the backscatter peak. It
arises from scattering of the gamma rays from casing of the crystal, the PMT and
materials outside the system, back into the scintillation crystal. Ba X-rays also emitted
in ¥’Cs decay cause the leftmost peak at (1).

Scintillation yields expressed in photoelectrons per MeV of absorbed y-ray energy
(phe/MeV) can be calculated by comparing the peak position of the photopeak to that
of the single electron spectrum [3]. In order to transform the number of photoelectrons
per MeV into an absolute light yield expressed as the number of photons per MeV of
absorbed y-ray energy (ph/MeV) the overall detection efficiency of the PMT has to be
known. The detection efficiency np(}) is given by:

HD(K)=T]Q(7»)UCT]L (1)

where ngo(A) is the quantum efficiency of the PMT, nc is the charge collection
efficiency of the photoelectrons emanating from the photocathode and n is the light
collection efficiency which represents the fraction of the light emitted by the crystal
reaching the photocathode.

The quantum efficiency ng(A) of the R1791 Hamamatsu photomultiplier tube was
provided by the manufacturer of the tube. The charge collection efficiency n¢ was
estimated to be 0.95 £ 0.05 [4]. The light collection efficiency n. was estimated by us
at 0.95 + 0.05. The number of photons per MeV of absorbed y-ray energy N is
calculated by multiplying the number of photoelectrons per MeV of absorbed y -ray
by the average quantum efficiency of the PMT:

[ 71 0o (1)
Nphe = Nph (2)
[ 10y )

where Ixny()) is the intensity distribution of the x-ray excited emission spectrum of
the crystal.

2.7 Scintillation decay time

Scintillation decay time spectra at time scales up to 200 us were recorded by the
multi-hit method described by W.W. Moses [5] with XP2020Q PMTs, LeCroy 934
Constant Fraction Discriminators (CFDs) and a LeCroy 4208 Time to Digital
Converter (TDC). A schematic of the experimental set-up is shown in Figure 6.

Two measurement configurations were used. In the first method, called the
“conventional method” in this thesis, the sample under study is mounted on the “start”
PMT and is excited by gamma rays from a '*’Cs source. If a gamma ray is absorbed in
the crystal, the generated scintillation pulse is detected by the “start” PMT and - if the
scintillation intensity is sufficiently high - converted into a “start” timing. The “stops”
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are derived from the detection of single photons detected by the “stop” PMT. In turn,
they are converted into “stop” timing pulses. The time between “start” and “stop”
timing pulses is then digitised. After recording a large number of scintillation events,
the number of single photons detected per scintillation event in a time interval t, t + dt
(where dt is the TDC time resolution) is plotted as a function of t. As such, the time
distribution equals the shape of the scintillation pulse.

For scintillating materials that have a relatively low light yield, the “coincidence
method” is employed. In this case, only a small number of photoelectrons are
generated in the “start” PMT. This will give rise to a worsening of the signal to noise
ratio and leads to a jitter in the starting moment. To prevent this jitter, a BaF, crystal
is mounted on the “start” PMT instead of the crystal under study. The latter is
positioned between the “start” PMT and the slit. A **Na source is placed between
these two crystals. This source produces a positron, which recombines with an
electron under the emission of two collinearly emitted 511 keV photons. One of the
511 keV photons is detected by the BaF, crystal leading to a high intensity fast
scintillation pulse that is detected by the “start” PMT. The other 511 keV photon
excites the crystal under study and the scintillation photons emitted are detected by
the “stop” PMT.
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Figure 6: Schematic representation of the experimental set-up used to record scintillation decay time
spectra, with P1 = “start” PMT (Philips XP2020Q), P2 = “stop” PMT (Philips XP2020Q), C =
scintillation crystal, S = slit, CFD = Constant Fraction Discriminator (LeCroy 934), CU = Coincidence
unit (LeCroy 465), TDC = Time to Digital Converter (LeCroy 4208), GG = Gate generator (LeCroy
222) and PC = data handling.

2.8 Time resolution measurements

Time resolution measurements were recorded with the set-up of the coincidence
method (see previous paragraph) using XP2020Q PMTs, a ®°Co source and constant-
fraction time with an energy threshold set at E > 800 keV. A @ 2.5 x 0.8 cm’ fast

12



scintillating BaF, crystal was coupled to the “start” PMT. The sample under study is
mounted on the “stop” PMT and the “°Co source is placed near the stop tube between
the two crystals. The “Co source emits a gamma of 1.173 MeV and a gamma of
1.332 MeV in coincidence. The time differences between the moments of detection of
the coincident gamma ray quanta in the two crystals are accumulated in the time-
resolution spectrum. Only events from gamma-ray quanta with energy larger than
about 800 keV were accepted. The time resolution is defined as the width of the time
resolution peak at half maximum.
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Part A

SCINTILLATORS FOR APPLICATIONS






3. Medical Imaging

3.1 Introduction

With the advent of X-rays also came the frivolous experiments. Demonstrations of
the power of the rays were being held at colleges, in high schools, and in public
venues. Radiograph of hands, feet and other human limbs were made and line
drawings of the radiographs were being sold as souvenirs. Also the medical
profession acknowledged the extraordinary potential of the new rays, and not long
after their actual discovery, surgeons used the X-rays to examine the bones of living
people [1,2].

At the same time the diagnostic powers of X-rays were being investigated, some
experimenters investigated the application of the rays to disease. By the end of 1896,
several researchers had noted the palliative effects of the rays on painful cancers.
Others found remarkable results in the treatment of lesions and skin problems, while
others investigated the possible bactericidal action of the rays. However, the
unrestrained use of the X-ray for display and amusement soon appeared to be less
harmless than people originally thought. Among the reported problems associated
with X-rays were redness, numbness, epilation, infection, and severe pain. It was not
until the beginning of the 20™ century that medical observers took seriously the notion
that the rays could prove fatal. Only slowly, action was taken to minimise the
accidental exposure to X-rays and think about protection and safety. Over time, the X-
rays proved to be a fruitful medical diagnostics tool, provided that precautionary
safety measures were taken to minimise the exposure of people. But also the gamma
rays discovered by Becquerel turned out to be useful in the treatment of diseases and
in medical imaging. Nowadays, several medical apparatus are being used in hospitals,
either based on the X-rays of Roentgen or the gamma rays of Becquerel.

In this chapter several medical imaging applications and the most commonly used
scintillators in that field are reviewed. The basic scintillator requirements for some
medical imaging applications are summarised and the properties of some new
inorganic scintillator materials are presented. The choice of the studied compounds is
motivated.

3.2 Modalities

Traditionally, inorganic scintillators have played an important role in the detection
and visualisation of radiation. In medical diagnostic imaging modalities using X-rays
or gamma rays, inorganic scintillators are ubiquitous. The most common techniques
applied include radiography, fluoroscopy, scintigraphy, X-ray Computed Tomography
(CT), and Positron Emission Tomography. Here we will address only CT and
radionuclide imaging modalities briefly. For a more elaborate review on modalities
and the use of scintillators see [3].

Copyright © 2003 by E.V.D. van Loef
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3.2.1 Computed Tomography

Radiographic procedures require the production of an X-ray beam into which the
anatomy being evaluated is placed. The fraction of the X-rays that is not absorbed by
the body is then used to expose a detector. This is in many cases a film. In CT, the
body is consecutively irradiated from a large number of directions. Thus, a 3-D
picture of a part of the body can be reconstructed. In X-ray CT, energies in the range
up to ~140 keV are used and consequently, an inorganic scintillator is the most
obvious choice as detector medium.

The basic scintillator requirements for CT are, in order of decreasing importance,
low afterglow, high stability, high density and effective Z for efficient X-ray
detection, and high luminous efficiency [4]. The most popular scintillators for CT are
CdWO0O,, BiyGe;0; (BGO), (Y,Gd),0s3:Eu,Pr, and Gd,0,S:Pr,Ce,F. These
scintillators have relatively high densities and effective Z', required for efficient
radiation detection, but are relatively slow. See Table I.

3.2.2 Radionuclide Imaging & Positron Emission Tomography

Scintigraphic or radionuclide medical procedures are a diagnostic service that uses
isotopes to image organs and study their function. Therefore, pharmaceuticals labelled
with radioactive isotopes (radiopharmaceuticals) are introduced into the body. The
gamma radiation emitted by the isotope is used for simple projections (scintigraphy)
or single photon emission computed tomography (SPECT). In contrast, positron
emission tomography (PET) is based on the collinear emission of two 511 keV
photons from the decay of a positron-emitting pharmaceutical to obtain an image.

In the case of scintigraphy or SPECT, a gamma camera is used to detect the
radiation. The most commonly used detector for SPECT is the Anger camera, which
is named after its inventor. The scintillator requirements for SPECT are, in the order
of decreasing importance, high luminous efficiency, high density, and short decay
time, and a proportional energy response [5]. Of the present scintillators, sodium
iodide doped with thallium, Nal: Tl is used most, because of its high light yield and
reasonable fast decay time.

Table I. Overview of some scintillators for medical imaging applications.

Scintillator Density Attenuation Light yield A T Ref.
(g/cm’) Coefficient (ph/MeV)  (nm) (ns)
(cm” @ 511 keV)
CdWO, 7.90 0.886 19,700 495  ~10° [5,6]
Bi4Ge;0y; 7.13 0.964 8,900 480 300 [6-8]
(Y,Gd),0;:Eu,Pr 59 0.503 - 0.637 19,000 610 ~10° [5,9]
Gd,0,S:Pr,Ce,F 7.34 0.786 40,000 510 ~10° 9]
Nal: Tl 3.67 0.343 40,000 415 230 [6, 10]
Gd,Si0s:Ce 6.71 0.704 7,000 430 300 [11,12]
Lu,Si0s:Ce 7.4 0.869 30,000 420 40 [13,14]
LuAlOs:Ce 8.34 0.956 11,400 365 ~17 [15,16]
LuPOg4:Ce 6.53 0.735 17,200 360 25 [17]

" The definition of “effective Z” is given in chapter 5, section 2.
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Positron emission tomography (PET) requires the simultaneous detection of the
two positron annihilation quanta with high efficiency. Therefore, one needs a
scintillator that has a short attenuation length for 511 keV radiation, a short decay
time, and a high luminous efficiency. BGO is the most used scintillator because of its
good detection efficiency and large probability of photoelectric effect (40%) for 511
keV quanta. Nevertheless, other scintillators have also been applied, depending on
cost and availability. Examples are Nal: Tl for a “poor men’s” PET system employing
two gamma cameras, but also Gd,SiOs:Ce (GSO) and Lu,Si0s5:Ce (LSO) have been
employed. The latter two have reasonable density and scintillation decay time. In
recent years, more and more lutetium-based compounds have emerged in the field of
dense, high Z materials that could be applied in PET systems. Examples are
LuAlO;:Ce (LuAP) and LuPO4:Ce (LuPO). See also Table I.

3.3 New inorganic scintillators

As was shown before, the radiation detector requirements for various diagnostic
methods differ considerably and are not always met by commercially available
scintillators. Ideally, a scintillator should have a high light yield (for good energy and
position resolution), a fast response time (for good time resolution), high density and
atomic number Z for efficient X-ray and gamma ray detection. Obviously, there are
many other criteria such as transparency of the material to its own emission, ease of
crystal growth, stability in air, and the matching of the scintillation wavelength
spectrum with the sensitivity curve of the light detectors. However, there is no
material that meets all these criteria and the choice of a particular scintillator is often a
compromise among these and other factors. That is why there is continuous
scintillator R&D. Other reasons for the development of new scintillators with specific
properties may be found in non-medical applications like oil well logging and X-ray
astronomy. Here, stability against extreme temperatures and good energy resolution
prevail over cost and density.

In the search for new and efficient scintillators, most efforts have been directed to
cerium-doped crystals. As is known for a long time, trivalent cerium emits fast
scintillation (15 ~ 60 ns) in the 300-600 nm wavelength region. In many cases, the
light output is high. To make a selection of cerium-doped crystals that stand a chance
to become attractive, new inorganic scintillators, cerium-doped oxides seem to be the
most obvious compounds to study in the sense that, in general, oxide crystals can be
found of high density and high Z, and they are stable under normal atmospheric
conditions and relatively easy to grow. Rarely are studies reported devoted to cerium-
activated halide compounds. That is probably due to the hygroscopic nature of most
of these materials. Nevertheless, the hygroscopicity needs not to be of great concern
when the material seems to have very good scintillation properties. An example is
Nal:T1, mentioned earlier.

If the demands for radiation detection mainly comprise sufficient attenuation
power, as well as good timing properties, a scintillator with a high density, effective
Z, and a short scintillation decay time is required. In the family of cerium-activated
halide compounds, both CeF; [18,19] and LuF;:Ce [20] meet these requirements.
These are dense and fast scintillators, but they have a low light yield. In recent years
more and more studies have been devoted to chloride and bromide based scintillators.
An example is CeCl; [21]. This scintillator shows a relatively high light yield with a
fairly short decay time. Its density however, is rather low.
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Scintillators with both a high light yield and good energy resolution are
K;y;LaCls:Ce [22,23] and RbGd,Br;:Ce [24,25]. The latter compound shows a
scintillation light output close to the theoretical maximum and an unequalled energy
resolution of about 4%. Unfortunately, K;LaCls presents a rather long decay
component and both K,;LaCls and RbGd,Br; contain radioactive isotopes, i.e. 0K and
$7Rb. The properties of the scintillators mentioned above are gathered in Table II.

Recently, the scintillation properties of LaCl;:Ce 0.57% were published by
Guillot-Noél et al. [26]. Unfortunately, both timing resolution and energy resolution
of this compound left much to be desired. Nevertheless, it was thought that the
scintillation properties and especially the scintillation decay could be improved by
increasing the cerium concentration. In the next chapter we present the specifications
relevant for detector applications of two new inorganic scintillators, LaCls;:Ce and
LaBrs;:Ce. It is shown that they combine a high light yield, excellent energy resolution
and fast timing properties. For applications where a good energy resolution is
required, LaCl;:Ce and LaBr;:Ce seem to be very promising scintillators and
competitive with Nal: TI.

Table II. Properties of halide scintillators.

Scintillator p Zr  Light yield Resolution A T

(g/cm’) (ph/MeV) (%, @662keV) (nm) (ns)
CeF; 6.16 533 4,400 - 330 28
LuF;:Ce 8.3 66.2 8,000 - 310 28
CeCl; 3.9 50.4 28,000 - 360 25 (70%)
K;LaCls5:10% Ce 2.89 441 30,000 5.1 380 80 (10%)
Rb,Gd,Br;:10% Ce 4.79  50.6 56,000 3.8 420 43 (56%)
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4. High-energy-resolution Scintillators:

LaCl3:Ce3+ and LaBr3:Ce3 ¥

4.1 Introduction

The possibility to discriminate between gamma rays with slightly different
energies by means of a scintillation detector is of great importance for e.g. X-ray
astronomy, medical imaging and gamma-ray spectroscopy in general. This quality is
characterised by the energy resolution defined as full width half maximum (FWHM)
over peak position. A typical energy resolution for 662 keV gamma rays absorbed in a
Nal: Tl detector is ~6%. At 5.9 keV, a value of ~ 45% is common. Since long, the
alkali halides Nal and CslI activated by small amounts of thallium - and Csl also with
sodium - have been the scintillators of choice, because these materials can be made in
large single crystals, show efficient gamma-ray attenuation, are efficient light
producers and have reasonable energy resolution. Nal:T1 was discovered in 1948 by
Hofstadter [1,2] while CsI:T1 [3] and Csl:Na [4,5] came along in the mid-1960s.

In this chapter we report on the optical and scintillation properties of LaCl; and
LaBr; crystals doped with different Ce®* concentrations. Previously in the work by
Guillot-Noél et al. [6], a LaCl; sample doped with 0.57% Ce’" was studied. At this
concentration there appears to be a competition between slow host related self-
trapped-exciton (STE) emission and fast Ce’ emission. In order to favour the fast
Ce’" emission it was decided to further increase the Ce concentration. It is shown that
these crystals show unequalled good energy resolutions down to 3% for the 662 keV
gamma of "*’Cs, in combination with a high light yield and good timing properties.

4.2 Characteristics

4.2.1 Material

LaCl3:Ce3+ and LaB1r3:Ce3+ were grown from LaCls/Br; and CeCls/Br; by the
Bridgman technique. Starting materials were prepared from La,O; (Heraeus,
99.999%), CeO, (Heraeus, 99.999%), NH4Cl/Br (Merck, reinst), and HC1/Br (Merck,
pro-analysis) by the ammonium halide method [7,8]. For both LaCly:Ce’* and
LaBrs;:Ce’", it is assumed that Ce’” randomly substitutes for La’". This assumption
seems reasonable since both ions are trivalent and have similar ionic radii. LaCl; and
LaBr; crystallise in the UCl; type structure, space group P63/m [9]. Based on
structure and lattice parameters, LaCl; and LaBr; have a calculated density of 3.86
g/em’® and 5.29 g/em’, respectively. The lattice is not layered and does not cleave
easily. LaCl; and LaBr; melt at about 859 and 783 °C, respectively. The effective Z
for LaCl; and LaBr; is 49.5 and 46.9, respectively, which is comparable to Nal with
respect to high-energy radiation detection efficiency. LaCl; and LaBr; are
hygroscopic like Nal or RbGd,Br, but react differently to moisture and air. LaCls
seems to develop a white protective layer on the crystal surface, whereas LaBr; is

Copyright © 2003 by E.V.D. van Loef
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oxidised within minutes and forms a whitish powder. It is therefore essential that
these crystals are sealed into a glass or quartz container to prevent hydration and
oxidation of the crystal surface.

4.2.2 Luminescence & Light detection

The luminescence of LaCls:Ce’™ and LaBr;:Ce® under X-ray and gamma ray
excitation is due to the parity allowed (fast) 5d — 4f transition of Ce’”. The emission
maximum 1s observed at 330 and 358 nm for the chloride and the bromide,
respectively. For good scintillator performance, it is important that the emission
spectra are well matched to the quantum efficiency curve of the light detector. In
general, quantum efficiency is defined as the probability that one photon produces one
photoelectron, which is a function of the wavelength. As is shown in Figure 1, the
emission spectra of both LaClg:Ce3+ and LaBr3:Ce3+ are well matched to the quantum
efficiency curves of a UV-photomultiplier tube (PMT) as well as a UV-enhanced
large area avalanche photodiode (LAAPD).
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Fig.1 X-ray excited optical luminescence spectra of (a) LaCl;:10% Ce’" and (b) LaBr;:0.5% Ce*". The
quantum efficiency curves of a Hamamatsu R1791 PMT (m) and an UV-enhanced LAAPD (e) from
Advanced Photonix are shown as well.

4.2.3 Light yield & Non-proportional response
Light yields of LaCl;:Ce®” and LaBry:Ce’" derived from pulse height spectra
under "“’Cs 662 keV gamma-ray excitation, expressed in photons per

megaelectronvolt (MeV) of absorbed gamma-ray energy, are compiled in Table I. All
light yields of Table I are obtained with crystals in quartz ampoules.
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Table I. Light yields derived from pulse height spectra recorded with different shaping
times and the energy resolution R of LaCl; and LaBr; doped with different Ce
concentrations at 662 keV.

Host [Ce] Light Yield Energy
(10° ph/MeV) resolution
(%) R
0.5 ps 3 us 10 ps (%)

LaCl; - - - 34+1 4.7+0.2
LaCl; 0.57 172 3414 40+ 4 7.0+£0.5
LaCl; 2 - 44 +4 49 £5 3.5+0.1
LaCl; 4 374 475 49 +5 3.5+0.1
LaCl; 10 45+£5 49 +5 49 +5 33+0.1
LaCl; 30 42+4 43 %5 43 +4 33+0.1
CeCl; - 44+ 4 46 £ 5 465 45105
LaBr; - - - 172 14+2

LaBr; 0.5 616 616 616 2.8+0.2
LaBr; 2 48+5 48+ 5 485 3.8+0.4
LaBr; 4 48 £5 48+ 5 485 35+04
LaBr; 10 45+£5 45+5 45+5 3.9+04

Figure 2 shows the pulse height spectra of radiation from a >°Fe source, a **'Am
source, and a 'Cs source, respectively, obtained with a Hamamatsu R1791
photomultiplier tube (PMT) with a relatively large LaCl3:10% Ce’* crystal (@ 8 x 5
mm?). Pulse height spectra for a LaBr3:0.5% Ce®" (@ 3 x 3 mm?) crystal are shown in
Figure 3. For LaCl; doped with different Ce®* concentrations and pure CeCls, we
measured light yields in the order of 34000 to 49000 ph/MeV of absorbed y-ray
energy. A lower absolute light yield for LaCl3:10% Ce*" was obtained employing a
»Fe source: 39000 + 1000 ph/MeV at 6 keV. The absolute light yield of powder
samples of pure CeCls has been reported before by S.E. Derenzo et al. [10]. However,
they reported a lower light yield of 28,000 ph/MeV under X-ray excitation. The
absolute light yield for LaBrs:0.5% Ce’" is 61000 + 5000 photons per MeV of
absorbed gamma ray energy at 662 keV. The energy resolution R [full width at half
maximum (FWHM) over peak position] of the 662 keV full absorption peak is 3.3 +
0.3% and 2.8 + 0.1% for LaCl;:10% Ce*" and LaBr;:0.5% Ce3+, respectively. These
energy resolutions are the best ever-reported in literature for scintillator detectors.

When we consider the high light yields of both LaCl;:Ce®" and LaBr;:Ce™, it is
desirable that they are independent of energy. Deviations, which are known as non-
proportionality (or non-linearity) in the scintillation response, may result in
difficulties in the determination of the energy and energy resolution of the detected
radiation. In principle, non-proportionality can be characterised as a function of either
photon or electron energy. While the scintillation response as function of photon
energy (photon response) is in general easier to measure and more useful as an
indication of scintillator quality to the customer, the scintillation response as function
of electron energy (electron response) is more fundamental.
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Fig. 2. Energy resolutions obtained with a crystal of LaCl;:10% Ce** for X/y —rays from (a) *°Fe, (b)
' Am, and (c) "*'Cs sources.
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Fig. 3. Energy resolutions obtained with a crystal of LaBr3:0.5% Ce’" for X/y —rays from (a) **' Am/Mo,
(b) **'Am, and (c) "*’Cs sources.

26



A technique for measuring the electron response of scintillators is the so-called
Compton Coincidence Technique (CCT) [11,12]. In short, this method is used to
measure the light yield generated in a scintillator when a Compton scattered electron
is absorbed. The Compton scattered gamma ray is detected in a secondary detector,
such that the energy of the scattered gamma ray and thus the energy of the Compton
electron is known. When the scatter angle is varied, the energy of the Compton
electron changes as well. Accordingly, the electron response for that particular
scintillator is obtained. Next, the measured electron response was used to calculate the
photon response. The calculated photon response can than be compared with the
measured photon response data.

The electron response of LaCl3:10% Ce’* is shown in Figure 4. The relative light
yield as function of electron energy increases from 7 to 30 keV by about 10%. Above
30 keV, the electron response levels, i.e., it is flat within 5%. Here, relative light yield
is defined as the light yield relative to that at 445 keV. Accurate CCT measurements
below 7 keV electron energy could not be achieved due to interfering PMT thermal
noise.

The calculation of the photon response involves the convolution of the energy
distribution of electrons obtained as a result of full-energy gamma-ray absorption
events in a scintillator with the measured electron response. The energy distribution of
electrons can be defined as ¥, . which gives the number of electrons of energy e when
the full-energy of a gamma ray of energy y is deposited in a scintillator. If Monte
Carlo simulations are used to determine the energy distribution of electrons, each
absorbed gamma in the scintillator will result in one or more electrons with discrete
energies. In this case, ¥, . will be discrete as well. The discrete energy distribution of
electrons ¥,; together with the measured electron response L.; enables the calculation
of the photon response by using Monte Carlo simulations according to

lN
vaﬁz.

n=l i

k
¥, L, (1)
=1
where k is the number of electron energies that are produced for each full-energy
gamma-ray absorption event, where £ may vary from event to event. Monte Carlo N
Particle Transport Code (MCNP4C) [13] was used to sample the energy distribution
of electrons, with N of the order of 10° events. All interactions (Compton scatter and
photoelectric absorption for 1 keV < E, < 1000 keV) for each simulated photon were
recorded. Since each event is terminated by a photoelectric absorption, a cascade of
X-rays and Auger electrons is also produced. The cascade sequence associated with
the K, L, and M shells of the lanthanum, and to a lesser degree chlorine, was also
simulated with MCNP4C.

The calculated photon response based on (1) requires a knowledge of the electron
response at discrete energies ranging from the lowest energy Auger electron from the
cascade sequence to the largest photon energy (typically 1 MeV). Consequently, both
low and high-energy extrapolations of the measured electron response, as well as a
smooth fit of the data are required. These extrapolations are shown in Figure 4 as
well. The LaCl3:10% Ce’" photon response calculated by (1) using the measured
electron response is shown in Figure 5. Measured photon response data is shown as
well. There is good agreement between the calculated and measured photon response.
We estimate that the variation in the light yield is only 2-5% in the range between 20
keV and 1.274 MeV.
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Fig. 4. Electron response of LaCl;:10% Ce*". The smooth functions are the extrapolated curves of the
electron response with relative light yield (a) 0.0, (b) 0.5, and (¢) 0.9 at electron energy 0.0 keV.

The general shape of the LaCl3:10% Ce’" photon response, as seen in Figure 5, is very
similar to that of K,LaCls:10% Ce** [14]. For K;LaCls:10% Ce3+, the photon response
gradually increases by 15 - 20% between 6 keV and 20 keV. Also for YAIO;:Ce a
constant light yield response from 14 keV to 1.3 MeV was observed [15]. In contrast,
Nal: Tl and CsI:T1 show a light yield response that gradually decreases by 15 to 20%
from 50 keV to 1 MeV [16]. Additionally, for Nal: Tl a dip of 10% is observed near
the iodine K-shell absorption edge whereas for CsI: Tl a dip of 5% is observed near
the K-shell absorption edges of caesium and iodine ions. From 10 to 25 keV, a
decrease of 5% and 10% occurs for Nal: Tl and CsI: T, respectively.

The intensity of the calculated photon response at the K edge of La (38 keV)
appears to depend critically on the behaviour of the electron response below 10 keV.
If the electron response levels at a relative light yield of 0.9 at E. = 0 keV (a), the
calculated photon response dips by about 3% between 30 keV to 40 keV. However, if
the electron response levels at a relative light yield of 0.5 at E. = 0 keV (b), the
calculated photon response dips by about 7% between 30 keV to 40 keV. And if the
electron response monotonically decreases to zero at electron energy E. = 0 keV (c¢),
the calculated photon response dips by about 12% between 30 keV to 40 keV.
Apparently, the contribution of (low energy) Auger electrons to the calculated photon
response is significant, especially near the K edge. At 40 keV (just above the K edge
of La) electrons are produced that have a relatively low energy, i.e., Ec < 10 keV,
whereas for y-ray energies below the lanthanum K edge at 38 keV and above 50 keV,
electrons are produced that have a relatively high energy, i.e., Ec > 10 keV. The
measured photon response of LaBrs:0.5% Ce”" is very similar to that of LaCl3:10%
Ce’*. However, it has only been measured in the energy region between 20 keV and
1.3 MeV and is not shown in this thesis.
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Fig. 5. Photon response of LaCl;:10% Ce’*. The dotted curves are the calculated photon responses
according to the electron response with relative light yield (a) 0.0, (b) 0.5, and (¢) 0.9 at electron energy
0.0 keV. The inset shows part of the calculated photon responses, between 30 and 50 keV, on a linear
energy scale.

4.2.4 Energy resolution

To determine the energy resolution, the photopeaks have been fitted by Gaussian
curves. The photopeak obtained with a '*’Cs source is accompanied by a satellite peak
at lower energy, due to escape of characteristic K X-rays of lanthanum. With the
Hamamatsu R1791 PMT, an energy resolution R of 3.3 + 0.1% (FWHM over peak
position) for the 662 keV full energy peak has been observed for the LaCl3:10% Ce**
compound. For other Ce concentrations, the energy resolution at 662 keV does not
change significantly. Only for pure LaCls the energy resolution is worse, 4.7 + 0.2%
at 662 keV. The sample doped with 0.57% Ce’" shows an even worse resolution.
However, this is probably due to the quality of the crystal. To our knowledge, energy
resolutions of ~3% have never been achieved with any other scintillator detector
before. The ~3% values are considerably better than those of 4.1% [17] and 5.6% [18]
of RbGd,Br7:9.8% Ce’" and Nal:Tl, respectively.

Equally good energy resolutions are observed for LaBrs:Ce®". Especially for the
0.5% Ce*" doped compound, a world record energy resolution of 2.8 + 0.2% at 662
keV has been obtained with a relatively small single crystal (@ 3 x 3 mm?). Usually,
five separate contributions to R are distinguished according to [14]

R =R, + R+ R, + Ry )
Where R, is the contribution of the non-proportional response of the scintillator, R;
is connected with inhomogeneities in the scintillation crystal, which cause local

fluctuations in the scintillation light yield. The transfer resolution, R, is connected to
fluctuations in the transfer efficiency, which results in the arrival of a photoelectron at
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the first dynode and subsequently undergoes the full multiplication in the PMT. Ry, is
the photomultiplier resolution [14,19]. The photomultiplier resolution R;, is dependent
on the number of photoelectrons emitted by the photocathode of the PMT. It is
defined as

R, =235 VD) 3)
N

phe

where v(M) is the variance in the PMT gain and N, the number of photoelectrons.
Since the number of photoelectrons is proportional to the number of photons produced
in the scintillator, an inverse square root dependence of Ry, on the energy of the
gamma-ray absorbed in the scintillator is expected.

The combined effect of R,,, Rix, and R, is often called the scintillator resolution,
Rs. For an ideal scintillator, the three R,,, Rixi, and R, resolutions vanish and R = Ry.
Figure 6 shows the energy resolution as function of photon energy between 17.4 keV
and 1.274 MeV for both a relatively large scintillation crystal (& 16 x 19 mm?) and a
relatively small scintillation crystal (@ 3 x 5 mm?) of LaCl3:10% Ce’*. Also shown
are the PMT resolution calculated from the number of photoelectrons and the
scintillator resolution of the crystals.

In Figure 6 the energy resolution as function of photon energy of LaCly:Ce®" is
shown. To compare, the scintillator resolution as function of photon energy for a
Nal:Tl crystal (0 1 x 1 cm?) is shown as well (dotted trace). When the gamma-ray
energy decreases, the energy resolution R increases and becomes much larger - in
absolute terms - than one would expect on basis of the variation in the number of
detected photoelectrons. In other words, the energy resolution R increases much more
than the photomultiplier resolution R), does. This is most apparent for the larger (0 16
x 19 mm?®) crystal of LaCl;:10% Ce”". Interestingly, this crystal exhibits an almost
linear relationship between resolution and the inverse square root of the energy and
the observed energy resolution is mainly due to the scintillator resolution. For the
smaller crystal (& 3 x 5 mm?), it is just the opposite way. Here, the photomultiplier
resolution is dominant. The scintillator resolution as function of photon energy for
Nal:Tl exhibits a step like curve with a bell-shaped contour in the energy range
between 100 keV and 1 MeV, measured by Moszynski et. al. [20]. For the smaller
crystal of LaCl3:10% Ce’" a similar shape is observed for the scintillator resolution as
function of photon energy.

Apparently, the contribution of Rg increases with the size of the crystal and
increases when the gamma-ray energy decreases. What is the origin of this scintillator
resolution? First, the crystal volumes differ by a factor of 100 and thus the
contribution of multiple Compton scattering to the energy resolution is more
significant in the larger crystal. This could explain the relatively large Rs for the larger
crystal at energies above 100 keV. Since we observed a rather proportional response
for both crystals between 40 keV and 1.274 MeV, the contribution of R,, to the
scintillator resolution is probably negligible in this energy region. Nevertheless, the
scattering of electrons produced by y-rays, commonly referred to as o-rays, may result
in some spreading of the energy resolution for energies lower than 40 keV.
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Fig. 6. Energy resolution as function of photon energy of LaCl;:10% Ce*". The dotted curve shows the
scintillator resolution as function of photon energy for a @ 1 x 1 cm?” crystal of Nal(TI) [18].

According to Iredale [21], o-rays of energy >1 keV add approximately 3.2% to the
energy resolution of Nal:TI for 0.66 MeV electrons. For LaCl3:10% Ce®", we found
that on average, 10% of the total energy deposited by electrons is dissipated by 6-rays
with mean energy 1 keV. This value was obtained by summation of the energy
transferred to &-rays during electron transport simulations in the scintillator using
GEANT 4. [22]. Since the contribution of d-rays to the total energy resolution may
vary with electron energy, we expect that R,, significantly contributes to the
scintillator resolution, especially at lower energies. A larger Rg for E, < 662 keV may
also be due to an increase in R;;. For a 662 keV photon, the absorption length in
LaCl; is 3.4 cm. For this energy, the gamma rays are uniformly absorbed in the
crystal. For lower energies, the absorption length is considerably shorter: at 60 keV,
0.49 mm, and at 17.4 keV, 0.084 mm. These low energy photons are only absorbed in
the surface layer of the crystal. If the scintillation or the light collection properties at
the surface are somewhat different from the bulk, it will result in a worse energy
resolution and R, increases.
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Fig. 7. Decay curves of (a) LaBr;:0.5% Ce’**, (b) LaCl;:10% Ce™*, and (c) Nal(T1).

4.2.5. Time information

The scintillation decay curves of LaCls:10% Ce’" and LaBr;:0.5% Ce’" are shown
in Figure 7. For comparison, the scintillation decay curve of Nal:Tl is shown as well.
The curves have been normalised such that the time integral equals the absolute light
yield as found from pulse height spectra recorded with a shaping time of 10 ps.

In order to analyse these curves, a simple exponential decay function was used.
LaCl3:10% Ce’" has as short decay component of 26 + 1 ns which represents 41% of
the total light yield. A relatively long decay component of ~210 ns accounts for 30%.
The decay time of LaBr3:0.5% Ce’" is 35 + 1 ns, representing over 90% of the total
light yield.

Time resolution spectra of LaCl;:10% Ce*’ @3x5 mmz) and LaBr3:0.5% Ce**
(@ 2 x 5 mm?®) using XP2020Q PMTs, a ®Co source and constant-fraction
discrimination with a threshold set at E > 800 keV are depicted in Figure 8. The
measured time resolutions (FWHM) are 224 + 2 and 387 + 4 ps for LaCl3:10% Ce**
and LaBr;:0.5% Ce’", respectively. These represent the combined time resolutions of
the crystal under study against a reference crystal of BaF, (@ 2.5 x 0.8 cm?).
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Fig. 8. Comparison of the time resolution spectra measured with LaCly:10% Ce*" (solid trace) and
LaBr;:0.5% Ce’* (dotted trace) against BaF, crystals for “°Co y-rays and an energy threshold set at E >
800 keV.

4.3 Conclusions

If we compare the scintillation properties of LaCl;:Ce*" and LaBr;:Ce*" with those
of Nal:T1 and CsI:Tl, LaCl3:Ce3+ and LaBrnge3+ show a much better energy
resolution and a much faster response, see Table II. Although hygroscopic, both
LaCl;:Ce’" and LaBrs:Ce’" are relatively easy to grow and crystals are commercially
being developed. For applications where a good energy resolution is required in
combination with fast scintillation, both LaCl3:Ce3+ and LatBr3:Ce3+ will be very good
choice. These materials may become of interest for scintigraphy and SPECT and even
for PET. Because the density and effective Z of LaBr; are higher than those of LaCls,
LaBr;:Ce*" will eventually become the scintillator of choice in the near future, if it
can be easily grown into large single crystals.

Table II. Scintillation properties of LaCl;:10% Ce3+, LaBr;:0.5% Ce3+, Nal:Tl, and
Csl:T1. Z. is the effective Z of the host.

Host Dopant Emission Density pZ' Light yield Decay Energy Time
(nm) (g/cm’) (ph/MeV) (ns) resolution  resolution
@ 662 keV (ps)
LaCls Ce 330 3.86 23.2 49000 26 (41%) 33 224
LaBr; Ce 358 5.29 25.6 61000 35 (90%) 2.8 387
Nal Tl 415 3.67 244 40000 230 ~6 -
Csl Tl 560 4.51 383 59800 ~10° ~6 -
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Part B

SCINTILLATION MECHANISM






5. Scintillation

5.1. Introduction

Since the discovery of Nal:Tl by Hofstadter [1,2] significant progress has been
made in the research and development of inorganic scintillators for the detection of
ionising radiation. Basically, two different directions have been pursued during the
five decades of scintillators research:

(1) the search and development of new inorganic scintillators and
(2) the optimisation of scintillators for specific applications, like PbWO4 [3,4] BGO
[5,6], Nal:T1[7,8], and CsI:T1 [7-11].

In both fields, attention was focused on the characterisation of the scintillation
properties. Relatively few studies present a more detailed investigation of the
scintillation mechanism [12-17]. Nevertheless, many inorganic materials were found
to be efficient scintillators with a high light yield and good energy resolution.
Unfortunately, the question why these materials showed such excellent scintillation
properties remained open, due to the lack of in-depth knowledge about the
scintillation mechanism.

In this chapter, a general introduction to scintillation is given. The process that
leads to the formation of electrons and holes and, in particular, the scintillation
mechanism is discussed. In the next four chapters, the scintillation mechanism is
described in detail for four different types of compounds. It is discussed for
LaCl3:Ce3+ and LaBrnge3+ in Chapter 6. The elpasolites with structural formula
Cs,LiYXs:Ce’ (X = Cl, Br) are treated in Chapter 7, the properties and mechanism of
the lutetium halides, LuX;:Ce*” (X = Cl, Br) are discussed in Chapter 8, and Chapter 9
deals with the ternary halides K,LaXs:Ce®" (X = Cl, Br, I). Finally, in chapter 10 the
main conclusions addressing the scintillation mechanism are summarised and the
predictability of scintillation properties and the scintillation mechanism of unknown
compounds is addressed.

5.2. The scintillation process

When an inorganic crystal is subjected to radiation, numerous changes can occur
in both the indigenous lattice ions as well as in the impurities present. In general, the
interaction of electromagnetic radiation with matter proceeds by complete or partial
absorption of the quantum which may lead to electronic excitations or ionic defects.
Both may in turn lead to the formation of electrons and holes which can transfer their
energy to a luminescent centre.

Copyright © 2003 by E.V.D. van Loef
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Here we define the scintillation process as the consecutive stages of

(a) the interaction of radiation with matter, multiplication, relaxation and
thermalisation of the resulting electrons and holes,

(b) the formation of excitonic states and energy transport to luminescent centres,
and

(c) luminescence.

In contrast, the scintillation mechanism is the method by which the energy is
transferred by the electrons and holes to the luminescent centre. Various models have
been used to describe each of these three stages of the scintillation process, but only
for (a) and (c) are workable theoretical models available. Nevertheless, different
models of energy transfer have been presented in the past, based on the assumption
that energy transfer was dependent on energy carrier density and electron stopping
power [12,13]. Both are material specific properties that can be simulated using
dedicated Monte Carlo codes.

5.2.1. Interaction of Radiation with Matter

The initial step in the scintillation process is the absorption of energy from the
radiation field. This absorption occurs somewhat different for various types of
radiation, i.e. electrons, alpha particles, neutrons or electromagnetic radiation. In the
interaction of electromagnetic radiation with matter, a quantum is completely or
partially absorbed. The most important absorption processes in the case of absorption
of electromagnetic radiation, particularly prominent at relatively low (< 10 MeV)
energies are [18]

(a) the photoelectric effect,

(b) Compton scattering, and

(c) pair production.

In photoelectric effect, the full photon energy is transferred to bound electrons of

the atom (mostly K- or L-shell electrons). The cross section, x, per atom for
absorption of a photon is given by:

~

= ()

where n varies between 4 and 5. Consequently, absorption of a photon is most
efficient for high-Z materials and low-energy photons. Energy transfer increases in
efficiency as the photon energy decreases until the energy becomes too small to excite
K-shell electrons. At that point, there is a sudden drop in efficiency. At even lower
energies, the L- or M-shell electrons can no longer be ionised, so that a graph of
efficiency versus energy has a sawtooth character in the keV energy region.
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For photon energies larger than approximately 100 keV, a second mechanism of
interaction of electromagnetic radiation with matter becomes important. This is the
“Compton effect,” in which a photon partially transfers its energy to a weakly bound
electron. The total cross section for Compton scattering varies much more slowly with
energy than does that for the photoelectric effect. Since Compton scattering is
proportional to the number of electrons, it varies as Z/E. At energies above 1.02 MeV,
“pair production” becomes important and electron-positron pairs are produced with
increasing efficiency as the energy rises. The absorption cross section, T, per atom is
proportional to

. ~Zzln( 2E2j )

m,c

where myc’ is the rest-mass energy of an electron (0.511 MeV). The absorption cross
section for electromagnetic radiation of a compound that is comprised of different
atoms with different Z, is determined by the cross sections mentioned above and the
number of atoms per unit volume. However, the variation in the absorption cross
section for electromagnetic radiation among materials that are constituted of different
atoms is such that an easy comparison based on Z; (atom number of the i element in
the matrix) is not feasible. In order to be able to compare the attenuation of
electromagnetic radiation by different materials, the so-called effective Z has been

introduced. It is defined as [19]
Zog =W} 3)

where w; is the fraction by weight of element / with atomic number Z in the chemical
formula, and x a value between 3 and 4. Equation (3) is only valid in the energy
region where photoelectric effect is dominant and one has to realise that at energies
between 100 keV and 1 MeV the absorption cross section contains contributions of
both Compton scattering and photoelectric absorption.

The use of Z,; to characterise the absorption cross sections in an extended energy
range is in most cases unsatisfactory. However, Z,;is a useful parameter to compare
different materials over a certain limited energy range.

5.2.2 Multiplication, relaxation and thermalisation

After energy has been absorbed in a crystal, it is present in the form of energetic
electrons of several keV energy in a normally empty conduction band and holes in the
normally empty valence band. The hot electrons lose their energy by collisions with
other electrons in the material, generating secondary electrons and holes. This
avalanche of secondaries continues until the energy of the electrons is no longer
sufficient to further ionise the material. The excess energy is then lost by
thermalisation and optical phonon excitation. The time scale for these processes is
believed to be of the order of 1 ps. Various physical models have been used for the
description of these complicated processes of energy dissipation: simple
phenomenological [20,21], “crazy-carpentry” [22], plasmon [23], and polaron [24].
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These models consider only a single mechanism and do not take into account the
whole variety of processes taking place. A detailed review of these theories was given
by Rodnyi ef al. [14]. As a rule of thumb, the energy needed to create an electron-hole
pair after absorption of radiation is about 2 — 3 times the bandgap energy for materials
having a relatively small valence bandwidth compared to the energy of the forbidden
bandgap.

5.3. Defects

The second step in the scintillation process is the formation of defects and
subsequently, the energy transport to luminescent centres.

The primary defects produced by radiation in materials with mainly ionic bonding,
i.e. the alkali halides, are Frenkel defects. These Frenkel defects consist of electrons
and holes that may be trapped at impurities or in the perfect lattice. Since the crystal
as a whole must remain electrically neutral, free electron and holes are always created
in pairs and for every electron trapping centre formed, there must also be a
corresponding hole centre formed.

5.3.1 Electrons

When an electron is excited to the conduction band of a perfect ionic crystal, it
may be energetically favourable to move in a spatially localised level, accompanied
by a local deformation in the previously perfect ionic arrangement. The interaction
between the electron and the lattice is dynamical and serves to reduce the electrostatic
energy of the system. The electron plus induced lattice polarisation is called a
polaron. Such an entity happens to be very mobile and is generally not viewed as a
defect.

However, if the electron is bound to a negative ion vacancy, it may be stabilised
long enough to be detected experimentally. Such an electron centre is often called an
F centre, which is an abbreviation for the German word Farbzentrum (colour centre).
The F centre has a number of electronic states, and optical absorption produces a
transition of the electron from the ground state to the excited states. Its paramagnetic
nature makes it a model system for electron paramagnetic resonance (EPR) studies.
Figure 1 shows a schematic of the F' centre.

If the F' centre is located next to an impurity that has replaced an indigenous
cation, the composite defect is called an F4 centre. For example, small concentration
of Na' or Li" may be introduced into KC1 and the F centres formed with these ions
nearby are F, and Fy; centres, respectively. Other types of F centres include the F'~
centre which consists of a negative ion vacancy that has trapped two electrons,
whereas the F * centre is a double-negative ion, e.g. O>, vacancy that has trapped just
one electron. In general, the designation F or F' is reserved for negative ion
vacancies that have trapped a certain number of electrons, such that the ionic charge
of the defect with respect to the perfect lattice is negative or positive, respectively.
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Fig.1. Schematic of the F' centre. The missing anion in the centre is replaced by an electron.

5.3.2. Holes

In contrast to electrons that can move freely in ionic crystals once they are ionised
into the conduction band, holes are trapped at low temperatures in the perfect crystal
and are observed to move only at higher temperatures by a diffusion like hopping
from one lattice position to the next. Since the energy necessary to localise a hole,
approximately half the width of the valence band, is much less than the energy gained
from polarisation, lattice relaxation, and X,  binding [25], self-trapping of holes is
likely to occur. When self-trapped, the hole is localised on a halide ion X, forming an
X © atom like defect. After polarisation and relaxation of the lattice, it binds a
neighbouring halide ion, forming a X>” molecular like complex. Such a centre is called
a Vg centre.

A similar hole centre, the H centre results from an interstitial halide ion being
bound to a lattice ion by a hole; i.e. the singly ionised halide molecule X3 is forced to
occupy a negative ion site. Therefore, the net charge of the defect with respect to the
perfect lattice is zero. This is in marked contrast with the Vg centre which bears a net
positive charge. The Vg and H centres are depicted schematically in Figure 2.

5.3.3 Excitons

A third class of defects are the excitons. These are carriers of electronic excitation
energy in ionic crystals and may be regarded as a correlated electron-hole pair. Like
the hole, the exciton may become self-trapped in the ionic crystal. In principle, one
could distinguish two different types of self-trapped excitons (STEs):

(a) the on-centre STE, i.e. a self-trapped hole with the electron in a de-localised
orbit around the hole (Vg + ¢°), and

(b) the off-centre STE, i.e. a nearest-neighbour F — H pair where the electron is
localised at a nearest neighbour anion vacancy.
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Fig.2. Schematic of the (a) Vg and (b) H centre.

In principle, the Vg core is repulsive to an excited electron due to its negative
pseudopotential and the formation of an STE is solely due to the lattice relaxation
around the Vg centre [26]. The energy of the excited electron can be significantly
lowered if the excited electron occupies an anion vacancy (F centre). If the lattice
allows for a suitable distortion, the electron will expel the Vg centre. Subsequently,
the Vi centre may transform into a H centre where the anion vacancy formed is taken
over by the electron which becomes a F centre. Thus, a nearest neighbour F — H pair
is formed. Figure 3 shows the STE as (Vg + ¢") and nearest neighbour F — H pair
schematically.

(@) (b)

Fig. 3. Schematic of the STE as (a) V¢ + ¢ and (b) nearest neighbour F — H pair.
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When the electron and hole components of the STE recombine, STE luminescence
is observed. These luminescence bands are either ¢ -or z-polarised. The o-polarised
bands have a short lifetime of the order of 10” s and are due to dipole —and spin-
allowed transitions to the lzg ground state of the STE. In many cases the o-polarised
bands are observed only at liquid helium temperatures. The z-polarised bands have a
lifetime of the order of 10~ — 10 s and arise from a transition from a *[] excited state
to the lzg ground state of the STE. For the alkali halides, these normally strictly spin-
forbidden transitions are relaxed by the halogen spin-orbit interaction of the “Vg core”
of the STE. Since the spin-orbit interaction increases as the halogen atom becomes
heavier [27], a basic trend of shorter STE lifetimes in crystals with heavier halogen
constituents is expected.

5.4. Energy transport

The different types of defects may either transfer their energy to luminescent
centres, recombine radiatively or non-radiatively. In the following discussion, we
distinguish two categories of inorganic scintillators as a matter of convenience:
intrinsically pure inorganic scintillators, like BaF, and BGO, and impurity-activated
inorganic scintillators, like Nal: Tl, CsI: Tl and LaCls:Ce*".

Since our objective is to discuss the scintillation mechanism, our focus will be on
impurity-activated inorganic scintillators, in particular on Ce*" -activated materials. In
general we can define three different energy transport mechanisms, i.e. scintillation
mechanisms, which occur at different time scales and with different probabilities:

(a) energy transfer by direct electron-hole capture,
(b) energy transfer by binary electron-hole diffusion, and
(c) energy transfer by STE diffusion.

5.4.1 Energy transfer by direct electron-hole capture

This type of energy transfer is desired for Ce® activated fast-response inorganic
scintillators. After absorbing a gamma ray quantum, free electron and holes are
created in the conduction band and valence band, respectively. These free electrons
and holes may be trapped within 1 ns by a Ce®* ion. The scintillation and the observed
lurr31+inescence decay time is characteristic for the relaxation of the excited state of
Ce™.

5.4.2. Energy transfer by binary electron-hole diffusion

Instead of being trapped by Ce’", the hole can also be trapped by the host. As was
shown previously, self-trapping of the hole is likely to occur and often is a bulk
process. This means that the major fraction of the holes that are produced are created
randomly in the ionic crystal and not near a particular site, e.g. Ce’”. At a certain
temperature, the self-trapped hole (Vx or H centre) becomes mobile and may be
trapped by Ce’* eventually. Recombination with the electron will excite the Ce’*
centre. Alternatively, it is also possible that Ce’" traps the electron first, and that the
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Vi or H centre diffuses to Ce’". However, the trapping of an electron by Ce®" has a
rather low probability and has only been observed in CaF,, SrF,, and BaF; [28]. If one
assumes (i) a binary electron-hole recombination as described above, (ii) that the
electrons and holes are distributed randomly, and (iii) that the electron diffusion
migration is random, then the scintillation decay is described by a (1 + ct)?
dependence [29], where the “constant” ¢ may vary with temperature.

The motion of a self-trapped hole can be described by a modification of the
general theory of small polaron diffusion [30]. In this theory, the Vk centre is treated
as a small polaron that diffuses through the lattice by a random hopping to
neighbouring sites, where each jump has to overcome a potential barrier by thermal
activation. In the high temperature limit, iw/kT — 0, these treatments predict a
transition probability ¥, for the hole and the relaxed lattice around it to go from one
lattice site to an adjacent one as:

-E

W =vell (4)

where v is a frequency factor, £ the thermal activation energy, and k& Boltzmann’s
constant [31,32]. The diffusion constant D of the hopping motion is given by R’W,
where R is the length of the hop. Calculations by T. Lida et al. [33] and R. Monnier
et al. [34] show that the activation energy for Vg diffusion in CsCl, CsBr, and Csl
decreases in the order Cl > Br > I. This can be seen in Table I, where we compiled
some experimentally determined and calculated values of the activation energy £ and
the diffusion constant D.

Table 1. Experimentally determined activation energies, E,,, and calculated activation
energies, E . for different angles of re-orientation, and the diffusion constant, D,,, at
room temperature of the Vg centre in several alkali halides.

Alkali halide Vi centre
Eep (eV) E.uic (eV) D,y (cm’/s)
60° 90° 180°
NaCl 0429 0799 1.18% 1479 -
NaBr 0369 - - - -
Nal 0.18% - - - >4-107*9
KCl 0.549 1.03Y 1559 2,049 10109
KBr 0.459 - - - -
KI 0.27 % - - - 4-10°9
RbCl 0.599 1.049 1579 2079 -
RbBr 0.539 - - - -
RblI 0.28 % - - - > 510"
CsCl - - 0.76 9 0.98° -
CsBr 0.27°9 - 0.739  0.90? -
Csl 0.16 Y - 0.64°9 0.74° -

9 Ref. [31] ¥ Ref. [32] @ Ref. [34] Y Ref. [35] ¥ Ref. [36]

Disappointingly, the calculated values for the activation energy disagree with the
experimental data by a factor of at least two. Song [32] attributed this to the simplistic
model of a perfect lattice and the quantum mechanical approximations used. Ascarelli
et al. [35] used a phenomenological model to predict the activation energy of
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diffusion of Vi centres. He showed that one-sixth of the Stokes shift of the singlet
exciton peak plus one-third of the potential energy of the electron, is in excellent
agreement with the experimentally determined values for the activation energy of
diffusion of Vi centres presented in Table I. A similar trend with type of halogen has
been observed for KCI, KBr, and KI [37]. Here, the temperature at which the rate of
re-orientation of the Vi centre is maximal, i.e. the translation of the Vg centre through
the lattice, decreases in the series Cl > Br > I. For Ce’" activated inorganic
scintillators, the diffusion rate of the Vi centre towards Ce’" is likely to increase as
well in the order C1 > Br > L.

5.4.3 Energy transfer by STE diffusion

A third type of energy transfer that is dicussed in this thesis is STE diffusion. In
principle, the STE can transfer its energy to Ce’” by two different mechanisms, i.e.
(non-) radiative energy transfer, or STE diffusion. In the first case, overlap between
the STE emission band and the energy levels of Ce’" is necessary. For this type of
energy transfer a strong temperature dependence is not expected and the scintillation
decay associated with this mechanism is characteristic of the lifetime of the STE.
Since the lifetime of the o-polarised bands is in general much smaller than the
intrinsic lifetime of Ce®", only the z-polarised bands contribute significantly to the
elongation of the scintillation decay time.

In the case of STE diffusion [38], the STEs move through the lattice by a hopping
like motion. The diffusion process is thermally activated and the mobility of the STE
increases when the temperature rises. However, STE emission is usually thermally
quenched at elevated temperatures and thus there will be an optimum temperature for
maximum energy transport efficiency. Table II gives the experimentally determined
and calculated values of the activation energy £ and the diffusion constant D of the
STE in NaCl, NaBr, and Nal.

Table II. Experimentally determined and calculated activation energies E.,, and E,,,
and the diffusion constant D,,, at room temperature of the STE in NaCl, NaBr, and
Nal.

Alkali STE

halide E., (eV) E.ue (V) D (cm’/s)
NaCl 0.15% 0.16° 2:10°9
NaBr - 0.18% -
Nal:K 0.07© - 1:102 9
Nal:Tl 0.07 © - 2:107%°

9 Ref. [38] © Ref. [39] ¥ Ref. [40]

In case of energy transfer from the STE to Ce3+, the effective lifetime zs7x of the STE
is given by

11
—— = — 4k, +k, (5)

Tsre  To

where 7y 1s the intrinsic lifetime of the STE, k, the rate of thermal quenching of the
STE, and £, the rate of energy transfer from the STE to Ce®". The thermal quenching
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-E
rate and the energy transfer rate can be described by the general expression ve Ve
with a frequency factor v and an activation energy E. Accordingly, the expansion of

(5) yields
E
L=L+vqexp L +vtexp(—£j (6)
Tor Ty kT kT

In this formula, 7o is the radiative decay time of the STE, E, and v, are the activation
energy and frequency factor for thermal quenching, respectively, E; and v, are the
activation energy and frequency factor for energy transfer from the STE to Ce’",
respectively, and & the Boltzmann constant.

In the high temperature limit, the diffusion of the STE through the lattice can be
described by a hopping-like motion from one lattice site to a nearest neighbour site
[41]. The rate of energy transfer from the STE to Ce’” in an isotropic medium is given
by [42]

k, = 4nDRN, (7)

where D, R, and Nc. are the diffusion constant of the STE, the radial distance from a
Ce®" centre in which the STE transfers its energy, and the Ce concentration,
respectively. The intensity as function of Ce concentration and time, ngrg(t,x) of the
STE and nce(t,x) of excited Ce*" ions, is given by

e (L))
Ty
ne(t,x) = " nng Dk, l:exp{— (Ti +k .t k, jt} — exp(— %HK

— - [ +k, + kt] ‘ Ce

Te (T 9)

K +ng, (x) exp[— LJ

TCe

where 1y, (x) is the number of STEs initially created after absorption of a gamma

quantum as function of Ce concentration at time t = 0, and n{,(x) the number of

excited Ce’” ions as function of Ce concentration at time t = 0. The total scintillation
light yield as function of time and Ce concentration will be given by the sum of (8)
and (9). The first term of (9) is due to energy transfer from the STE to Ce’” centres
which is dependent on both STE and Ce concentrations, whereas the second term of
(9) is due to direct capture of electron-hole pairs by Ce®” which is governed by the Ce

concentration only. If the Ce concentration is increased, ng,(x) will increase and the

second term of (9) will become more important.

Equations (8) and (9) predict an exponential decay of both STE and Cce’*
luminescence. In the past, a diffusion limited energy transfer has been suggested for
NaCl:Li [38] to account for the observed exponential square root dependence of the
luminescence decay with time
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1(t) =1, expl-ar — 264k ) (10)

where /), a and b are constants. However, in a review by Jonscher and de Polignac
[43] it was shown that often the luminescence does not decay exponential but follows
a power law dependence on time with fractional exponent s

I(f)oct™ (11)

with 0 < s < 2 [44]. The physical processes underlying the delayed luminescence
according to the power law of equation (11) may be very complex and may involve
several stages, but in general a power law dependence between luminescence intensity
and time is expected when there is some sort of tunnelling, diffusion or percolation of
the energy carriers (STEs) in combination with a distribution of tunnelling
probabilities or energy barriers.

If we compare the activation energies and the diffusion constants for the diffusion
of the Vi centre and the STE in the alkali halides, it becomes clear that STE diffusion
proceeds at a much higher rate than Vg diffusion, due to the generally lower
activation energies and the larger diffusion constants. Therefore, STE diffusion is
favoured over V diffusion in Ce’* activated inorganic scintillators. An explanation
for the differences between STE diffusion and Vg diffusion may be found in the
electric charge of the defect. From a long range perspective, the STE is electrically
neutral whereas the Vi centre has a net positive charge. The hopping of the Vi centre
from one lattice position to the next requires more energy than the hopping of the STE
from one lattice position to the next, because the Vi centre is more strongly bound to
its present lattice position by the short —and long range electrostatic Coulomb
interactions.

5.5 Luminescence

The last stage in the scintillation process is the transfer of energy to the
luminescent centre which in turn will emit a photon with a certain probability. For the
following discussion, we will restrict ourselves to the luminescence of the Ce’” ion in
Ce’" activated inorganic scintillators.

In inorganic scintillators doped with cerium, the Ce’™ ion acts as luminescent
centre. This trivalent lanthanide ion has one electron in the 4f ground state
configuration. The 4f electron is shielded from the crystal field by 5p and 5s electron
shells. Excitation of Ce®" promotes the f electron to a higher 54 orbital. Subsequent
de-excitation will occur by a 5d — 4f electric dipole allowed transition with a decay
time of about T = 15 - 60 ns. Since the energy difference between the lowest energy of
the Ce’* 5d configuration and the highest energy of the Ce’" 4f configuration is large,
multiphonon-relaxation from the 5d to the 4f groundstate is unlikely to occur.
However, when the lowest multiplet of the Ce® 5d configuration is admixed with
conduction band wave functions, excitation of the 4f electron to a higher 5d orbital
may result in auto-ionisation of Ce’* and the excitation energy is lost; the electron
immediately de-localises in the conduction band and may eventually be trapped at
another impurity or at a dislocation in the perfect lattice. For this reason La,O3:Ce’",
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Lu,05:Ce*", and LaAlO;:Ce** do not show Ce*" luminescence. Therefore, knowledge
of the positions of the Ce*" 5d levels inside the band gap is of great importance to the
understanding of the scintillation mechanisms and the probability of energy transfer to
Ce’" and its luminescence.

5.6 Summary

Multiplication, relaxation and thermalisation of the electrons and holes, energy
transfer, and the luminescence quantum efficiency of the optical centre determine the
scintillation efficiency. For the light yield Y, expressed in photons per
megaelectronvolt of absorbed gamma ray energy (ph/MeV), the following expression
is derived:

6
¥ - 10 SQ
PE,

where S is the efficiency of energy transport to the optical centre, O the luminescence
quantum efficiency of the optical centre, E, the energy of the bandgap between the
valence band and conduction band (expressed in eV), and BE, denotes the energy
needed to create one electron - hole pair (expressed in eV). According to (11), the
light yield is inversely proportional to the energy of the band gap and a higher light
yield should be obtained for materials with an increasingly smaller bandgap.
Generally, Q is assumed to be close to unity.

The value for S is closely related to the energy transport efficiency and is normally
not easy to predict. As was shown in the previous paragraphs, there are many
processes to be considered when evaluating the scintillation properties of a certain
scintillator, and the presence of a dominant scintillation mechanism does not allow for
the conclusive determination of the value for S. Obviously, this is also the weakness
of (11). If we do not know the value of S, we cannot predict accurately the minimum
light yield and as such, (11) provides merely a quantitative approximation of maximal
attainable light yield.

(12)
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6. Scintillation mechanism in LaClg,:Ce3+ and LaBrg,:Ce3Jr

6.1 Introduction

In chapter 4 we presented the optical and scintillation properties of the LaCl3:Ce’
and LaBr;:Ce’" scintillators relevant for application. It was shown that both have a
high light yield, good timing properties, and excellent energy resolution of about 3%
at 662 keV. In this chapter we will review the scintillation properties of LaCls:Ce®"
and LaBr;:Ce’" and present additional data aimed at understanding the scintillation
mechanisms. It is shown that STE diffusion and direct capture of electron-hole pairs
are the dominant energy transport mechanisms.

6.2 Results

In order to systematically investigate the scintillation properties of LaCl;:Ce’* and
LaBr;:Ce’", we used a series of single crystals of LaCl; and LaBr; doped with
different Ce concentrations. The crystals were grown by the vertical Bridgman
technique. Details can be found in chapter 4.

6.2.1 X-ray excited optical luminescence

The X-ray excited optical luminescence spectra of pure LaCls, LaCl3:0.57%, 2%,
4%, 10%, and 30% Ce’* at room temperature are shown in Fig. 1. The spectra are
corrected for the wavelength dependence of the photodetector quantum efficiency as
well as monochromator transmission. Each spectrum is normalised such that its
integral over all wavelengths is equal to the value for the absolute light yield
expressed in photons per MeV, as found from pulse-height spectra recorded with a
shaping time of 10 ps (see chapter 4, section 2). For pure LaCls, the X-ray excited
optical luminescence spectrum at room temperature consists of a broad structured
band with its maximum near 400 nm. It is attributed to self-trapped exciton (STE)
luminescence. For other chlorides [1], and pure LaF; [2], similar bands have been
observed and were readily assigned to STE luminescence.

The X-ray excited optical luminescence spectra of the cerium-doped LaCls
crystals are dominated by a broad emission band located between 300 and 400 nm. It
is attributed to Ce®" luminescence. In addition, a weak emission band can be observed
between 400 and 550 nm. It is not present under optical excitation and is probably due
to some residual STE luminescence. With increasing Ce concentration, the intensity
of the residual STE luminescence decreases and that of the Ce’” luminescence
increases. For LaCls:10% Ce3+, the contribution of Ce>* emission to the total light
yield is about 35 times higher than that of the STE, whereas in LaCl3:0.57% Ce’", it is
only 2 times higher. Assuming that the peak position and the width of the STE
luminescence band remains equal for all Ce*" concentrations, the light yield of both
STE and Ce’" luminescence were estimated. The results are shown in Table 1.

Copyright © 2003 by E.V.D. van Loef
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The temperature dependence of Ce’* and STE luminescence intensity in
LaCls:Ce’ were measured for pure LaCls, LaCl3:0.57%, 2%, 4%, and 10% Ce*". The
results on LaCl3:0.57% Ce’* have already been published by Guillot-Noél ez al. [3].
The temperature-dependent X-ray excited optical luminescence spectra of pure LaCls,
measured between 100 and 400 K with step size of 50 K are shown in Fig. 2 (a). For
pure LaCls, the total light yield decreases with temperature. The total light yield at
400 K with respect to that at 100 K is about 50%. It is due to thermal quenching of
STE luminescence.

Table 1. Light yields of LaCl;:Ce’" derived from X-ray excited optical luminescence
spectra. The error in the total light yield is about 10%.

[Ce’ Ce’" light yield ~ STE light Total light
(at%) (ph/MeV) yield yield (ph/MeV)
- - 34,000 34,000
0.57 26,600 13,400 40,000
2 39,800 9,200 49,000
4 45,800 3,200 49,000
10 47,200 1,800 49,000
30 42,700 300 43,000
1500 . , . , . I .
30% Ce
T~ 10% Ce ]
4% Ce
1000 | 2% Ce —

0.57% Ce |

500 -

Light Yield (photons ¢ MeV"'s nm™)

Wavelength (nm)

Fig.1 X-ray excited optical luminescence spectra of pure LaCl;, LaCl;:0.57%, 2%, 4%, 10%, and 30%
Ce’" at room temperature. The y-axis has been calibrated using the light yields derived from pulse-
height measurements.
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Fig. 2 (a) X-ray excited optical luminescence spectra of pure LaCl; in the range from 100 to 400 K,
recorded in steps of 50 K. The spectra are stacked on top of each other for clarity. (b) Temperature
dependence of the total light yield, derived from X-ray excited optical luminescence spectra.
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Fig.3 Temperature dependence of the light yields of Ce®", STE and total luminescence in LaCl;:2%
Ce*", derived from X-ray excited optical luminescence spectra.

In the X-ray excited optical luminescence spectrum at 100 K, a weak emission
band can be observed near 320 nm next to the main peak at 390 nm. At elevated
temperatures, the 320-nm band has completely disappeared. Thermoluminescence
glow curves of pure LaCl; irradiated with X-rays at 77 K reveal a main peak at 111 K
that is attributed to the release of self-trapped holes [4]. Possibly, the peak at 320 nm
in the X-ray excited optical luminescence spectrum of pure LaCls is associated with
the release of the self-trapped holes. However, it was suggested by Rogulis et al. [5],
that the band near 320 nm could also be attributed to STE luminescence.

The temperature dependence of the light yields of Ce®”, STE and total light yield
of LaCl3:2%, 4% and 10% Ce*" are shown in Fig. 3, 4, and 5, respectively. Between
100 and 225 K, the light yield of LaCl3:2% Ce*" is due to the combined luminescence
of Ce’* and the STE, see Fig. 3. Both decrease with increasing temperature. From 225
up to 400 K, the Ce’" luminescence intensity is enhanced at the expense of STE
luminescence intensity while the total light yield increases as well. The anti-
correlation between Ce’” and STE luminescence intensity has been observed before
by Guillot-Noél er al. in LaCl3:0.57% Ce’* [3] and by van’t Spijker et al. in
K,LaCls:0.23% Ce** [6]. For LaCl;:0.57%, 2%, and 4% Ce*", it is observed between
225 and 400 K, whereas in the case of K,;LaCls5:0.23% Ce’" it is observed between
100 and 300 K. As for LaCl5:0.57%, 2% and 4% Ce*", we do observe a change in
Ce’* and STE luminescence yield for LaCl3:10% Ce’* at temperatures in the 100 —
400 K range, see Fig. 5. However, at these temperatures the luminescence intensity is
mainly due to Ce’” emission. The contribution of STE luminescence to the total light
yield is less than ten percent. In order to emphasise the anti-correlation between Ce®*
and STE luminescence intensity, we used a logarithmic scale for the ordinate.
Between 100 and 175 K, the STE luminescence intensity remains more or less
constant, whereas Ce’” luminescence and total light yield decrease by about 40%.
Between 200 and 400 K, Ce®" luminescence and total light yield level at 95% with
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respect to that at 100 K. In the same temperature interval, the STE luminescence
intensity decreases by about 80%.
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Fig.4 Temperature dependence of the light yields of Ce’", STE and total luminescence in LaCl;:4%
Ce’", derived from X-ray excited optical luminescence spectra.
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Fig.5 Temperature dependence of the light yields of Ce’”, STE and total luminescence in LaCl;:10%
Ce’", derived from X-ray excited optical luminescence spectra.
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The X-ray excited optical luminescence spectra of pure LaBrs;, LaBr3;:0.5%, 4%,
and 10% Ce’" are shown in Fig. 6. For pure LaBr3, the spectrum at 100 K (see inset)
consists of two broad bands with their maxima near 340 and 430 nm. Both bands are
attributed to STE Iluminescence. At elevated temperatures, the 340 nm band
completely disappears and the maximum of the 430 nm band shifts to shorter
wavelengths. For other bromides [3,7-9] similar bands have been observed and were
readily assigned to STE emission.

The X-ray excited optical luminescence spectra of LaBry:Ce’” at room
temperature are dominated by a broad emission band located between 325 and 425
nm. It is attributed to Ce’* emission. In contrast to LaC13:Ce3+, no residual STE
emission is present. Also, with increasing Ce concentration, the intensity of Ce’*
luminescence decreases, whereas for LaC13:Ce3+ the Ce*" luminescence intensity
increases. In the X-ray excited optical luminescence spectrum of LaBr;:10% Ce®’, an
additional emission band is observed near 275 nm. This band was not present in the
X-ray excited optical luminescence spectrum of pure LaBr; showing only STE
luminescence near 340 and 430 nm. Probably, the 275 nm band is due to an impurity
trapped exciton or some other defect related to Ce®".

1500
0.5% Ce — Pure LaBr, at 100K } ‘M
. i
— Al ,
=
Y 4% Ce ‘u \\\
< [
% e il ool M“,«J
;, I J h\‘o,g X
S ‘\'&\‘ s : AM by, "
i g ] .
% 200 400 600
=
— 10% Ce
- 500
@
S~
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: -
K=
|
0 P : . i
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Wavelength (nm)

Fig.6 X-ray excited optical luminescence spectra of LaBrs:0.5%, 4%, and 10% Ce’" at room
temperature. The inset shows the spectrum of pure LaBr; at 100 K. The left most y-axis has been
calibrated using the light yields derived from pulse-height measurements.
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dependence of the total light yield, derived from X-ray excited optical luminescence spectra.
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Temperature-dependent X-ray excited optical luminescence spectra of pure LaBrs,
measured between 100 and 400 K with step size of 50 K are shown in Fig. 7 (a). For
pure LaBrs;, the total light yield decreases with temperature. The total light yield at
400 K is 15% with respect to that at 100 K. It is due to thermal quenching of STE
luminescence. In the X-ray excited optical luminescence spectrum at 100 K, a weak
emission band can be observed near 340 nm next to the main peak at 430 nm. At
elevated temperatures, the 340 nm band has completely disappeared. The light yield
as function of temperature of LaBr3:0.5% Ce’" is shown in Fig. 8. As for pure LaBr3,
the total light yield decreases with temperature. At 400 K it is 56% with respect to the
maximum at 175. For LaBr;:2%, 4%, and 10% Ce*" a similar correlation between
light yield and temperature is observed.

6.2.2. Scintillation decay

Scintillation decay time spectra of pure LaCls, LaCl3:0.57%, 2%, 4%, and 10 ce™
at room temperature under °’Cs gamma ray excitation are shown in Fig. 9. The
irregularity in curve (e) at t = 2 ps is due to after pulses in the photomultiplier tube.
For pure LaCls, the scintillation pulse decays exponentially with a decay time of about
3.5 ps. For LaCl; doped with Ce’”, a decay component with a decay time of a few
microseconds is also present and can be observed in the scintillation pulse at times
larger than, say 1 ps after the start of the scintillation pulse. The lifetime of this
component becomes increasingly shorter when the Ce concentration is increased: for
LaCl3:0.57%, 2%, 4%, and 10% Ce™ it is 2.5, 1.8, 1.1, and 0.8 ps, respectively. The
origin of this decay component is attributed to STE luminescence and energy transfer
from the STE to Ce*". For K2L21C15:Ce3+ [6] a similar correlation was found between
the lifetime of the long decay component and Ce concentration.
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Fig.9 Scintillation decay time spectra at room temperature under '*’Cs gamma-ray excitation of (a) pure
LaCls, (b) LaCl3:0.57% Ce’*, (¢) LaCl3:2% Ce™*, (d) LaCl;:4% Ce’**, and (e) LaCly:10% Ce*".

Additionally, a fast decay component is present in the scintillation decay of
LaCl;:Ce’" that can be observed in the scintillation pulse at times shorter than, say 1
us after the start of the scintillation pulse. The relative contribution of this component
to the total light yield becomes increasingly larger when the Ce concentration is
increased: for LaCl3:0.57%, 2%, 4%, and 10% Ce*" it is 8, 10, 18, and 41%,
respectively. It is attributed to direct capture of the electron and holes from the
conduction band and valence band, respectively, by Ce’" centres.

When we assume that (i) the decreases of the observed lifetime of the STE in
LaCls:Ce’" is only due to energy transfer from the STE to Ce’" and (ii) that the rate of
thermal quenching of the STE in LaCl3:Ce’" is comparable with the rate of thermal
quenching of the STE in pure LaCl;, we can use a simplification of the formula used
in chapter 5, section 4 for the effective lifetime 7 of the STE

L=tk 1)
T T

pure

where the first term of (1) is the rate of STE decay in pure LaCl; and the second term
of (1) the rate of energy transfer from the STE to Ce’". Using equation (1) we can
calculate the energy transfer rate, k, for LaCl3:Ce”". The results are compiled in Table
I1.
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Figure 10 shows the decay curves of LaCly:1% Ce’" as function of temperature
monitoring Ce’” emission at 3.7 eV. At 167 K, the decay curve of LaCl3:1% Ce’*
shows an almost perfect power-law dependence between Ce’” luminescence intensity
and time, according to

I(t)oc t™ )

with s = 0.3. If the temperature is raised, the decay curve of LaCls:1% Ce’" gradually
turns into an exponential decay curve.

Table II. The decay time of the STE, 7 and the calculated energy transfer rate, &, as
function of Ce concentration at room temperature.

[Ce] T ki
(%) (ns) (10°s™)
- 3.5+0.3 -
0.57 2.5+03 1.1£0.1
2 1.8+0.2 2.7+0.3
4 1.1+0.1 6.2+0.6
10 0.8+0.1 9.6+0.9
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o
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Fig.10 Decay curves of LaCl;:1% Ce*" as function of temperature. Both axis are scaled on a log 10
base.
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In Fig. 11 the decay time t of the STE in (a) pure LaCl; and (b) LaCls:1% Ce®" is
presented as function of 1/T (K'). The dotted curves show model calculation
according to equation (6) in chapter 5 (section 4). From a fit to this equation values
for the radiative decay time of the STE 7, the activation energy and frequency factor
for thermal quenching, E, and v, respectively, and the activation energy and
frequency factor for energy transfer from the STE to Ce’", E, and v,, respectively,
were obtained. They are summarised in Table III. For LaCl;:1% Ce3+, the values for 79
and £, were taken from the fit of pure LaCl; and were assumed to be constant. The
activation energies for thermal quenching and energy transfer are £, = 108 + 8§ meV
and £, = 24 + 2 meV, respectively. To compare, the activation energy for STE
diffusion in NaCl [10], Nal:K, and Nal:Tl [11] was estimated to be 150 meV, 70
meV, and 70 meV, respectively. The value for the radiative decay time of the STE
could not be determined with high accuracy due to limitations of the set-up.

Table III. The radiative decay time 7, the activation energy and frequency factor for
thermal quenching, E, and v,, respectively, and the activation energy and frequency
factor for energy transfer from the STE to Ce’’, E, and v, respectively, of the STE in
pure LaCl; and LaCl;3:1% Ce™".

Compound  Radiative Thermal quenching Energy transfer
decay
To Eq Vq Et Vi
(ps) (meV) (10°s™) (meV) (10°s™
LaCls ~50 108 £8 18+4 - -
LaCl;:1% Ce** ~50 108 + 8 9+1 24+2 1.4+0.2
T(K)
500 400 300 200
' | T T T T
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Fig. 11. Decay time of the STE, 7 in (a) pure LaCl; and (b) LaCl;:1% Ce®" as function of temperature.
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Scintillation decay time spectra of pure LaBr; and LaBrs:0.5% Ce’" at room
temperature under °’Cs gamma ray excitation are shown in Figure 12. The
scintillation decay curves have been normalised such that the time integral equals the
absolute light yield as found from pulse height spectra recorded with a shaping time
of 10 ps. At first sight, the scintillation pulses do not decay exponentially but are
probably composed of different decay components, e.g. a relatively short, exponential
decay component due to direct capture of electron-hole pairs by Ce’* centres and a
relatively long decay component due to energy transfer to Ce’" centres by STE
diffusion or binary electron-hole recombination (see chapter 5, section 4).
Nevertheless, the contribution of the long decay component to the total light yield of
LaBr3:0.5%, 2%, 4%, and 10% Ce’" is small. Thus, for practical purposes a simple
exponential decay function was used to analyse these curves. To correct for deviations
at time scales up to 200 ps an additional error in the decay time was taken into
account. Table IV summarises the decay components present in LaCl;:Ce®” and
LaBr;:Ce’" as well as their relative contribution to the total light yield.
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Fig.12 Scintillation decay time spectra of (a) LaBr;:0.5% Ce** and (b) pure LaBr; at room temperature
under *’Cs gamma ray excitation. The inset shows the spectrum of LaBr;:0.5% Ce’* on an extended
time scale.
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Table IV. Characteristic components of the scintillation decay curves of pure LaCls,
LaCl3:0.57%, 2%, 4%, 10% Ce**, pure LaBr;, LaBr;:0.5%, 2%, 4%, and 10% Ce*".

Host [Ce] Decay components

(%) Short Intermediate Long

(ns) (ns) (us)

LaCls - - - 3.5+ 0.1 (100%)
LaCls 0.57 20 + 2 (8%) 350+ 50 (20%) 2.5+0.2 (72%)
LaCl; 2 27 £3 (10%) 230 £20 (18%) 1.8+0.2 (72%)
LaCl; 4 25+ 3 (18%) 210+ 20 (25%) 1.1+0.1(57%)
LaCls 10 25+ 3 (41%) 210£20 (29%) 0.8+ 0.1 (30%)
LaBr; - 22 +2 (16%) 330 £+ 30 (84%) -
LaBr; 0.5 31+ 3 (100%) - -
LaBr; 2 31 +£3(100%) - -
LaBr; 4 31+ 3 (100%) - -
LaBr; 10 31 +3 (100%) - -

6.3 Discussion

6.3.1 LaCl;:Ce**

In the past, three different scintillation mechanisms have been proposed for
LaCly:Ce®™ [3,12], i.e., direct capture of electron-hole pairs, binary electron-hole
recombination, and STE diffusion, of which STE diffusion seems to be the most
dominant one, especially at low Ce concentrations. Recently [13], two types of STEs
have been found at 10 K in the X-ray excited electron-paramagnetic-resonance (EPR)
spectra of pure LaCl; and LaCl;:Ce’". Stable self-trapped holes (V centres) were not
detected at low temperatures (T < 100 K) in the EPR spectra, probably because the Vg
centre immediately (t < 10” s) captures an electron from the conduction band to form
an STE (see chapter 5, section 3). The presence of STEs in LaCly:Ce’ and the
absence of stable Vg centres is a strong indication that STE diffusion is an important
scintillation mechanism in LaClg:Ce3+ indeed. But also the anti-correlation between
STE and Ce’ luminescence intensity, the effective lifetime of Ce’” and STE
luminescence that decreases with increasing Ce concentration, and the evolution of
the decay profile of LaCl;:Ce’” with temperature from a power-law dependence to an
exponential one support this assumption.

Let us review the data presented thus far. The anti-correlation between STE and
Ce’" luminescence intensity as function of Ce concentration is attributed to the direct
capture of electron-hole pairs and the immediate trapping of part of the STEs by Ce>".
In all samples, the fast decay component is due to the former process: when the Ce
concentration is increased, the contribution of the fast decay component to the total
light yield is expected to increase as well, because the probability of direct capture of
electron-hole pairs by Ce’" increases (see chapter 5, section 4). Indeed, from
LaCl5:0.57% Ce’" to LaCl;:10% Ce3+, the contribution of this component to the total
light yield increases from 8% to 41% (see Table IV).

The anti-correlation between STE and Ce’* luminescence intensity as function of
temperature is due to the mobility of the STE. When the temperature is raised, the
mobility of the STE increases and the energy is transferred to a Ce’" centre the
moment the STE encounters an Ce’* ion. The anti-correlation can be observed for
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LaCl3:2% Ce** (Fig. 3), LaCl;:4% Ce** (Fig. 4), and LaCl;:10% Ce*" (Fig. 5) at
temperatures T > 200 K. The shortening of the decay time of the STE (Figure 9) is
consistent with this model. If the Ce concentration is increased, the diffusion path
length and travel time of the STE to a Ce®" centre are shortened, as well as the decay
time of the STE (see chapter 5, section 4).

For LaCls:Ce’" it is assumed that the STE transfers its energy to Ce’™ before it
decays non-radiatively. This assumption seems reasonable since the activation energy
for energy transfer (£, = 24 £ 2 meV) is significantly lower than the activation energy
for thermal quenching (E, = 108 + 8 meV). At room temperature k7 is about 25 meV
which is of the same order of magnitude as the activation energy for energy transfer
from the STE to Ce’". This is also a strong indication that STE diffusion is a dominant
energy transfer mechanism in LaCl;:Ce’” indeed.

6.3.2 LaBr;:Ce’"

If we assume that STE diffusion is also the dominant scintillation mechanism in
LaBrs:Ce’", the diffusion rate of the STEs ought to be much higher than the diffusion
rate of the STEs in LaC13:Ce3+, to account for both the efficient scintillation of
LaBr3:Ce3+ at low Ce concentrations and the absence of STE luminescence at room
temperature. Additionally, the scintillation pulse of LaBrs:Ce’" should display a rise
time depending on the speed of STE diffusion. Indeed, this has been observed in Fig.
12 (see inset).

In chapter 5, section 4, it was shown that there is a possible correlation between
the rate of STE diffusion and the type of anion in the lattice: the diffusion constant of
the STE increases in the series Cl > Br > . The data presented in this chapter seems
to confirm this correlation: LaBr3:Ce3+ 1s a more efficient and faster scintillator than
LaCl;:Ce’" and does show a risetime in its scintillation pulse, due to the transport of
energy carriers to Ce’” centres.

Another possibility is direct capture of electron-hole pairs by Ce’". In this case,
the decay time is characteristic of the lifetime of the excited state of Ce’" with
negligible risetime. Then, an increase in Ce concentration would also mean an
increase in the relative contribution of this decay component to the total light yield.
However, already for LaBr3;:0.5% Ce’" the short decay component represents over
90% of the total light yield. Increasing the Ce concentration has hardly any effect.

6.4 Conclusions

Although LaBr; and LaCls are closely related with respect to crystal structure and
other physical properties, doping these matrices with trivalent cerium results in two
distinct scintillators. LaBrs:Ce’" scintillates fast and very efficiently already at low Ce
concentrations. LaCl3:Ce’” needs a relatively high Ce concentration to obtain 41%
intensity with a decay component of 25 ns. Another difference is the presence of
STEs at room temperature in LaCl3:Ce’"; they appear to be absent in LaBr3:Ce”".

In the case of LaClnge3+, Vi centres are created which immediately recombine
with an electron to form an STE. Thermally activated STE diffusion to Ce’" is then
the dominant scintillation mechanism. It results in a relatively slow decay component.
If the Ce concentration is increased, the probability that an STE transfers its energy to
Ce’" increases as well. It is also possible that a Vi centre is trapped near Ce®* before a
STE can be formed. Recombination with the electron yields Ce’" emission. However,
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this process must then be very fast, since there was no evidence of stable Vg or F
(electron) centres in EPR spectra of LaCly:Ce*". As such, it does not contribute to the
elongation of the scintillation decay. In principle, Ce’" could also capture a free
electron and hole from the conduction and valence band, respectively, leading to fast
Ce’" luminescence. However, the contribution of this component to the scintillation
decay is relatively small.

For LaBr3:Ce3+ we assume that either the Vi centres immediately recombine with
an electron to form an STE followed by high speed STE diffusion to Ce*", or Ce*"
captures a free electron and hole from the conduction and valence band, respectively,
leading to fast Ce’* luminescence. The contribution of the latter is probably relatively
large.
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7. The Elpasolites - Cs,LiYX;:Ce’* (X = Cl, Br)°

7.1 Introduction

The elpasolites with structural composition A;BMX¢ (with A = Rb, Cs; B = Li,
Na, K; M = La — Lu; X = F, Cl, Br) are model systems investigated in numerous
optical, scintillation and magnetic studies. They have the advantage over many other
crystalline systems that the M" site, located at the centre of a regular octahedron of
halide ions X, offers a natural environment for the incorporation of Ce’” and other
trivalent ions. The fact that the crystal structure of Cs,LiY X5 remains the same for X =
Cl and Br enables us to study the effect of the anion on the scintillation mechanism in
particular. Additionally, the Li — containing elpasolites are possible candidates for
neutron sensitive scintillators, as Li — containing compounds possess the ability to
convert incident neutrons into secondary ionising particles by the reaction (1)

‘Li+;n—>H+a (1)

These materials are of particular interest because of the possible presence of core-
valence (CV) luminescence [1]. CV luminescence requires the creation of holes in a
metal band by excitation of electrons from this band to the conduction band. Those
holes are short lived and may recombine with electrons from the valence band. If this
process proceeds radiatively it is called CV luminescence.

CV luminescence was observed for the first time in BaF, by Ershov et a/ [2] and
studied in the chloro-elpasolite Cs;NalLaCls by Voloshinovskii et al/ [3]. The
scintillation properties of Cs;NaMClg (M = La, Ce, Lu) were studied by van’t Spijker
et al [4]. Unfortunately no CV luminescence was observed, probably because of
absorption by impurity Ce*”. Rodnyi ef al investigated Ce*" - doped Cs,LiLaClg [5].
This compound does show CV luminescence, but no detailed study of the scintillation
mechanism was reported. Combes ef al investigated pure and Ce®” - doped Cs,LiYClg
[6] and reported for the first time on the scintillation mechanism in elpasolites. It was
suggested that for low Ce concentrations, both radiative energy transfer from the self-
trapped exciton (STE) to Ce’ as well as STE diffusion to Ce’" centres play an
important role. For relatively high Ce concentrations ([Ce’"] > 1%) , not the diffusion
of the STE to Ce’" centres appeared to be dominant, but trapping and stabilisation of a
Vx centre near Ce’". Electron paramagnetic resonance (EPR) studies on Cs,NaYCls
by Pawlik and Spaeth [7] revealed that the Vg centre (Cl,) is thermally stable down to
liquid nitrogen temperatures. At lower temperatures, x-ray irradiation produces an
intrinsic electron-trapping center that was identified as a Jahn-Teller-distorted Y**
defect. With respect to the bromide-elpasolites, a brief report on the scintillation
properties of Ce’” - doped Cs,LiYBrs was published by Mishin et al [8].

* based on: E.V.D. van Loef, P. Dorenbos, C.W.E. van Eijk, K.W. Krimer, H.U. Giidel, J. Phys.
Condens. Mat. 14 (2002) 8481.
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7.2 Material

Cs,LiYClg, Cs,LiYCl4:0.5% Ce3+, Cs,LiYBrg and Cs,LiYBre:1% Ce* single
crystals were grown by the vertical Bridgman technique in silica ampoules under
vacuum. The starting materials were prepared from CsCl/Br (Merck, 99.9%), Li,COs
(Heraeus, 99.995%), Y203 (Johnson and Matthey, 99.999%) and CeO; (Johnson and
Matthey, 99.99%) according to the ammonium halide method [9,10]. The crystals are
hygroscopic and were sealed under helium atmosphere into small quartz ampoules to
prevent hydration of the surface. The density of Cs;LiYClg and Cs;LiYBr is 3.31 and
4.15 g/em’, respectively.

7.3 Results

7.3.1 X-ray excited optical luminescence

X-ray excited optical luminescence spectra of both pure Cs,LiYClg [6] and pure
Cs,LiYBrg at 100 K are shown in Fig. 1. Cs;LiYClg emits in a broad band, centred at
3.6 eV (FWHM = 1.1 eV). Additionally, a low intensity emission occurs between 2
and 3 eV. For several other elpasolites [4] and bromides [11,12] similar bands have
been observed in this spectral range and were ascribed to emission from self-trapped
excitons (STEs). In the case of Cs,LiYBrg, the emission spectrum is dominated by a
single broad band at 3.6 eV (FWHM = 0.6 eV).
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Fig.1. X-ray excited optical luminescence spectra of (a) Cs,LiYClg and (b) Cs,LiYBrg at 100 K.
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Fig. 2. X-ray excited optical luminescence spectra of Cs,LiYCly:Ce** (solid trace) and Cs,LiYBrg:Ce*
(dotted trace) at room temperature.

Figure 2 shows the x-ray excited optical luminescence spectra of Cs;LiYClg:Ce’" [6]
and Cs,LiYBrg:Ce’" [8] recorded at room temperature. The chloride spectrum (solid
trace) is dominated by the characteristic doublet of the 54 — 4f Ce®" luminescence
with maxima at 3.07 and 3.30 eV. The transitions from the lowest 54" excited state to
the *Fs) groundstate and the ’F,,, state of the 4f configuration are nicely resolved.
The spin-orbit splitting between the °F states is 0.23 eV. The weak broad band around
4 eV is attributed to residual STE emission. The absence of luminescence between 3.5
and 3.8 ¢V is due to the absorption of STE emission by Ce’*. For the bromide (dotted
trace) the shape of the spectrum is very similar to that of the chloride. The
luminescence maxima are observed at 2.93 eV and 3.19 eV. Again, the absence of
luminescence between 3.3 eV and 3.6 eV is ascribed to the absorption of STE
emission by Ce’".

The temperature dependence of the relative light yield under X-ray excitation is
shown for pure Cs,LiYClg (solid trace) and Cs,;LiYBrg (dotted trace) in Fig. 3. For
both compounds the light yield decreases with temperature due to the quenching of
STE emission. Figure 4 shows the behaviour of the Ce’* doped compounds
Cs;LiYCly:Ce®™ (solid trace) and Cs;LiYBrs:Ce®™ (dotted trace) which is distinctly
different from that of the pure ones. Both traces show a maximum at 300 K and 200 K
for the chloride and bromide, respectively.

69



1.0

o
[«
1

o
[+;]
1

o
N
|

4 (b)

1

Relative Intensity

0.2 @ MW 7

! | | I ! I
200 250 300 350 400
Temperature (K)

T T
100 150

Fig. 3. Temperature dependence of the light yield of Cs,LiYCls (m) and Cs,LiYBrs (0) under X-ray
excitation. The lines are drawn to guide the eye.
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Fig. 4. Temperature dependence of the light yield of Cs,LiYCls:Ce* (m) and Cs,LiYBrs:Ce* (o) under
X-ray excitation. The lines are drawn to guide the eye.
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Fig. 5. Optical excitation spectra of Cs,LiYCls (solid trace) and Cs,LiYBrg (dotted trace) at 10K,
monitoring host lattice emission at 3.6 eV.

7.3.2 Optical excitation and emission

The optical excitation spectra of pure Cs;LiYClg and Cs;LiYBrg at 10 K
monitoring STE emission at 3.6 eV are depicted in Fig. 5. The excitation spectrum of
Cs,LiYClg (solid trace) consists of a structured band with maxima at 5.9 eV, 6.6 eV
and 7.0 eV. A much weaker band is observed near 10.6 eV. The intensity of the
excitation spectrum gradually increases above 14 eV. A single band at 6.0 eV
dominates the excitation spectrum of Cs,LiYBrs. If the low energy side of this peak is
taken as the onset of the valence-to-conduction band transition, then the bandgap of
Cs,L1YBrg 1s about 5.7 eV.

Figure 6 shows the 10 K emission spectra of (a) Cs,LiYCls excited at (i) 5.9 eV,
(i1) 7.0 eV, and (iii) 10.8 eV and (b) Cs;LiYBrg excited at 6.0 eV. The emission
spectrum of Cs,LiYCls, under 5.9 eV excitation shows a band at 3.8 eV (FWHM =
0.4 V) which is attributed to STE emission. At lower energy, near 2.8 eV, an
additional weaker band can be distinguished (FWHM = 0.7 eV). Excitation at 6.6 eV
or 7.0 eV yields a broad emission band at 3.6 eV similar to that shown in Figure 1(a).
However, there is an additional sharp peak near 3.9 eV, which is probably due to op,
— 88, emission of a Gd*" impurity. Excitation into the low-intensity band near 10.6
eV gives rise to another emission at 4.1 eV (FWHM = 0.6 eV). The emission
spectrum of Cs,LiYBrg consists of a single band at 3.4 eV (FWHM = 0.6 eV).
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Fig. 6. Optical emission spectra of (a) Cs,LiYClg, excited at (i) 5.9 eV, (ii) 7.0 eV and (iii) 10.8 eV, and
(b) Cs,LiYBrg, excited at 6.0 eV. All spectra were recorded at 10K.

Time-resolved excitation spectra of Cs,LiYClg at 194 K monitoring the host lattice
emission at 4.5 eV are shown in Fig. 7. Between 14 and 24 eV an intense broad band
is observed in the 13 ns gated excitation spectrum (dotted trace). This band is neither
present in the 81 ns gated excitation spectrum (solid trace), nor in the excitation
spectra of the 3.6 eV and 4.1 eV emission bands (see Fig. 5). Apparently, the band
corresponds to an excited state with a short lifetime, whereas excitation into the peaks
at 5.9 eV and 6.6 eV leads to luminescence with a long decay time. A similar intense,
broad excitation was observed by Rodnyi et al. for pure and Ce®" doped Cs,LiLaCls
[5]. They ascribed it to an excitation of 5p Cs levels. The peak observed at 7.0 eV in
the excitation spectrum of Cs;LiYCls monitoring STE emission at 3.6 eV (Fig. 5,
solid trace) is not observed in the time-resolved excitation spectrum (Fig. 7). It seems
that the two peaks at 5.9 eV and 6.6 eV have a different origin from the peak at 7.0
eV. The former two are probably due to direct excitation of STEs, whereas the latter
is likely the onset of a band-to-band transition at 6.8 eV.

Time-resolved emission spectra of Cs,LiYCls excited at 17.2 eV are shown in
Figure 8 for 10 K and 200 K. The 13 ns gated spectrum (dotted trace) at 200 K shows
a broad structured band between 3 eV and 6 eV. It is probably composed of two
different emissions with maxima near 3.7 eV and 4.5 eV. Those emissions are
completely absent in the 81 ns gated emission spectrum (solid trace) and ascribed to
core-valence (CV) luminescence [5]. At 10 K, the intensity of the broad structured
band decreases in favour of a 0.6 eV wide emission with a maximum near 4.1 eV. Its
shape deviates from a Gaussian form. It is only present in the 81 ns gated spectra
between 10 K and 100 K and probably due to some type of STE luminescence.
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Fig. 7. Time-resolved optical excitation spectra of Cs,LiYClg at 194K, monitoring host lattice emission
at 4.5 eV. The dotted curve represent the 13 ns gated excitation spectrum, whereas the solid curve
represent the integral spectrum.
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Fig. 8. Time-resolved optical emission spectra of Cs,LiYClg at 10 K and 200 K, excited at 17.2 eV.
The dotted curves represent the 13 ns gated emission spectra, whereas the solid curves represent the 81
ns gated emission spectra.
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Fig. 9. Excitation spectrum of Cs,LiYCly:Ce** monitoring Ce*" emission, recorded at 130 K. The
dotted trace represents the excitation spectrum of pure Cs,LiY Clg.

Figure 9 shows the excitation spectrum of Cs,LiYClg:Ce®™ [6] at 130 K monitoring
the Ce’" emission at 3.1 eV (solid line). For comparison pure Cs;LiYClg (dotted line),
is shown as well. The Cs,LiYCls:Ce®" spectrum is dominated by the intense band of
the Ce>" 4f(2F5/2) — 5d(ty,) transitions between 3.4 eV and 4.0 eV. Four further broad
bands are observed near 4.5 eV, 5.3 €V, 6.2 eV and 6.9 eV. Excitation near 4.5 eV
and 5.3 eV predominantly results in Ce’” emission, whereas excitation around 6.2 eV
and 6.9 eV yields both Ce’" and STE emission. Since the bands near 4.5 eV and 5.3
eV are completely absent in the optical excitation spectrum of pure Cs,LiYClg, they
are both ascribed to Ce®" transitions. That near 4.5 ¢V might be due to a Ce®" centre of
lower symmetry [8] caused for example by aggregation of Ce’* ions. The band near
5.3 eV is ascribed to Ce®" 4f (°Fsp) — 5d(e,) transitions. Accordingly, the 5d(ty, - €,)
crystal field splitting is €. = 15,300 + 2,400 cm™, which is relatively small compared
to numbers for chloro-elpasolites reported by Dorenbos [13]. Nevertheless, it
compares well with the results for CszNaLuCl(S:Ce3+ [4] and CszLiLale,:Ce3+ [5]. The
bands near 6.2 eV and 6.9 eV are due to direct STE excitation and band-to-band
transitions, respectively. However, Cs,LiYCls:Ce’" is also efficiently excited in the
region between 5.3 and 6.2 eV. Possibly, it is due to the increase in temperature which
broadens the excitation bands considerably, but it can also be due to Ce’™ 4f — 6s
transitions. At the moment we cannot discriminate between the two.
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Fig. 10. Excitation spectrum of Cs,LiYBrg:Ce®" monitoring Ce®" emission, recorded at 130 K. The
dotted trace represents the excitation spectrum of pure Cs,LiYBrg.

The excitation spectrum of CszLiYBr6:Ce3+ at 130 K monitoring the Ce*" emission at
3.0 eV is shown in Fig. 10 (solid trace). The Ce’” 4f — 5d(tog) transitions of the
bromide are found at lower energies than for the chloride, i.e. between 3.2 and 3.9 eV.
The Ce*” 4f — 5d(e,) transition is located at 5.3 eV which results in a 5d(tyg - €,)
crystal field splitting of e.¢ = 17,300 &+ 1,300 cm-1. Similar values for the energy and
the 5d crystal field splitting of Ce’™ have been reported for other bromides [11]. It is
remarkable that for Cs,LiYCls:Ce’" the Ce’" 4f — 5d(te) transitions are more intense
than the band-to-band transitions between 6 and 7 eV, whereas it is the other way
around for the bromide.

7.3.3 Scintillation decay

Figure 11 shows the scintillation decay time spectra of (a) Cs,LiYClg, (b)
CszLiYC16:Ce3+, (c) Cs,LiYBrg, and (d) CszLiYBr6:Ce3+ at room temperature under
137Cs gamma-ray excitation. The insets in Figs. 11a and b show the decay time spectra
under pulsed X-ray excitation on an extended time scale for Cs;LiYCls and
CszLiYCl6:Ce3+, respectively.

The decay curve of Cs;LiYClg is characterised by two components: a fast one
with a lifetime of 2 &+ 1 ns, characteristic for CV luminescence in Cs-based chlorides
[14,15] and a slow component with a decay time of 6.9 + 0.1 ps due to STE emission.
Both components are also present in the Cs,LiYClg:Ce*" spectra but the slow
component has a shorter life time of 4.3 £ 0.1 ps probably due to both STE and Ce’”
emission. However, there are further contributions that can be modelled by a non-
exponential decay with a lifetime of about 400 ns.

75



@ (b) ~
i ‘ 3 ”(/ MWW\W“‘
ﬂ 8 \
% i ‘MW%M«W 0 1 ns o ® § 3 | ’ Tt "
8 "*MWWM‘\MWM MWWWMM Q ns
M ‘l“. . MIALMM«, T
: T 10 15 0 5 10 15
Time (us) Time (us)
© (d)
L m‘,ww” ]
* J‘W“‘memh 2]
£l ™ ' Hi
S M’M T 3 \W
8 WMMWWWWM 8 | MWMWMW Wi
L ‘ 3 L A
\ ey
: | | | . . : ' ' ' : 10

4 6
Time (us)

Fig. 11. Scintillation decay time spectra of (a) Cs,LiYCls, (b) Cs,LiYCls:Ce®", (¢) Cs,LiYBrs and (d)
Cs,LiYBrg:Ce’* at room temperature under Cs-137 gamma-ray excitation.

The only compound that seems to have a single exponential decay is Cs,LiYBrs. Its
luminescence has a lifetime of 2.4 + 0.2 ps. The decay curve of CszLiYBrf,:Ce3+ can
be described by three decay components. A relatively fast component of 65 £+ 5 ns,
typical for Ce’” emission, an intermediate, non-exponential one of 1.1 = 0.1 ps and a
slow on of 9 + 1 ps. The latter are probably due to Ce’” and STE emission,
respectively. Neither bromide shows a fast component due to CV luminescence.

In Fig. 12 the decay time t of the STE in (a) Cs;LiYCls and (b) Cs,LiYBrs is
presented as function of 1/T. The samples were excited at 5.9 eV and 6.0 eV

respectively, monitoring all emissions. The dotted curves show model calculations
according to

L Lo -8 o
T TR T, kT

where 1/t and (1/1,)exp(-AE/kT) are the probabilities of radiative and thermal decay,
respectively, AE is the activation energy for thermal decay, and k the Boltzman

constant. From a fit to equation 2 values for AE, 1z, and t, were obtained. They are
summarised in Table 1.

Table 1. The activation energy for thermal decay, AE, the lifetime of radiative decay, Tz,
and thermal decay, T, for self-trapped excitons in Cs,LiYCls and Cs,LiYBrs.

Compound AE T, TR
(V) (ps) (us)

Cs,LiYClg 0.10£0.01 - 33+£5

Cs,LiYBrg 0.30 £ 0.03 150 + 50 4+1
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Fig. 12. Decay time of the STE, [1], in (a) Cs,LiYCls and (b) Cs,LiYBrg as function of temperature.

The activation energies for thermal decay AE are 100 = 10 meV and 300 + 30 meV,
for Cs,LiYClg and Cs;Li1YBrg, respectively. The lifetime of radiative decay, 1z of the
STE in Cs,Li1YBrg is significantly shorter than in Cs,LiYClg,

7.4 Discussion

Pure Cs,;LiYClg shows a broad structured emission band between 3 eV and 6 eV
(see Figure 6), with a fast decay time (t = 10” s) due to CV luminescence. A model
for CV transitions, according to which the energy position and width of the CV
luminescence bands depend on the position and width of the 3p Cl valence band and
the 5p Cs core band, can be used to rationalise the situation in the band structure
picture shown in Fig. 13. The energies of the bands were calculated using the
GAUSSIANO98 (G98) program [16]. The widths of the 3p Cl and 5p Cs bands were
taken to be 3 eV and 4 eV [3], respectively, and the band gap energy E, = 6.8 eV (see
Figure 3).

In contrast to the chloride, Cs,LiYBrs does not show CV luminescence.
Apparently, the condition for the detection of CV band transitions [1] is not met in
Cs,LiYBrs. Probably because of the relatively high probability of the competing
Auger-decay [1]. This assumption is supported by the fact that the bandgap of
Cs,LiYBryg is smaller than for Cs,LiYClg, 5.7 eV and 6.8 eV, respectively. Hence, CV
luminescence is more easily quenched in Cs,LiYBrg than in Cs;Li1YCls, see Figure 13.
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Unfortunately, the contribution of CV Iluminescence to the total light yield is
relatively small in Cs;LiYCls. The major contribution to the total light yield is STE
emission. In both Cs;LiYClg and Cs;LiYBrg, STE emission is observed with a long
life time in the order of 1 — 10 ps and a large activation energy for thermal decay of
the order of 100 — 300 meV. For most alkaline-earth halides [17] and for KI [18],
[19], an equally large activation energy for thermal decay was reported, but most
other alkali halides show STE emission with a decay time and activation energy for
thermal decay being an order of magnitude smaller. The smaller lifetime of radiative
decay of the STE in the bromide is due to the stronger spin-orbit coupling of the
groundstate [20] of the STE. Additionally, the spin-orbit splitting of the halogen p
valence band increases as the halogen atom becomes heavier [21]. Since Cs,LiYCle
and Cs,LiYBr¢ have the same crystal structure, the valence band in the bromide is
broader than the valence band in the chloride. Consequently, free holes will move
more easily through the valence band in the case of Cs,;LiYBrg.

Although the energy of the STE luminescence band overlaps with Ce’™ 4f — 5d
transitions, in both Cs;LiYCls:Ce’ and Cs,LiYBrs:Ce®” (compare Fig. 1 with Fig. 9
and 10), there is still some STE emission present in the room temperature x-ray
excited optical luminescence spectra (see Fig. 2). Apparently, energy transfer from the
STE to Ce’" centres is inefficient and occurs to a large extent radiatively.

Energy transfer due to absorption of STE emission by Ce’* ions results in Ce’"
emission and a dip in the STE emission band at the position of the Ce*" absorption
band (see Fig. 2). In this case, the effective lifetime of the Ce’” emission equals the
lifetime of the STE. It is expected that for this type of energy transfer the
luminescence intensity as function of temperature decreases with increasing
temperature due to the quenching of STE luminescence. However, the model
described above does not explain the bell-shaped curves of the X-ray excited optical
luminescence spectra as function of temperature shown in Fig. 4 . That is, one needs
to explain the increase in the relative light yield, from 100 to 300 K and from 100 to
200 K for CszLiYC16:Ce3+ and CszLiYBrG:Ce3+, respectively, and subsequently the
decrease in the relative light yield for both Cs,LiYCls:Ce** and Cs,LiYBrs:Ce® up to
400 K.

Interestingly, the bell-shaped curves have been observed before [22,23] and were
attributed to the production of F' centres. As an example, the production of F' centres
in KCI at different temperatures [24] is shown in Fig. 14.
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Fig. 14. Radiation production efficiency for F' centres in KCl at different temperatures (reproduced
from [24]). The numbers above the room temperature points give the dose rate in eV absorbed per cm’
per sec.

Vilu and Elango [25] compared the temperature dependence of the production
efficiency of F centres in a number of alkali halides with the temperature dependence
of recombination luminescence and thermoluminescence spectra. Their results show
that the bell-shaped curve shown in Fig. 14 is also present in NaCl, KBr, and KI.
Moreover, the optimum temperature at which the efficiency of the F' centre formation
is maximal decreases along the series Cl — Br — I, which is in good agreement with
the temperature at which localisation and self-trapping of holes takes place in the
crystal lattice. Also the X-ray excited optical luminescence spectra as function of
temperature shown in Fig. 4 shows this trend with halide ion. Keeping this in mind,
we propose that energy transfer by binary electron hole diffusion is the dominant
scintillation mechanism in the elpasolites and the following mechanisms are operation
when the temperature increases:

A I2K<T<100K

At temperatures between 1.2 and 100 K, the holes are trapped in the lattice and
form immobile Vg centres. Whether the electron is actually bound to an Y ion, or
forming a self-trapped exciton with the localised hole is not known. Recombination
with the electron predominately gives rise to STE luminescence. Alternatively, it is
also possible that the holes are trapped in the lattice and form H centres. In this case,
the electrons occupy anion vacancies and form F centres. If some of the H centres are
mobile, recombination with the electron also leads to STE luminescence. When the
temperature increases, more and more H centres will become mobile and,
consequently, the number of F' centres decreases (see Fig. 14).
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B. I00K<T<200K"

At liquid nitrogen temperatures, additional holes are created by the decay of the
V centres that are captured by Ce". Free electrons subsequently recombine with the
Ce*" centres and Ce’" emission is observed. The Ce’" luminescence efficiency
increases with temperature because the decay of the Vi centres increases with
temperature. Alternatively, both F centres and H centres may be stabilised next to
Ce’". Recombination of the electron and hole excite Ce’" and Ce’" emission is
observed. The Ce’* luminescence efficiency increases with temperature because the
number of stabilised F centres and H centres increases (see Fig. 14).

C. T~200K

The maximum intensity of Ce’”  luminescence in CszLiYCIG:Ce3+ and
Cs,LiYBrg:Ce’" is found at 300 K and 200 K, respectively (see Fig. 4). Probably, the
decay of the trapped holes in the chloride takes place at higher temperatures than in
the bromide. We already referred to the work of Vilu et al. [25].

D. T>200K"

At elevated temperatures, the Ce’” luminescence efficiency decreases due to the
quenching of Ce’" emission. The majority of the electrons and holes form an
(impurity perturbed) STE which is relatively stable in both pure and Ce** doped
Cs;LiYClg and Cs;LiYBrg. Assuming that in both cases free electrons move faster
than free holes, fast Ce** luminescence is observed if the diffusion rate of the holes is
of the order of magnitude of the time needed to create an STE. Since this process is
dependent on Ce concentration, it is expected that increasing the Ce®” concentration
will lead to an (slight) increase in the contribution of the short decay component to the
light yield.

7.5 Conclusions

The optical and scintillation properties of pure and Ce** -doped Cs,LiYX; (X = Cl,
Br) have been presented. In these systems, energy transfer by binary electron-hole
diffusion is the dominant scintillation mechanism. Additionally, core-valence (CV)
luminescence is present in the pure chloride. The anion does not seem to influence the
scintillation mechanism significantly apart from the mobility of the holes. Therefore,
we expect that the same scintillation mechanism is dominant in the iodide and other
variants: CsAYXs:Ce" (A = Li, Na, K; X = Cl, Br, I). The lifetime of STE
luminescence tends to decrease from Cl to Br, due to the larger spin-orbit coupling in
the bromide. It is expected that in the iodide, the lifetime of the STE is even shorter.

T For the chloride this value is about 300 K, i.e. the maximum of the Ce** luminescence efficiency.
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8. The lutetium halides - LuX;:Ce®" (X = CI, Br)*

8.1 Introduction

In the previous chapter, we have presented the optical and scintillation properties
of the elpasolites - Cs,LiYXs:Ce®™ (X = Cl, Br). It was proposed that energy transfer
by binary electron hole recombination be the dominant scintillation mechanism in
these materials. Although self-trapped exciton (STE) emission had been observed,
both at liquid nitrogen temperatures and at room temperature, STE diffusion did not
play a significant role.

In this chapter, we discuss the properties and mechanism of scintillation in
LuCl;:Ce’™ and LuBr;:Ce’" crystals. Some of the properties of LuCly:Ce’” and
LuBr;:Ce’" have already been reported [1]. In this work, the scintillation properties of
LuCl3:2%, 4%, 10% Ce’", LuBr3:2.5% and 8% Ce’" are also presented. Additionally a
scintillation mechanism for both LuCl3:Ce3+ and LuBr3:Ce3+ is proposed and
discussed. It is shown that at room temperature, energy transfer by binary electron
hole diffusion is the dominant mechanism in these materials. At lower irradiation
temperatures, Vg diffusion is probably more important.

8.2 Material

Single crystals of LuCl; and LuBr; doped with different Ce concentrations were
grown by the Bridgman technique using a static vertical silica ampoule and a moving
furnace. Starting materials were prepared according to the ammonium halide method
[2],[3] from Lu,Os (Materials Technology International, > 99.995%), CeO, (Heraeus,
99.999%), NH4Cl/Br (Merck, reinst) and HCI/Br (Merck, pro-analysi). The Ce
concentration was determined by Induction Coupled Plasma Spectroscopy (ICPS).
LuCl; and LuBr; crystallise in the AICl; and Bil; type structure with space group C
2/m (no. 12) [4] and R-3 (no. 148) [5], respectively. Both structures are layered.
Based on structure and lattice parameters, LuCl; and LuBr; have a calculated density
of 4.00 g/cm® and 5.17 g/em’, respectively.

8.3 Results

8.3.1 X-ray excited optical luminescence

X-ray excited optical luminescence spectra of pure LuCly, LuCl3;:2% Ce*',
LuBr3:0.021%, 2.5%, and 8% Ce’" are shown in Fig. 1. The spectra of pure LuCls
LuCl;:0.45% Ce3+, LuBr;:0.021%, 0.46%, and 0.76% Ce’* have already been
published by Guillot-Noél et al. [1]. For pure LuCl;, the X-ray excited optical
luminescence spectrum at 140 K (see inset) consists of a broad structured band
peaking at 386 nm. It is attributed to self-trapped exciton (STE) luminescence. Also

* based on: E.V.D. van Loef, P. Dorenbos, C.W.E. van Eijk, K.W. Krimer, H.U. Giidel, Nucl. Instr.
Meth. Phys. Res. A 496 (2003) 138.
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Tb>" impurities are observed (marked with asterisks). For LuCl; doped with Ce*", the
spectrum is dominated by a broad emission band located between 350 and 500 nm,
peaking at 374 nm. It is caused by transitions from the lowest energy level of the
Cce’* 4/5d configuration to the spin-orbit split 2F5/2 and 2F7/2 levels. The x-ray excited
optical luminescence spectrum of LuBrs:0.021% Ce’" is dominated by a broad
luminescence band, ranging from 200 nm to at least 800 nm with a maximum around
455 nm. It is probably due to STE emission. For other bromides [6,7] similar bands
have been observed and were ascribed to STE luminescence. The x-ray excited
optical luminescence spectra of LuBrs:Ce’" are dominated by a broad emission band
located between 350 nm and 600 nm, due to Ce*" luminescence. Note that when the
Ce concentration is increased, the intensity of the Ce*" emission band decreases.

240
3+ x
i LuBr,:2.5% Ce \ Pure LuCI, at 140 K

—_ LuBr,:8% Ce®"
e 180 o ™N
c
> |
[<})
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Fig. 1. X-ray excited optical luminescence spectra of LuBr;:0.021%, 2.5%, 10% Ce*", and LuCl;:2%
Ce’" at room temperature. The y-axis has been calibrated using the light yields derived from pulse
height spectra . The inset shows the x-ray excited optical luminescence spectrum of pure LuCl; at 140
K. For this spectrum the y-axis has not been calibrated. The asterisks indicate 4f — 4f transitions of
Tb*" impurities.

Figure 2 shows the light yield of pure LuCl; as function of 1/T (K'"). The dotted curve
shows the best fit (R = 0.99915) to a model calculation according to

JIr —
(1 +T Vo€

—E/kT) (1)
where [ is the intensity in the low temperature limit 7 — 0 K, 7z the lifetime of
radiative decay, vy the rate of non-radiative decay, £ the activation energy of non-
radiative decay, and k the Boltzman constant. Accordingly, the activation energy of
non-radiative decay £ was determined to be 81 £ 3 meV.
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Fig. 3. Temperature dependence of the light yield of LuCl3:2%, 4%, and 10% Ce’". The lines are drawn
to guide the eye.
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Fig. 4. Temperature dependence of the light yield of LuBr3:0.76%, 2.5%, and 8% Ce*". The lines are
drawn to guide the eye. The small upward and downward pointing arrows denote the increase and
decreases, respectively, of the intensity of STE and Ce’" luminescence.

In Ref. [1], the temperature dependence of the total light yield of LuCl3:0.45% Ce’
under X-ray excitation was presented. Here, we show the light yield as function of
temperature for pure LuCls:2%, 4%, and 10% Ce3+, see Fig. 3. From 140 to 400 K,
the light yield of LuCl3:2% Ce’’, increases by about 110%. The light yield of
LuCl3:4% Ce®" decreases slightly in the same temperature interval. At 400 K, it is
about 90% of that at 140 K. The evolution of the light yield as function of temperature
of LuCl3:10% Ce** is very much identical to that of the elpasolites (see Chapter 6).
First, it decreases by about 30% from 135 to 175 K, then increases by 200% up to 375
K, and finally decreases by 5% from 375 to 400 K.

The temperature dependence of the light yield under X-ray excitation of
LuBry:Ce’ is shown in Fig. 4. For LuBr3:0.76% Ce’", the Ce’" luminescence
intensity increases between 135 and 300 K, while the STE emission decreases. This is
indicated with small arrows. Between 300 and 425 K, both STE and Ce*" emission
intensities decrease. A similar behaviour is observed for LuBr;:2.5% and 8 % Cce*".

8.3.2 Light yield

In Ref. [1], first results on gamma-ray excited scintillation light yields were
presented. In Table I, results are presented on absolute light yields derived from pulse
height spectra under '*’Cs y-ray excitation for pure LuCls, LuCl3:2%, 4%, 10%, Ce’",
LuBr3:0.021%, 0.46%, 0.76%, 2.5%, and 8% Ce”"

In order to determine the position of the photopeak and the energy resolution of
the studies compounds, the photopeak was fitted with several Gaussian curves. In
addition to scintillation pulses emitted after absorption of *’Cs 662 keV photons,
scintillation pulses are generated intrinsically too. The intrinsic activity is due to the
presence of the radioactive '"°Lu isotope in natural lutetium with an abundance of
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2.6%. The background spectrum is due to B-particles with end-point energies of 195
and 596 keV, and to main photons with energies of 202 and 307 keV.

A pulse height spectrum could not be obtained with pure LuCl; due to the very
low light yield. By comparing the integral of the X-ray excited optical luminescence
spectrum of pure LuCl; with other samples, the light yield at room temperature was
estimated to be 375 + 50 ph/MeV. For LuCl;s:2%, 4%, and 10% Ce®™ we measured
light yields of the order of 4000 — 6000 ph/MeV. LuBr3:0.021% Ce’" has the highest
light yield at room temperature: 29000 £+ 3000 ph/MeV. Fig. 1 shows that it is mainly
due to STE luminescence. From 0.5 to 10 ps, an increase of > 500% is measured, see
Table I. This means that the STE luminescence is characterised by a main decay
component of the order of a few microseconds. For the LuBr;:Ce’", the light yield
decreases as the Ce concentration is increased. For LuBr;:0.76%, 2.5%, and 8% ce’ "
the light yield is 26000, 19000, and 16000 ph/MeV, respectively. For LuBr3:0.46%
Ce’" we obtained a rather low value for the absolute light yield, i.e. 18000 ph/MeV,
compared to LuBr3:0.021% and 0.76% Ce’". This sample originates from a different
batch than the other bromides and the quality of this crystal could easily be less than
the quality of the other samples.

Table I. Light yields derived from pulse height spectra, energy resolution R,
photomultiplier resolution Ry, and scintillator resolution Rs of pure LuCl;,
LuCl3:0.45%, 2%, 4%, 10% Ce*", LuBr;:0.021%, 0.46%, 0.76%, 2.5% and 8% Ce**
under ¥'Cs 662 keV y-ray excitation.

Host  [Ce’'] Photon yield Energy Photo-  Scintillator
(%) (10° ph/MeV) resolution  multiplier  resolution
0.5 us 3us 10 ps R resolution R
(%) R (%)
(%)
LuCl3

LuCl; 045 55+05 63+0.6 6.6+0.6 18.0+0.5 7.8+0.1 16.0£0.5
LuCl; 2 5505 63+x06 64+06 138+05 13.6x05 22+0.1
LuCls 4 48+04 52+£04 54x£05 114+£04 85104 7.6+0.3
LuCls 10 59+05 67£06 6406 11.7£04 73x03 92+04
LuBr; 0.021 54+0.5 18£2 293 8.6+0.5 45x0.2 74+04
LuBr; 0.46 9+1 14+1 182 7.81£0.3 4.8£0.1 6.1+0.4
LuBr; 0.76 11£1 182 26£3 6.5+0.5 42+0.1 50£05
LuBr; 2.5 11+1 16 £2 192 6.210.2 52£02 34%0.1
LuBr; 8 11+1 14+1 16+1 6.0+0.1 54£0.1 2.6+0.1
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8.3.3 Scintillation decay

The gamma ray excited scintillation decay time spectra at 300 K of pure LuCls,
LuCl3:2% and 4% Ce”" are presented in Fig. 5. At first sight, the decay curves are not
simply exponential and have a long decay component extending into the microsecond
region. If only the first few microseconds are considered, the decay time decreases
when the Ce concentration increases. Scintillation decay time spectra of
LuBr;3:0.021%, 0.76%, 2.5%, and 8% Ce’" are shown in Fig. 6. As for the chlorides, a
simple exponential decay profile is not observed. Only LuBr3:0.021% Ce’" can the
scintillation decay curve be characterised by a first order exponential decay function.
In order to characterise the decay curves more accurately, three decay components
were assumed. This assumption has not necessarily a physical meaning but is used to
analyse the data. In Table II, the three decay components are presented as well as
their relative contribution to the light yield of the crystals. If not denoted otherwise,
all decay components are exponential.

Table II. Characteristic components of the scintillation decay curves of pure LuCl;,
LuCl3:0.45%, 2%, 4%, 10%, Ce*’, LuBr;:0.021%, 0.46%, 0.76%, 2.5%, and 8% Ce"".
The components marked with an asterisk are non-exponential and have been
approximated by a hyperbolic function.

Host [Ce’ Decay components
(%) (relative contribution to the total light yield)

Short Intermediate Long

(ns) (ns) (us)
LuCl; - - 830+90 * -
LuCl; 0.45 - 110 + 10 (87%) >2 (13%)

*

LuCl; 2 - 85+9(73%) * > 6 (27%)
LuCl; 4 - 76 + 8 (91%) * >6(9%)
LuCl; 10 - 88+9 (81%) * >9 (19%)
LuBr; 0.021 - - 6+1
LuBr; 0.46 32+ 3 (10%) 500 + 50 (20%) > 5 (70%)
LuBr; 0.76 32+3(15%) 500 £ 50 (21%) > 5 (64%)
LuBr; 2.5 20 £ 2 (31%) 480 + 50 (18%) >5(51%)
LuBr; 8 19+ 2 (33%) 370 £ 50 (22%) > 5 (45%)
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8.4 Discussion

8.4.1. LuCl;:Ce’*

Let us consider pure LuCls first. Its very low light yield at room temperature
suggests that the non-radiative decay of the STE in LuCl; proceeds with a high
probability. It might be due to the presence of traps in the lattice, or simply because
the STE is strongly coupled to the phonons in the lattice. It has been argued that
quenching of STE luminescence must involve activation over a barrier against F — H
pair formation [8-10]. Interestingly, the activation energy of non-radiative decay of
pure LuCl; is of the same order of magnitude as the activation energy needed to
overcome this barrier, i.e. ~ 80 meV.

Since the crystal structure of LuCl; leaves ample room for the off-centre
relaxation of the Vi core of the STE in the <001> direction, i.e. the relaxation of the
chloride ion into the space between the layers, the quenching of STE luminescence in
LuCls is probably the result of the nearest neighbour F — H pair formation and their
subsequent, non-radiative decay.

In the case of LuCl5:0.45%, 2%, 4%, and 10% ce’ ", the behaviour of the

electrons, holes and the STE might be completely different. Here, the presence of
Ce’” acts as an iso-electronic impurity which does not introduce an electrostatic long-
range potential, but may present a short-range potential by the difference of its
electronegativity from that of the host atom. Also, the introduction of Ce’" on a
smaller cationic site (rce3+/rLu3+ ~ 1.15) results in a relaxation of the immediate
environment of Ce’" that can create a potential well for the trapping of electrons or
holes. The absence of STE luminescence at room temperature in the samples with a
low Ce concentration is an indication that the non-radiative decay of the STE in
LuCls:Ce’" also proceeds with a high probability. However, it is also possible that the
apparent presence of a potential well prevents the formation of an STE because of the
trapping and stabilisation of electrons or holes near Ce”".
Since the STE apparently favours the off-centre position in pure LuCl; and effectively
is a nearest neighbour F — H pair, the A centre may diffuse apart from the trapped
electron and be stabilised near a Ce’”. Considering the above and the notion that the
major part of the decay curves for LuCl3:2%, 4%, and 10% Ce”" are non-exponential,
energy transfer by binary electron-hole diffusion is proposed to be the dominant
scintillation mechanism in these materials.

The temperature dependence of the light yield of LuCls:2%, 4%, and 10% Ce*"
can be explained as follows: for temperatures T < 175 K, the diffusion rate of the
electrons and holes is too slow to reach a Ce** centre before an intrinsic, localised F —
H pair is formed. Most part of the emission is therefore due to the recombination of
the nearest neighbour F — H pair (STE). From 175 to 350 K, the mobility of the H
centre and the mobility of the F — H pair increases. Recombination on Ce®" partly
yields Ce®" emission and the light yield increases with temperature. It is quite possible
that the H centre is a nearest neighbour of a Ce®" centre, whereas the lattice traps the
electron at an anion vacancy (F centre). If the configuration is stable, neither Ce** nor
STE emission is observed. This would explain the rather low light yield of the
samples.
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8.4.2 LuBrg.'Ce3+

For LuBr3:0.76%, 2.5%, and 8% Ce3+, the light yield decreases considerably if
Ce’" is incorporated into pure LuBr;. Similar effects have been observed for BaF,
doped with different La®" concentration [11]. In this material, the electrons transfer
from the interstitial fluorine ions to La’" where they are loosely trapped. The hole
remains on the fluorine interstitial ion and is supposed to become self-trapped,
forming a H centre with one of the other native fluorine ions [12]. At higher
temperatures, another native fluorine ion may move to an off-centre position and form
an additional H centre leaving an anion vacancy. Subsequently, the electron trapped in
a shallow state of La’" may be trapped at this vacancy and form a F centre.

In the case of BaF,:La’", it is assumed that the electron is trapped in shallow La
states. Quantum mechanical calculation show that there are indeed La states below the
bottom of the conduction band [13]. In the case of LuBrs;:Ce’", it is not feasible that
Cce’* traps an electron. So far, it has only be observed in CaF,, SrF,, and BaF, [14].

Additionally, the absence of the interstitial halide ion inhibits the prompt
formation of a H centre. However, it is assumed that at T < 100 K a hole will readily
be trapped in the indigenous lattice to form a Vg or H centre. As for LuCls, the crystal
structure of LuBr; leaves ample room for the off-centre relaxation of the Vg core of
the STE in the [001] direction, i.e. the relaxation of the bromide ion into the space
between the layers. Interestingly, the energy of the STE luminescence in LuBr; is
about 0.6 eV lower than the energy of the STE luminescence in the chloride.
Probably, the axial shift of the Vx core towards an off-centre position in LuBr; is even
larger than that in the chloride. Quenching of STE luminescence by Ce® is only
possible if Ce®" traps the Vi or H centre before it can recombine with the electron,
provided that the electron is stabilised elsewhere. In the case of the H centre stabilised
near Ce’”, the electron occupies the anion vacancy and forms an F centre. Probably,
this process is very efficient and neither radiative energy transfer via the STE to Ce’”
nor STE diffusion will play an important role.

We propose energy transfer by binary electron hole diffusion as the dominant
scintillation mechanism. At T < 100 K, the holes are trapped in the lattice and form H
centres, whereas the electrons occupy the nearest neighbour anion vacancies and form
F centres. If the temperature is raised, the mobility of the H centres increases, whereas
the F centre remains on-site. If it is assumed that Ce’" acts as a deep trap for the H
centres, the diffusion of the H centres through the lattice will eventually lead to the
trapping and stabilisation of the H centres near Ce’*. A small part of the holes may
recombine with the F centres leading to STE luminescence. The trapping by Ce®" is
very efficient, since the light yield of STE luminescence in LuBrs:Ce’" is negligible
compared to LuBr;:0.021% Ce’". It is not assumed that the F and H centres diffuse in
a correlated motion. If this were true, the lifetime of the STE, i.e. the F — H pair,
would decreases significantly when the Ce concentration is increased, but this has not
been observed.

At higher Ce concentrations, the probability that a H centre is trapped near Ce**
increases and number of traps for both the hole and the electron increases. Thus, the
light yield decreases if the Ce concentration is increased. At T > 350 K, the light yield
of LuBr3:Ce’" decreases because temperature effects quench the Ce®" emission.
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8.5 Conclusions

For both LuCls:Ce®" and LuBr3:Ce’*", binary electron-hole diffusion is the model
that describes the scintillation mechanism best. This model was proposed earlier for
LuPO,:Ce’", LuAlO;:Ce’" [15] and Nal:Tl [16] where Ce®" and TI" act as hole and
electron trap, respectively, and the elpasolites (see chapter 7).

LuCl3:Ce®" and LuBr;:Ce’" have a low light yield and long decay components are
present in the scintillation decay. Increasing the Ce concentration has no significant
influence on the scintillation properties of the chloride. For the bromide an anti-
correlation was observed between Ce concentration and light yield.
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9. The ternary halides — K,LaXs:Ce™ (X=CL Br,I)’

9.1 Introduction

In the previous chapters we have introduced several new inorganic scintillators,
presented their optical and scintillation properties, and discussed the scintillation
mechanisms. In an attempt to investigate the influence of the chemical environment
on the optical and scintillation properties of metal-halide scintillators, we decided to
work on pure and Ce®” doped K,LaXs (X = Cl, Br, I). These systems are isostructural,
whereas the environment of the trivalent cation is altered by chemical variation of the
halide ion from Cl to Br to 1.

It is well known that the physical and chemical properties of the halogens and
their anions change considerably along the series from F to CI to Br to I. The anion
has a profound influence on both the energy of the 5d levels of Ce®* [1-3], and the
luminescence properties of the pure compound. For instance, the emission energies
and lifetimes of self-trapped excitons (STEs) in alkali halides strongly depend on the
anion [4]. Also the dynamical properties of the STE change because, e.g., the energy
barrier for STE migration through the lattice decreases from Cl to Br to L.

In this chapter, we report on the influence of the anion on the spectroscopic and
scintillation properties of pure and Ce’" doped K,LaXs. Both static and dynamic
aspects are discussed. The spectroscopic properties of K,LaXs:Ce’* are compared with
those of Ce*" in LaCl; and LaBr;, and to a lesser extent with Lals, as well as of Eu?"
in the potassium halides KX. The emission wavelength and lifetime of the STE, the
energy of the 4/5d states of Ce’", as well as energy transfer from the STE to Ce’" are
described and discussed.

9.2 Material

Single crystals of pure and Ce’" doped K,LaXs (X = Cl, Br, I) were grown by the
vertical Bridgman technique using a static ampoule and a moving furnace. KX
(Merck, suprapur), LaX;, and CeX; were used as starting materials. LaCls/Br; and
CeCls/Br; were prepared from La,O; using the ammonium halide method [5,6]. Lal;
and Cel; were synthesised from the elements [7]. To remove traces of water and
oxygen they were purified by sublimation in tantalum or silica ampoules For the
crystal growth stoichiometric amounts of the starting materials were sealed in silica
ampoules under vacuum. All material handling was done under strictly dry
conditions, e.g. in glove boxes with H,O <01 ppm.

The ternary halides K;LaXs crystallise in the K,PrXs type structure, space group
Pnma (no. 62) [8]. The structure can be described as a hexagonal densest arrangement
of chains of edge-connected polyhedra [LaX;]. The polyhedra may be viewed as
mono-capped trigonal prisms with the La’" ion in the centre, see Fig. 1. The point
symmetry at the La site is Cs. The seven CI', Br', or I' ions are at an average distance
of 284 pm, 299 pm, and 323 pm from the central La’" ion, respectively. The

* based on: E.V.D. van Loef, P. Dorenbos, C.W.E. van Eijk, K.W. Krdmer, H.U. Giidel, Phys Rev. B,
submitted.
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calculated density of K,;LaCls, K;LaBrs, and K,Lals is 2.9 g/cm3, 39 g/cm3, and 4.4
g/em’, respectively.

“ .w— t- Fig. 1. The distorted mono-capped trigonal prism

polyhedron around La*" in K,LaCls.

9.3 Results

9.3.1 X-ray excited optical luminescence

Figures 2 shows the X-ray excited optical luminescence spectra of K,LaXs (X =
Cl, Br, I) at 80 K. The spectra are dominated by a broad emission band located
between 300 and 550 nm. The emission band can readily be assigned to self-trapped
exciton (STE) luminescence. For the iodide (c), the emission spectrum of the STE is
shown as the dotted trace. The sharp line emissions at 600 and 679 nm in the iodide
spectrum and to a lesser extend in the bromide spectrum are probably due to not
further identified rare earth impurities. The sharp decline of intensity in the K,Lals
spectrum at wavelengths shorter than 400 nm is attributed to absorption of STE
emission by the 380 nm fd band of Ce", present as impurity in the nominally undoped
compound. Ce’" is also the origin for the emission bands observed near 400 and 440
nm. Unintended Ce’* impurities are also the reason for some structure on the high
energy side of the STE emission in K;LaCls and K;LaBrs.

X-ray excited optical luminescence spectra of K,LaCls:0.1% Ce’" [9],
K,LaBrs:0.7% Ce3+, and KyLal5:0.7% Ce’" at 80 K are shown Fig. 3 (solid traces).
Also depicted are the 300 K spectra of the bromide and the iodide compounds (dotted
traces). For all three lattices characteristic Ce®* 5d — 4f emission is observed. The
maxima are located at 344 and 372 nm for the chloride, at 359 and 391 nm for the
bromide, and at 401 and 439 nm for the iodide, for the 54 — 2F5/2 and 5d — 2F7/2
transitions, respectively. In addition, a weak emission is present as a broad band or
tail on the long wavelength side of the Ce®" doublet. It is attributed to residual STE
emission. If the temperature is raised to 300 K the intensity of this band decreases
rapidly and only Ce’* emission is observed.
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Fig. 2. X-Ray excited optical luminescence spectra of (a) K,LaCls, (b) K,LaBrs, and (c) K,Lals at 80
K. The dotted trace in the iodide spectrum (c) represents the contribution of the STE to the emission.
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Fig. 3. X-Ray excited optical luminescence spectra of (a) K,LaCls:0.1% Ce’*, (b) K,LaBrs:0.7% Ce’",
and (c) K,Lals:0.7% Ce’". The spectra were measured at 80 K (solid trace) and at 300 K (dotted trace).
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Fig. 4. Temperature dependence of Ce’", STE and total luminescence intensity of X-ray excited
K,LaBrs:0.7% Ce™".
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Fig. 5. Temperature dependence of Ce’", STE and total luminescence intensity of X-ray excited
K,Lal5:0.7% Ce™".
The total luminescence intensity under X-ray excitation of K;LaBrs:0.7% Ce*" and

KsLals:0.7% Ce" is depicted in Figs. 4 and 5, respectively. From 100 to 175 K, the
total luminescence intensity of the bromide and iodide decreases by about 14% and
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22%, respectively. As the temperature rises the Ce’" luminescence intensity is
enhanced at the expense of STE luminescence intensity (compare with Fig. 3). Also
the total luminescence intensity increases. This anti-correlation between Ce’ and STE
luminescence has been observed more clearly in LaCls:0.57% Ce** by Guillot-Noél et
al. [10] and in K;LaCls:0.23% Ce** by van't Spijker et al. [9]. It appears to be a
general behaviour in the K;LaXs and LaX; systems. Furthermore, at 100 K the ratio of
Ce’" to STE emission increases along the series from Cl to I. At 100 K, the
contributions of Ce*" and STE luminescence to the total intensity of K;LaCls:0.23%
Ce*" are 15% and 8%, respectively [9]. However, for K,;LaBrs:0.7% Ce*" and
K,Lal5:0.7% Ce’" the contributions of Ce’* and STE luminescence are almost equal.
At 135 K this is also true for LaCls:0.57% Ce®". Whereas for LaBr;:Ce*" the
contribution of STE luminescence to the total luminescence intensity is negligible
(see Chapter 6).

9.3.2. Optical excitation and emission

Figure 6 compares the excitation spectra of STE emission in pure K,;LaCls and
Ky;LaBrs at 10 K. We define three different energy values. The fundamental
absorption Ey, is the energy of the first sharp onset in the excitation or absorption
spectrum of the pure compound. For K;LaCls this is 202 nm (6.1 eV). The first
maximum in the excitation spectrum of STE emission is attributed to the creation of
free excitons that can be regarded as bound electron hole pairs. This exciton energy
E,, is located at 197 nm (6.3 eV). For K,LaCls the edge of the conduction band Ecj is
found at higher energy and corresponds to the creation of free electrons in the
conduction band and free holes in the valence band. The second onset at 188 nm (6.6
eV) in the spectrum of K;LaCls is attributed to these across the bandgap excitations.
The data on bandgap and exciton energies are compiled in Table I. Figure 6 also
shows some excitations at energies below Ej; which are attributed to Ce’” impurities
in the nominally pure compounds.

Table 1. Properties of undoped LaX;, K;LaXs, and KX (X = Cl, Br, I).

COIl'lpOLll'ld Eﬁl Eex ECB )\'STE Ref.
(eV) (eV) (eV) (nm)

LaCl, 6.2 6.5 7 405 [11]
LaBr; 5.2 5.4 ~6 430

Lal; 3.2 - - -

KCl 75 78 8.7 537 (n) [12]

KBr 6.4 6.7 7.4 544 (m) [12]

KI 5.8 5.9 6.3 407 (x) [12]
K,LaCls 6.1 6.3 6.7 400
KzLaBI'S 5.0 - - 440
K,Lal;s 3.9 - - 480
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Excitation and emission spectra of K;LaCls:0.1% Ce*" at 10 K are shown in Fig. 7

(solid traces). For comparison, the excitation spectrum of the undoped compound is
reported as dotted trace. The emission spectrum shows two maxima located at 344

and 372 nm, due to transitions from the lowest energy level of the Ce’" 5d
configuration to the ’Fs;, and *Fq) levels, respectively. Accordingly, the ’F spin-orbit
splitting is 2190 cm™. In contrast to the X-ray excited optical luminescence spectrum

shown in Fig. 3 no STE emission is excited at 222 nm.

Table IL. Spectroscopic and crystallographic properties of Ce*" doped LaX; and K,LaXG,

and Eu** doped KX (X = Cl, Br, I). Values between brackets are estimated values.

Compound 5d excitation bands € Ecfs Ref.
(nm) (cm™) (cm™)
LaCl, 243 250 263 274 281 13000 5565 [2,11]
LaBr; 260 270 284 299 308 15906 5994
Lal; - - - - 420 - -

KCl:Eu* 2x(250) 3x(357) - 12000 [13]
KBr:Eu* 2x(257) 3x(357) - 10900 [13,14]
KI:Eu** 2x(266) 3x(357) - 9500 [13]
K,LaCls 221 239 256 316 337 13500 15400
K,LaBrs (235) 257 266 325 345  (15500) (13600)
K,Lals (263) (280) (300) 365 380 (19100) (11700)
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Fig. 7. (a) Excitation and (b) emission spectra of K,LaCls:0.1% Ce*" at 10 K. The excitation spectrum
was measured at A = 372 nm, the emission spectrum was measured under A = 222 nm excitation. The
excitation spectrum at A = 415 nm of pure K,LaCl;s (c) is shown for comparison.

In the excitation spectrum several bands can be distinguished. Four are located at 202,
221, 239, and 252 nm. Another band between 300 and 350 nm is actually composed
of two subbands with maxima at 313 and 335 nm [9]. Based on the low symmetry of
the La®" site (Cs), we expect a five fold splitting of the Ce*™ 5d levels. We assign the
five lowest bands to the five 5d levels of Ce*". The °F spin-orbit splitting is 2380 cm™.
The data are compiled in Table II. The band at 202 nm (6.1 eV) is located just at
lower energy than the exciton peak in the pure compound at 197 nm. It is attributed to
the creation of so-called impurity trapped excitons, i.e. an exciton created in the
vicinity of a Ce’" jon.

In Fig. 8 the time integrated and time resolved excitation and emission spectra of
K,LaBrs:0.7% Ce*" and of pure K;LaBrs at 10 K are compared. The Cce*" 5d — af
emission excited at 270 nm gives rise to two maxima at 357 and 388 nm (spectrum e).
Accordingly, the spin-orbit splitting of the *F ground state of Ce®" is 2240 cm™. The
time integrated excitation spectrum monitoring the 54 — 4f emission at 100 K is
composed of two broad bands (spectrum c¢). The band between 22320 and 360 nm is
composed of two subbands as in K;LaCls. Spectrum (d) recorded with synchrotron
radiation at 10 K shows the first band at 328 nm just before the instrumental limit was
reached. The other band is assumed to be located around 345 nm, see Table II. In
spectrum (d) we observe further bands between 250 and 280 nm. In the pure
compound which contains trace impurities of Ce’*, see spectrum (b), these bands are
better resolved and clearly show two maxima at 257 and 266 nm. They are also
attributed to fd transitions in Ce’", see Table II. The excitation peak at 294 nm in
spectrum (c) may be related to an unknown impurity or to excitation of Ce**
aggregates. The sharp decrease in excitation efficiency in spectrum (d) below 255 nm
(5.0 eV) is attributed to the onset of the fundamental absorption of the host crystal,
see Table I. This steep drop in the 10 K spectrum is less pronounced in the 100 K
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spectrum because the energy transfer form the host lattice to Ce®” ions becomes more
efficient at elevated temperatures. The 5™ ce™ fd excitation peak remains unidentified
and is probably located at shorter wavelengths than the onset of the fundamental
absorption at 250 nm.

The excitation spectrum of STE emission in pure K;LaBrs, see Fig. 6 (b) and Fig.
8 (a), does not show clear thresholds and peaks which are required to determine £,
E.., and Ecp. This might be due to a poor efficiency of STE creation under across
bandgap excitation, but also, due to the creation of impurity trapped excitons at
energies below the fundamental absorption onset, since the nominally pure
compounds contain impurities. In this case, the sharp drop in excitation efficiency of
the Ce’" doped compound at 255 nm marks Ey,.
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Fig. 8. Excitation and emission spectra of pure K,LaBrs and K,LaBrs:0.7% Ce’". (a) Slow (106 ns time
gate) excitation spectrum of the 400 nm emission of undoped K,LaBrs at 10 K. (b) Fast (27 ns time
gate) excitation spectrum of the 355 nm emission of undoped K,LaBrs at 10 K. (c) Time integrated
excitation spectrum of the Ce®" df emission at 388 nm of K,LaBrs:0.7% Ce*" at 100 K. (d) Fast (27 ns
time gate) excitation spectrum of the Ce’" df emission at 388 nm of K,LaBrs:0.7% Ce’" at 10 K. (e)
Time integrated emission spectrum of K,LaBrs:0.7% Ce’* upon 270 nm excitation at 100 K.

The excitation and emission spectra of K,Lals:0.7% Ce’" at 100 K are shown in Fig.
9. The emission spectrum (b) is dominated by the characteristic doublet of Ce*” 5d —
4f emission with peak positions at 399 and 437 nm. Accordingly, the spin-orbit
splitting of the ground state of Ce’" is 2180 cm™. The excitation spectrum (a) shows a
broad band between 350 and 400 nm which resembles similar bands observed for
K;,LaCls and K;LaBrs. Following the results for K,;LaCls the broad band is attributed
to an unresolved doublet located at approximately 365 and 380 nm, see Table II. The
increasing excitation efficiency at wavelengths shorter than 320 nm (3.9 eV) is
attributed to host lattice excitation.
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Fig. 9. (a) Excitation spectrum monitoring the Ce’" emission at A = 440 nm and (b) emission spectrum
excited at A =310 nm of K,Lal5:0.7% Ce*" at 100 K.

The optical properties of LaCl;:Ce’” have already been published and were
discussed in Chapter 6 [2,11]. Data are included to Tables I and II. Figure 10 shows
the optical excitation (a) and emission (b) spectrum of LaBr3:0.5% Ce”". The Ce’" 54
— 4f emissions are located at 355 and 390 nm, very similar to KzLaBr5:Ce3+. The five
Ce*" 5d levels at 260, 270, 284, 299, and 308 nm in the excitation spectrum of
LaBrnge3+ are nicely resolved, see Table II. Alike KzLaC15:Ce3+, just below the onset
of the fundamental absorption £y, at 238 nm (5.2 eV) a clear peak is observed at 244
nm which is attributed to impurity-trapped excitons. In the undoped LaBr; excitation
spectrum (c) both the Ce’” fd bands and the impurity-trapped excitons are absent.
Lal;:Ce’" was studied too, but its spectroscopy is still incomplete. The two Ce** df
emission bands are located at 450 and 500 nm. The first fd excitation band of Ce®"
was detected at 420 nm but the four higher lying ones are above the fundamental
absorption edge of Lals at 3.2 eV and thus not accessible.
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Fig. 10. (a) Excitation spectrum monitoring the Ce*" emission at A = 360 nm and (b) emission spectrum
excited at A = 295 nm of LaBr3:0.5% Ce’" at 10 K. For comparison the excitation spectrum of the STE
emission in pure LaBr; is shown as well (c).

9.3.3 Scintillation decay

Scintillation decay spectra of K,LaXs (X = Cl, Br, I) at room temperature, excited
with gamma rays from a '*’Cs source are shown in Fig. 11. The rising slope before t =
0 is due to an experimental artifact and has no physical meaning. The spectra
represent the luminescence intensity of the STE as function of time that decays
exponentially. The lifetime of the STE decreases along the series CI — Br — 1, in
accordance with former observation in the alkali halides [15]. It is about 3.7 ps in the
chloride, 2.2 ps in the bromide, and 350 ns in the iodide. These lifetimes do not
necessarily represent the intrinsic lifetime of the STE, but are rather the result of the
quenching of STE luminescence at room temperature by energy migration to traps.

Figure 12 shows the scintillation decay spectra of (a) K,LaCls:0.1% Ce’ [8], (b)
K,LaBrs:0.7% Ce’ ", and (c) K;Lals:0.7% Ce’" at room temperature. In each case, the
scintillation emission is a combination of much Ce*" and few STE emission, see e.g.
Fig. 3. For K,LaCls:0.1% Ce’" the scintillation decay profile closely resembles the
spectrum of the pure compound. Despite the fact that most part of the emission
originates from Ce’" [9], the luminescence intensity decays exponentially with a slow
decay time of about 3 ps. We assume that this represents the lifetime of the STE
involved in the energy transfer from the host lattice to Ce®". In the first 100 ns after
the pulse, K»LaCls:0.1% Ce®" shows an additional decay component. Its contribution
to the total luminescence intensity is rather small but it increases for higher Ce
concentrations [9]. The scintillation decay of K,;LaBrs:0.7% Ce*" also consists of
components. The faster one dominates the first us and the slower one has a lifetime of
1.4 ps. Again the latter represents the lifetime of the STE. Finally, K,Lals:0.7% Ce**
mainly shows a single fast exponential decay with a lifetime of 24 + 1 ns. It is
characteristic for the parity allowed Ce’" 54 — 4f transition. This fast decay
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component contains more than 90% of the total luminescence intensity. Apparently,
the scintillation decay rates of K,LaXs:Ce®" drastically increase along the halide series
from Cl to I.
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Fig. 11. Scintillation decay time spectra of undoped (a) K,LaCls, (b) K,LaBrs, and (¢) K;Lals at room
temperature.
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Fig. 12. Scintillation decay time spectra of (a) K,LaCls:0.1% Ce’*, (b) K,LaBrs:0.7% Ce** and (c)
K,Lals:0.7% Ce*" at room temperature.
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9.4 Discussion

We first discuss the spectroscopy of the pure and Ce’" doped compounds with
special emphasis to the effects of anion variation. Next the scintillation properties of
KoLaXs:Ce®™ (X' = Cl, Br, I) are discussed and compared with those of LaX3:Ce’".

9.4.1 Spectroscopy

Table I compiles Ej, E., and Ecp of the undoped crystals of LaX;, KX, and
Ky;LaXs (X = Cl, Br, I). In addition the emission wavelength of the self-trapped
exciton is given. One may notice the following trends. 1) All three energies decrease
in the sequence Cl — Br — 1. This is obviously related to the decreasing electron
binding energy of the anion which is also expressed by the Pauling electronegativity
Y 1.e. 3.16, 2.96, and 2.66 for Cl, Br, and I, respectively. 2) The tabulated energies of
the alkali halides are larger than for the lanthanide halides. This must be attributed to
the different Madelung potential at the trivalent La®" site as compared to that at the
monovalent K site. 3) The energies of the K,LaXs materials resemble those of LaX.
This illustrates that the bottom of the conduction band in both type of materials is
formed by La’" orbitals. 4) The exciton binding energy Ecp — E,, decreases in the
sequence Cl — Br — 1. This also holds for the alkali halides involving Li, Na, Rb,
and Cs [12]. It is caused by the increasingly larger polarizability of the anion leading
to a screening of the hole component of the exciton and larger effective mass m" of
the hole. Although it can not be verified from the results in Table I, we expect for
LaX; and K,LaXs a similar behaviour.

Despite that the exciton peak E,, shifts 2-3 eV with type of anion in each class of
compound, the position of the STE emission band does not change more than 0.4 eV
in K;LaXs (see Fig. 1) and LaXs. Also in the alkali halides the anion does not have a
large influence on the STE emission. Change of alkali cation from Na' to K or Rb"
has a much larger influence on the position of the STE emission band [15]. In these
systems the energy of the STE emission band tends to decrease in the series Na' to K
to Rb". On the other hand, it has been observed by Ohno [16] that in the ammonium
halides NH4X the energy of the STE emission band shifts about 1.2 eV towards lower
energy in the series Cl — Br — 1. The Stokes shift between STE emission and E,,
tends to decrease from 2.6 eV in the chloride, 2.1 eV in the bromide and 1.7 eV in the
ammonium iodide.

In general, the position of the STE emission band is correlated with the amount of
off-centre relaxation of the Vi core of the STE [4,17]. This can be achieved by a
lattice distortion which involves the expulsion of the Vi core away from the electron.
It results in an axial shift of the STE away from its original, on-centre position. The
larger the axial shift, the larger the Stokes shift and the smaller the energy of the STE
emission band. See also Chapter 5.

The STE emission bands in the alkali halides have been classified into three
categories called I, II, and III, in order of increasing Stokes shift [15]. A more
physical basis for the categorisation was given by Song [18] who showed that the
amount of off-centre relaxation of the STE in the alkali halides can be correlated with
the Rabin-Click parameter S/D, where S is defined as the separation of two adjacent
halide ions along a <110> row minus twice the halide-ion radius, and D the diameter
of the halogen atom [19]. Unfortunately, the Rabin-Click parameter only applies to
cubic systems and its strict definition prevents the use in crystal systems of lower
symmetry like LaX3; and K;LaXG.
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For KCl, KBr, and KI, the Stokes shift of the triplet STE emission band is 5.4, 4.5,
and 2.5 eV, respectively [12]. The large Stokes shift in KCI and KBr indicates that
substantial lattice relaxation occurs in the creation of the STE. In KCI and KBr, STEs
are formed with substantial of-centre relaxation of the STE. In KI the STE is probably
situated in an on-centre configuration. In the case of K,;LaCls and K,LaBrs, the Stokes
shift of the STE emission band is slightly larger than in the case of KI. It suggest
therefore that the STE in K,;LaCls and K,;LaBrs experiences only a small degree of
off-centre relaxation. In many respects the parameters of the undoped LaX; and
K;LaXs compounds in Table I are very similar. This applies to the energy of the
exciton peaks, the Stokes shift and the wavelength of STE emission. However, the
parameters are much different from those in the KX compounds. Apparently the
trivalent lanthanide common to LaX3 and K,;LaX5s is responsible for this.

For the free Ce’™ ion, the 5d configuration is located at average energy of 51230
cm’! [1]. Due to the spin-orbit interaction two energy levels, i.e., D5, and 2D5/2, are
observed. In a crystalline environment, the average energy of the 5d configuration is
reduced by the centroid shift, .. Depending on the site symmetry the degeneracy
might be lifted and up to five distinct 5d energy levels are obtained. The energy
difference between the lowest and highest 5d level defines the total crystal field
splitting, e.5. Table II compiles the wavelengths A; of the five 4f — 5d excitation
bands of Ce®” in the LaX; and K,LaXs compounds.
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Fig. 13. The crystal field splitting e 4 of the Ce’* 5d configuration in halides as function of the average
distance to neighbouring anions in the relaxed lattice for octahedral {6}, cubic {8}, and tricapped
trigonal prism {9} co-ordination.

Figure 13 illustrates how the 5d crystal field splitting in Ce’" varies as function of
Ce’ co-ordination. The size of the polyhedron is modelled by the average distance
R,, of the cation to the N co-ordinating anions. A correction of 0.6AR was applied to
account for the lattice relaxation. AR is defined as the difference in ionic radius
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between Ce’" and the cation it substitutes for. It amounts to 2, 3, and 37 pm for LaXj,
K,LaXs, and KX, respectively. Empirically, € can be modelled by equation (1)

8cfs = Bpoly]ea_v2 (1)

where f,0; 1S a constant depending on the co-ordination polyhedron [3]. The validity
of Eq. (1) is demonstrated for KX with octahedral {6} co-ordination as well as for
CaF,, SrF,, BaF,, SrCl,, and BaCl, with cubic {8} co-ordination, and NaYF,, LaCls,
and LaBr; with tricapped trigonal prismatic {9} co-ordination. See dashed lines in
Fig. 13.

The total crystal field splitting in K,;LaXs is about the same as the value typical for
cubic co-ordination, see Fig. 13. Information on K,;LaBrs and KjLals is still
incomplete, but reasonable estimates for the missing 5d level energies can be given.
The type of co-ordination polyhedron in the K;LaXs compounds are the same, and
then an R dependence with polyhedral size is expected. Employing Eq. (1) the total
crystal field splitting and from that the wavelengths of the missing 5d bands were
estimated. They are given together with the values for the centroid shift ¢, within
brackets in column 4, 5, and 6 of Table II.

Information is not available on the energy of Ce’" 54 levels in the KX type of
compounds. However, it can be estimated from results available on the energies of the
47°5d levels of Eu®" in these compounds. The 54 levels of Eu®" at sites of octahedral
symmetry are split into a low energy triplet and a high energy doublet state separated
by an energy known as the 10Dg value which can be set equal to ¢.5. From previous
studies it is known that, provided that the polyhedral size and shape around Eu*" and
Ce’" are the same, the crystal field splitting in Eu*" is about 0.77 times that in Ce’",
Using this ratio, the data anticipated for Ce*” doped KX compounds is drawn in Fig.
13.

We now observe that the (anticipated) crystal field splitting in the K,LaXs
compounds falls between that of octahedral and cubic co-ordination. This agrees with
the general trend of decreasing crystal field splitting with larger co-ordination number
N around Ce’". It is largest for octahedral co-ordination with N = 6. Provided that the
so-called prismatic angle remains the same, the crystal field splitting for a trigonal
prism co-ordination is the same as for octahedral co-ordination [3,20]. Adding one
capping anion on one of the three side faces of a trigonal prism, as in K,LaXs, leads to
a smaller crystal field splitting, but apparently still somewhat larger than that of cubic
co-ordination. When all three side-faces of the trigonal prism are capped with an
anion one obtains the situation in NYF,4, LaCls, and LaBr; with much reduced crystal
field splitting. Note that the changing chemical properties of the anions in the
sequence Cl, to Br, to I are not important for the crystal field splitting. Only the
change in ionic radius appears via R, in Eq. (1).

On the other hand, for fluorides, chlorides, bromides, and iodides, . is typically
6000 cm™, 14000 cm™, 16000 cm™, and 19000 cm’, respectively. This is also
revealed in Table II.

9.4.2 Scintillation
As can be seen from Fig. 11, the lifetime of the STE tends to become shorter in
the series CI — Br — . This can be satisfactorily accounted for in terms of the larger

spin-orbit interaction in heavier halides [21]. The smaller values for the lifetime of the
STE can also be explained by the increasing thermally activated hopping rate of the
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STE in the series Cl — Br — I [22, 23]. It leads to quenching of STE emission and
decreasing lifetime due to the energy transfer to Ce*". See also chapter 5, Table II.

In principle, there are several energy transfer mechanisms possible that may
account for the observed correlation between the decay time of the scintillation pulse
and the type of anion. In the case of STE diffusion, the luminescence of K,LaX5:Ce’"
(X'=Cl, Br, I) at low temperatures is largely due to the radiative recombination of the
STE, see Fig. 3. However, as the temperature rises the mobility of the STE increases
as well and the energy is transferred to a Ce®" centre when the STE encounters a Ce®”
ion. Such an energy transfer can explain the observed anti-correlation of Ce®" and
STE luminescence intensity in Figs. 4 and 5 between 100 and 400 K. If we consider
the migration of a Vi centre through the lattice, the activation energy for Vi diffusion
decreases from Cl to Br to I. In the same order the mobility of the STE increases (see
chapter 5, section 4). Indeed, the scintillation decay time decreases from
K,LaCls:0.1% Ce" [9] to K,LaBrs:0.7% Ce’" to K,Lals:0.7% Ce’" (see Fig. 12).

9.5 Conclusions

In this chapter the spectroscopic and scintillation properties of undoped and Ce®*
doped K,LaXs, LaX3, and KX (X= Cl, Br, I) have been determined and compared with
each other. The bandgap Ecp, the energy of the exciton peak E,,, and the wavelength
of STE emission Agyg are very similar for K,LaXs and LaXj;, but much different from
KX. The conduction band levels of La>" are at 1-2 eV lower energy than those of K.
The decreasing binding strength for electrons along the halide series results in a
bandgap reduction of about 2 eV from ClI to I in each series of compounds.

The energy of the five fd transitions of Ce’” in LaX; and K,LaX; compounds were
determined by excitation and emission spectroscopy. The highest energy transitions of
K;LaBrs and K;Lals are observed by the fundamental absorption of the host crystals.
For those cases the energies were estimated based on empirical data from other Ce®”
doped compounds. Since Ce’" doped KX has not been studied, the energies of the 5d
bands were derived from Eu®" doped compounds. For a given Ce®” co-ordination, the
increasing ionic radius of the anions from ClI to I causes a 20% decrease of the crystal
field splitting. On the other hand, the centroid shift of the 54 configuration increases
in the sequence Cl to Br to I due to larger covalency between anion and Ce*" and due
to higher polarizability of the anion.

Across the bandgap excitations either by X-rays, y-rays or synchrotron radiation
result in a combination of Ce*" 5d — 4f and STE emission. The ratio of Ce’" against
STE emission intensity depends on temperature and Ce concentration. Clear trends
are observed. For low concentrations of 0.2-0.5% and increasing temperature from
100 to 400 K, the Ce’" emission gains intensity against the STE emission. This is very
clear for LaCl; and K;LaCls where the STE emission dominates at 100 K. The energy
of the STE is fully transferred to Ce’" at 400 K and only Ce’" emission is observed
[9,10]. At room temperature both emissions are still present. Along the series Cl, Br, |
the intensity of the Ce’” emission increases at the expense of STE emission. In LaBr;
and K,Lals with 0.2-0.5% Ce* the STE emission is very weak at room temperature
and only fast Ce’” df emission is observed. These two compounds provide efficient
and fast scintillators already at small Ce concentrations. LaCl; and K,;LaCls are fast
and efficient scintillators only when the Ce concentration is increased above 10%.
The increase of Ce®” scintillation efficiency and scintillation speed along the series
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from CI to I is attributed to 1) an increasing hopping mobility of STEs and 2) the
higher trapping rate of free electrons and holes by Ce”" relative to STE creation rate.
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Conclusions

Two major questions are of importance for scintillation. The first question,
whether it is possible to predict certain scintillation properties of new inorganic
scintillators in advance, by knowing for instance the crystallographic properties of the
matrix, may be answered affirmative. Extensive work by P. Dorenbos [1-3] has
shown that in principle it is possible to predict the luminescence of Ce’" and other
trivalent lanthanides in several hosts. The wavelength of emission, the position of the
5d levels and whether it is possible for the trivalent lanthanide to capture an electron
or hole has been investigated. Results presented in chapters 6 — 9 of this thesis
confirm this phenomenological model.

The emphasis of the second part of this thesis was dedicated to the second
question, whether there is a theoretical model that can describe and predict the
scintillation mechanism of new inorganic scintillators. Clear trends have been
observed which we will discuss briefly below.

At room temperature, the energy transfer mechanisms direct capture of electron-
hole pairs and STE diffusion were held dominant in LaCls:Ce’", K,LaCls:Ce’* and in
LaBr;:Ce**, KoLaBrs:Ce®* and KyLals:Ce®". In these materials, Ce®" substitutes for
La** (rc’/rLa”” = 1). From a defect perspective, there is no difference between the
undoped and the Ce®" doped compound and the potential well due to strain in the
lattice is virtually absent. Thus, it is assumed that the pathways for STE formation are
not significantly altered from the undoped to the Ce’" doped materials. If STEs are
readily formed and energy transfer is possible between the STE and Ce’" 5d levels
(located below the conduction band), STE diffusion is the most likely scintillation
mechanism in addition to direct capture of electron-hole pairs by Ce*".

In contrast, binary electron-hole diffusion is the model that describes the
scintillation mechanism in Cs,LiYClg:Ce’", CszLiYBrG:Ce3+, LuCl;:Ce**  and
LuBr;:Ce’" best. In these systems, the introduction of Ce’" on a smaller cationic site,
e.g. rce /t’ = 1.15, can create a potential well for the trapping of holes or electrons
due to strain in the lattice. However, STE diffusion may still play a role in the
scintillation mechanism provided that the STE can transfer its energy to the Ce’" 54
levels (located below the conduction band). This is probably not possible in
LuC13:Ce3 *and LuBr;:Ce’". In these compounds, the lattice leaves ample room for the
off-centre relaxation of the STE. It results in a large Stokes shift and stabilisation of
the STE, leading to diminished Ce’" luminescence and slow STE emission. In the case
of LaCl;:Ce®", LaBrs:Ce’” and K,LaXs:Ce’" (X = Cl, Br, I) the STE is probably in an
(nearly) on-centre position.

The influence of the anion on the scintillation properties is substantial. It has been
shown for all compounds that in the series Cl to Br to I, the lifetime of the STE
decreases due to the larger spin-orbit coupling of the groundstate of the STE in the
heavier halides. But also the energy of the Ce’” emission band decreases in the same
sequence. The increase of Ce’" scintillation efficiency and scintillation speed when
the anion changes from Cl to Br to I, is (a) related with an increasing hopping motion
of the STE, (b) related with an increasing rate of Vi diffusion and (c) related with the
trapping rate of free electrons and holes by Ce®" becomes increasingly larger relative
to the STE creation rate.

Copyright © 2003 by E.V.D. van Loef
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In summary:

(a) The scintillation mechanism is determined by the host. The type of indigenous
cation and the amount of relaxation of the Vg centre or/and STE determines the
type of scintillation mechanism.

(b) The diffusion rate of the Vi centre and the STE is determined by the anion. It
increases in the sequence Cl to Br to 1.

(c) The wavelength of the Ce’* emission band increases in the sequence Cl to Br to I.

(d) The probability of hole capture by Ce’" also increases in the sequence Cl to Br to
L

(e) The presence of afterglow, the trapping of electrons and holes, and the axial shift
of the STE all depend on the amount of traps and the possibility of substantial
(off-centre) relaxation in the lattice. However, the temperature at which the holes
(Vi centres) become mobile again decreases in the series Cl to Br to L.

The points mentioned above may be applied in future research on inorganic
scintillators and materials in which Ce®” substitutes for the indigenous cation. Energy
transfer by STE diffusion may be found dominant in compounds where Ce’*
substitutes for La’", e.g. Rb,LaBrs [4], while energy transfer by binary electron-hole
diffusion may be found dominant in compound where Ce** substitutes for Lu*" and
Y, e.g. YCL; [5] and Lul; [6]. Experiments like electron-paramagnetic resonance and
photo-conductivity measurements can be applied to give a decisive answer about the
validity of these predictions.

As for application, it was shown that both LaCl;:Ce’” and LaBr;:Ce’” have good
scintillation properties. Both combine a high light yield with excellent energy
resolution and a fast luminescence decay. But also K,Lals:Ce’” is a promising
scintillator. The density and effective Z of K,Lals are comparable to those of LaBrs3,
and K,Lals:Ce*" provides efficient and fast scintillation already at small Ce
concentrations. However, the energy resolution at 662 keV of ~5% is worse than that
of LaCl3:Ce’ and LaBrs:Ce". It is probably related with the quality of the crystal.
Additionally, K,Lals contains the radioactive isotope 0K which makes KzLa15:Ce3+
less suitable than, e.g., LaCl;:Ce** and LaBr3:Ce3+, for use in gamma cameras and
other dedicated applications.

Since it seems that all halide scintillators based on La’* are very good scintillators,
it might be worthwhile to investigate the analogues of LaCl;:Ce’” and LaBrs:Ce’" as
well, i.e. LaI3:Ce3+, szLaBrszCe3+, CSL391281C€3+, etc.

References

' P. Dorenbos, Phys. Rev. B 62 (2000) 15640.

2 P. Dorenbos, Phys. Rev. B 62 (2000) 15650.

* P. Dorenbos, J. Alloy Compounds 341 (2002) 156.

* H.J. Seifert, Y. Yuan, J. Less-Com. Met. 170 (1991) 135.

’ D.H. Templeton, G.F. Carter, J. Phys. Chem. 58 (1954) 940.

® A.G. Dudareva, S.B. Nechitailov, T.A. Babushkina, K.Yu. Volgin, A.A. Boguslavskii, Russ. J. Inorg.
Chem. 34 (1989) 1809.

110



Summary

This thesis is dedicated to scintillator research and in particular, to the search for
new inorganic scintillators. Two topics are explored: (i) the search for new inorganic
scintillators for gamma ray detection and (ii) the systematic research of the
scintillation mechanisms in scintillator materials.

Scintillators have been used for decades to make ionising radiation visible. Either
by direct observation of the light flash of the material when exposed to radiation, or
indirect by use of a photomultiplier tube or photodiode. Despite the enormous amount
of commercially available scintillators, the ideal scintillator that combines a high light
yield, a high density, a fast decay, and good energy resolution has yet to be found.
The subject is introduced in chapter 1. The techniques used to study the scintillating
materials are described in chapter 2. In Table I, the scintillation properties of the
studied compounds are compiled.

Table I. Scintillation properties of the studied compounds.

Compound ~ Zest p [Ce™ ] A Light Yield Energy Principal
(g/em®) (%) (nm) (10° ph/MeV) resolution decay
R T
(%, @ 662 keV) (ns)
0.57 404 7.0+0.5 20 (8%)
2 49+1 3.5+0.1 27 (10%)
LaCl, 495  3.86 4 330 49+ 1 3.5+0.1 25 (18%)
10 49+ 1 33+0.1 25 (41%)
30 43+ 1 33+0.1 25 (69%)
CeCl; 50 3.9 - 335 46 £ 4 45+0.5 25 (69%)
0.5 61+5 2.8+0.2 31
LaBr; 469  5.29 2 358 48+5 3.8+04 31
4 48 £5 35+04 31
10 45+£5 39+04 31
Cs,LiYClg 3.31 0.5 376 18+2 7+1 390 + slow
Cs,LiYBrg 4.15 1.0 388 25+3 6+1 72 + slow
0.45 6.6+0.6 18.0+£0.5 110 (87%)
LuCl; 63.1 4.00 2 374 6.4+0.6 13.8+0.5 85 (73%)
4 54=+0.5 11.4+04 76 (91%)
10 6.4+0.6 11.7+04 88 (81%)
0.021 29+3 8.6+0.5 ~10°
0.46 18 +£2 7.8+0.3 32 (10%)
LuBr; 62.6 517 0.76 408 26+3 6.5+0.5 32 (15%)
2.5 19+£2 62+0.2 20 (31%)
8 16 £ 1 6.0+0.1 19 (33%)
K,LaCls 441 29 0.7 344 213 - ~10°
10 30+5 5.1+£0.5 ~10°
K,LaBrs  42.8 3.9 0.7 359 26+3 7.5+0.8 ~10°
10 40+4 49+0.5 ~10°
K,Lals 52.4 44 0.7 401 5245 50+0.5 24
10 57+6 42+04 24

Copyright © 2003 by E.V.D. van Loef
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The first topic, the search for new inorganic scintillators and their application is
covered in part A. Chapter 3 reviews some medical imaging applications and the
most commonly used scintillators in that field. Next, the basic scintillator
requirements for some medical imaging applications are reviewed and the properties
of some new inorganic scintillator materials are presented. Finally, the choice of the
studied compounds is motivated whilst attention is focussed on existing oxide and
halide scintillators.

In chapter 4, two new inorganic scintillators, LaC13:Ce3+ and LaBrnge3+, are
presented. Under optical and gamma ray excitation, Ce’" emission is observed to peak
at 330 and 352 nm in the chloride, and at 356 and 387 nm in the bromide. Both
combine a high light yield with excellent energy resolution and a fast luminescence
decay. The scintillation light yield is 49000 + 1000 and 61000 + 5000 photons/MeV
for LaCl;:10% Ce*" and LaBr;:0.5% Ce3+, respectively. In the chloride, 40% is
emitted with a decay time of 26 ns, whereas more than 90% is emitted with a decay
time of 35 ns in the bromide. Energy resolutions of about 3% (full width half
maximum over peak position) were observed for the 662 keV full absorption peak.
For applications where a good energy resolution is required in combination with fast
scintillation, both LaCly:Ce*" and LaBrs:Ce’” may be a very good choice.

Part B of this thesis is concerned with the systematic research of the scintillation
mechanisms. The scintillation process, the formation of electrons and holes after
absorption of radiation, and the energy transfer are introduced and discussed in
chapter 5.

The scintillation mechanism of LaC13:Ce3+ and LaBrnge3+ is subject of chapter 6.
However, a detailed investigation has only been commenced for the chloride. In both
materials, self-trapped excitons (STEs) play an important role. In LaCly:Ce’" STE
diffusion is the dominant scintillation mechanism. It explains the observed anti-
correlation between Ce’” and STE luminescence under X-ray excitation as function
of temperature, the presence of STEs in EPR spectra of LaCl;:Ce’” and the absence of
stable Vg centres. For LaBr3:Ce3+ it was assumed that the Vg centres immediately
recombine with an electron to form an STE. High speed STE diffusion to Ce®" is then
the dominant scintillation mechanism. However, Ce’” could also capture a free
electron and hole from the conduction and valence band, respectively, leading to fast
Ce’" luminescence.

In chapter 7, the influence of the anion on the scintillation properties of the
elpasolites, Cs,LiYXs:Ce’™ (X = Cl, Br), is discussed. Elpasolites are model systems
investigated in numerous optical, scintillation and magnetic studies. They have the
advantage over many other crystalline systems that the M*" site, located at the centre
of a regular octahedron of halide ions X, offers a natural environment for the
incorporation of Ce’" and other trivalent ions. These materials are of particular
interest because of the possible presence of core-valence (CV) luminescence. It is
shown that only pure Cs,LiYCls exhibits CV luminescence, due to the position of the
valence band with respect to the 5p core band of Cs. Under X-ray excitation, Ce’*
doped elpasolites show intense Ce’” luminescence in addition to residual STE
emission. The light yield as a function of temperature is best described as a bell-
shaped curve that has a correlation with the production of F centres. In both materials,
binary electron — hole diffusion is the dominant scintillation mechanism. It appears
that the influence of the anion does not effect the scintillation mechanism. However,
the lifetime of the STE tends to decrease from Cl to Br.
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In chapter 8, the properties and mechanism of scintillation in LuCl3:Ce’” and
LuBry:Ce’" crystals are discussed. It is shown that at room temperature, energy
transfer by binary electron hole diffusion is the dominant mechanism in these
materials. At lower irradiation temperatures, Vi diffusion is probably more important.
For both LuCl; and LuBrs3, the crystal structure leaves ample room for the off-centre
relaxation of the Vg core of the STE. As a result, a low light yield is observed for the
chloride. Doping with Ce decreases the light yield of the bromide considerably.

Chapter 9 is concerned with the influence of the anion on the scintillation and
spectroscopy of the pure and Ce®" -doped ternary halides KoLaXs (X = Cl, Br, I). The
properties are compared with those of LaX; and KX. In this system the crystal
structure remains essentially unchanged, whereas the chemical environment is altered
by means of the variation X = Cl to Br to I. The bandgap, the energy of the exciton
peak and the wavelength of STE emission are very similar when comparing K,;LaXs
with LaXs, but very different when comparing with KX. The chemical properties of
the anions have a profound influence on the scintillation and spectroscopy of K,LaXs.
In the sequence Cl to Br to I, the centroid shift of the 5d configuration increases due
to the larger covalency between the anion and Ce®” and due to the larger polarizability
of the anion. In K,LaXs, but especially in K,LaCls:Ce*", STEs play an important role.
Again, an anti-correlation is observed between Ce®* and STE emission. In the series
Cl to Br to I, the intensity of the Ce®” emission increases at the expense of STE
emission. Also the efficiency and scintillation decay rate increase from Cl to Brto L. It
is related with (a) the increasing hopping motion of the STE and (b) the trapping rate
of free electrons and holes by Ce’".
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Samenvatting

Dit proefschrift is gewijd aan scintillatie onderzoek en in het bijzonder aan het
onderzoek van nieuwe, anorganische scintillatoren. Er worden twee onderwerpen uit
het scintillatie onderzoek belicht: (i) het vinden van nieuwe, anorganische
scintillatoren voor gamma detectie en (ii) het onderzoek van het scintillatie-
mechanisme in verschillende materialen. Scintillatoren worden al sinds lange tijd
gebruikt om de onzichtbare, ioniserende straling zichtbaar te maken (detecteren). Dit
kan gebeuren door de observatie van een lichtflitsje (uit het Latijn: “scintilla) dat de
scintillator uitzendt tijdens de blootstelling aan straling, of indirect, door de
scintillator in combinatie met een photomultiplicatorbuis of diode te gebruiken.
Ondanks de enorme keuze uit de commercieel beschikbare scintillatoren blijft er
vraag naar nieuwe anorganische scintillatoren die een hoge licht opbrengst
combineren met een hoge dichtheid, een snelle luminescentie en een goede energie
resolutie. Het onderwerp scintillatie en scintillatoren wordt geintroduceerd in
hoofdstuk 1. De experimentele technieken waarmee de scintillerende materialen
werden onderzocht worden beschreven in hoofdstuk 2. In Tabel I worden een aantal
scintillatie eigenschappen gegeven van de materialen die bestudeerd zijn.

Het eerste onderwerp, het vinden van nieuwe, anorganische scintillatoren voor
gamma detectie, wordt behandeld in de hoofdstukken 3 en 4. In hoofdstuk 3 worden
een aantal medische stralingstoepassingen en de meest gebruikte scintillatoren
besproken. Vervolgens worden de primaire eisen genoemd waaraan de scintillatoren
ten minste zouden moeten voldoen om in aanmerking te komen voor gebruik in de
medische stralingstoepassingen. De eigenschappen van een aantal anorganische
scintillatoren worden gepresenteerd. Tenslotte wordt de keuze voor de bestudeerde
materialen gemotiveerd.

In hoofdstuk 4 worden twee nieuwe anorganische scintillatoren, LaC13:Ce3+ en
LaBr;:Ce’", gepresenteerd. Optische en gammaexcitatie leidt tot Ce®” luminescentie
met emissie maxima bij 330 en 352 nm in het chloride, en emissie maxima bij 356 en
387 nm in het bromide. Beide materialen combineren een hoge lichtopbrengst met
excellente energie resolutie en een snelle luminescentie. De licht opbrengst is
respectievelijk 49000 + 1000 en 61000 + 5000 fotonen/MeV voor LaCls:10% Ce®* en
LaBr;:0.5% Ce’". In het chloride, wordt 40% geémitteerd met een vervaltijd van 26
ns, terwijl meer dan 90% ge€mitteerd wordt met een vervaltijd van 35 ns in het
bromide. Energie resoluties van ongeveer 3% (volle breedte op het half maximum van
de piek positie) werden waargenomen voor de 662 keV fotopiek. Duidelijk moge zijn
dat LaCl3:Ce3+ en LaBr3:Ce3+ twee eerste keus scintillatoren zijn die gebruikt kunnen
worden voor toepassingen waarbij een excellente energie resolutie gewenst is in
combinatie met een snelle scintillatie.

Copyright © 2003 by E.V.D. van Loef
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Table 1. Scintillatie-eigenschappen van de bestudeerde materialen.

Materiaal  Zsr p [Ce3+] A Licht Energieresolutie ~ Vervalconstante
(g/em’) (%) (nm)  Opbrengst R T
(10° /MeV) (%, @ 662 keV) (ns)
0.57 40 +4 7.0+0.5 20 (8%)
2 49 + 1 35+0.1 27 (10%)
LaCl; 49.5 3.86 4 330 49 £ 1 35+0.1 25 (18%)
10 49 £ 1 33+0.1 25 (41%)
30 43 +1 33+0.1 25 (69%)
CeCl, 50 3.9 - 335 46 + 4 45+0.5 25 (69%)
0.5 615 2.8+0.2 31
LaBr; 46.9 5.29 2 358 48 +5 3.8+04 31
4 48 +5 35+04 31
10 45+ 5 39+04 31
Cs,LiYClg 3.31 0.5 376 18+2 7+1 390 + slow
Cs,LiYBrg 4.15 1.0 388 25+3 6+1 72 + slow
0.45 6.6+0.6 18.0+0.5 110 (87%)
LuCl; 63.1 4.00 2 374 6.4+0.6 13.8+0.5 85 (73%)
4 54+0.5 11.4+04 76 (91%)
10 6.4+0.6 11.7+04 88 (81%)
0.021 29 +3 8.6+0.5 ~10°
0.46 18+2 7.8+0.3 32 (10%)
LuBr; 62.6 5.17 0.76 408 26+3 6.5+0.5 32 (15%)
2.5 19+2 6.2+0.2 20 (31%)
8 16 +1 6.0+0.1 19 (33%)
K,LaCls 44.1 2.9 0.7 344 21+3 - ~10°
10 30+5 51+0.5 ~10°
K,LaBrs 42.8 3.9 0.7 359 26+3 7.5+0.8 ~10°
10 40+ 4 49+0.5 ~10°
K,Lal;s 52.4 4.4 0.7 401 52+5 5.0+0.5 24
10 57+6 42 +0.4 24

Het tweede deel van het proefschrift is volledig gewijd aan het onderzoek van het
scintillatiemechanisme in verschillende materialen. Het scintillatie process, de
vorming van elektronen en gaten na absorptie van straling, en energie overdracht
worden geintroduceerd en besproken in hoofdstuk 5. Het scintillatiemechanisme in
LaCl:Ce’™ en LaBr;:Ce’™ is onderwerp van hoofdstuk 6. Echter, een zeer
gedetailleerd onderzoek werd alleen voor het chloride uitgevoerd. In beide materialen
spelen zogenaamde “self-trapped excitons” (STEs) een belangrijke rol. In LaCly:Ce™",
is STE diffusie het meest belangrijke scintillatie mechanisme. Het kan zowel de
waargenomen anti-correlatie tussen Ce’” en STE luminescentie verklaren als de
aanwezigheid van STEs in het EPR spectrum van LaCl3:Ce’ en de afwezigheid van
“Vi” centra. In het geval van LaBr;:Ce*" werd verondersteld dat ofwel de “Vi” centra
onmiddellijk met een elektron recombineren en een STE vormen, zodat snelle STE
diffusie het dominante scintillatie mechanisme zou zijn, ofwel dat Ce®" direct een vrij
elektron invangt van de geleidingsband en een gat invangt van de valentieband. Dit
zal ook tot snelle Ce®" luminescentie leiden.

In hoofdstuk 7 wordt de invloed van het anion op de scintillatie-eigenschappen
van de elapsoliten, Cs,LiY Xs:Ce> (X = Cl, Br, 1), besproken. Het is een model
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systeem dat wijdverbreid onderzocht wordt met behulp van optische, scintillatie en
magnetische studies. Het voordeel ten opzichte van andere materialen ligt hierin dat
het driewaardige metaal ion gesitueerd is in het centrum van een regelmatig octaéder,
omringt door zes halide ionen X waardoor eenvoudigweg andere driewaardige ionen,
waaronder Ce’", in het rooster ingebracht kunnen worden. Ook zijn deze materialen
van speciaal belang door het mogelijk aanwezig zijn van zogenaamde “core-valence”
(CV) luminescentie. Van de onderzochte materialen blijkt alleen Cs,LiYClg dit
verschijnsel te vertonen. Dit vanwege de positie van de valentieband ten opzichte van
de 5p “core” band van Cs. De Ce’" gedoteerde elpasoliten geven intense Ce’*
luminescentie naast wat zwakke STE emissie als zij blootgesteld worden aan
rontgenstraling. De lichtopbrengst als functie van de temperatuur kan het best
beschreven worden als een belvormige curve welke sterk op de curve voor de
productie van “F” centra lijkt. Zowel in het chloride als in het bromide is “binary
electron-hole diffusion” het dominante scintillatiemechanisme. Het blijkt dat het anion
weinig tot geen invloed heeft of het type scintillatiemechanisme. Echter, de
levensduur van het STE is korter in het bromide dan in het chloride.

In hoofdstuk 8 worden de eigenschappen van en het scintillatiemechanisme in
LuCls:Ce®" en LuBr3:Ce’*" besproken. Ook nu weer is “binary electron-hole diffusion”
het dominante scintillatie mechanisme. Echter, bij zeer lage temperaturen is “Vg”
diffusie waarschijnlijk belangrijker. Voor zowel LuCl;:Ce’” als LuBr;:Ce’” is er
bijzonder veel ruimte in het rooster voor de “off-centre” relaxatie van de “Vg core”
van het STE. Hierdoor is de lichtopbrengst van het chloride zeer laag. Als de Ce
concentratie verhoogt wordt blijkt dat de licht opbrengst in het bromide minder wordt.

Hoofdstuk 9 behandelt de invloed van het anion op de scintillatie en spectroscopie
van puur en Ce’’ -gedoteerd K,LaXs (X = Cl, Br, I). De eigenschappen worden
vergeleken met die van LaX; en KX. In dit systeem, blijft de kristalstructuur vrijwel
ongewijzigd als de chemische omgeving van het driewaardige metaalion veranderd
wordt door X te vari€ren als X = Cl, Br, I. De “bandgap,” de energie van de
excitonpiek en de golflengte van de STE emissie zijn vrijwel gelijk voor K;LaXs en
LaX;, maar verschillen ten opzichte van KX. The chemische eigenschappen van de
anionen hebben een grote invloed op de scintillatie en spectroscopie van K,LaXs. In
de volgorde Cl, Br, I, neemt de “centroid shift” van de 5d configuratie van Ce*" toe
vanwege de grotere co-valentie tussen het anion en Ce’" en de grotere
polarizeerbaarheid van het anion zelf. In K;LaXs, maar vooral in K,;LaCls:0.2-0.5%
Ce’*, spelen de STEs een grote rol. Ook nu weer wordt er een anti-correlatie
waargenomen tussen de Ce*" en STE emissie. In de reeks Cl, Br, I, neemt de
intensiteit van de Ce’" emissie toe terwijl de intensiteit van de STE emissie afneemt.
Ook neemt de efficiéntie en scintillatie vervalsnelheid toe in de reeks Cl, Br, 1. Dit is
gerelateerd aan (a) de toename van de beweeglijkheid van het STE en (b) de toename
van de kans dat Ce’" direct de vrije elektronen en gaten invangt.
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