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Abstract

Europium (Eu)-activated barium halide nanocrystals in fluorozirconate based glass ceram-
ics represent a promising class of x-ray scintillators. The scintillation in these glass ceramics
is mainly caused by the emission of divalent Eu incorporated in hexagonal BaCl, nanocrys-
tals which are formed in the glass matrix upon appropriate annealing. Experiments with
cerium (Ce)-activated fluorozironate glass ceramics showed that Ce is an interesting al-
ternative. In order to get a better understanding of the scintillation mechanism in Eu-
or Ce-activated barium halide nanocrystals, an investigation of the processes in the cor-
responding bulk material is essential. The objective of this thesis is the investigation of
undoped, Eu-, and Ce-doped barium halides by x-ray excited luminescence (XL), pulse
height, and scintillation decay spectra. That will help to figure out which of these crystals
has the most promising scintillation properties and would be the best nanoparticles for the
glass ceramics. Furthermore, alternative dopants like samarium (Sm) and manganese (Mn)
were also investigated.

Besides the above-mentioned optical investigation electron paramagnetic resonance (EPR)
and Mossbauer measurements were carried out in order to complete the picture of Eu-
doped barium halides. The EPR data of Eu-doped Bal; is anticipated to yield more infor-
mation about the crystal field and crystal structure that will help to understand the charge
carrier process during the scintillation process. The main focus of the Mdssbauer investi-
gations was set on the Eu-doped fluorochlorozirconate glass ceramics. The results of this
investigation should help to improve the glass ceramics. The Eu?>* /Eu®" ratio in the glass
ceramics should be determined and optimize favor of the Eu?*. We also want to distinguish
between Eu?" in the glass matrix and Eu?" in the nanocrystals. For a better understand-
ing of Mossbauer spectroscopy on Eu also measurements on Eu in a CaF, host lattice were
carried out.
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In physics, you don’t have to go around making trouble for yourself
- nature does it for you.
Frank Wilczek !

1Nobel prize-winning American theoretical physicist. Along with H. David Politzer and David Gross, he
was awarded the 2004 Nobel Prize in Physics "for the discovery of asymptotic freedom in the theory of the
strong interaction".
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1 Introduction

On a cold and grey November evening in 1895 W. C. RONTGEN discovered x-rays. In 1896
A. H. BECQUEREL discovered another type of ionizing radiation: y-rays. Nowadays, x-ray
and <y-ray radiography are very important methods in medical diagnostics, non-destructive
testing and many fields of physical and chemical research. For all applications the detection
of radiation intensity distribution is essential. An important tool used for the detection of
ionizing radiation are x-ray scintillators which are common scintillators based on inorganic
materials. Radiation detection with scintillators is based on the detection of scintillation
light produced by ionizing radiation. Scintillation research has become very important
during the last twenty years.

Europium (Eu)-activated fluorozirconate-based glass ceramics represent a novel class of
x-ray scintillators [1, 2]. In contrast to common single crystal scintillators, glass ceramics
can be manufactured easily in any shape or size. The scintillation in these glass ceramics is
caused mainly by the typical 5d-4f transition of Eu(II), incorporated in BaCl, nanocrystals,
which are formed in the glass matrix upon appropriate thermal processing. Since research
on fast scintillators has become important during the last two decades, experiments with
cerium (Ce)-activated fluorozirconate glass ceramics have been performed, showing that
Ce is an interesting alternative [3, 4]. Ce-activated single crystals like LaCls [5] or LaBr3 [6]
are known as fast scintillators with a high light output. A short scintillation decay time is
necessary for fast timing or high rate counting applications.

In order to get a better understanding of the scintillation mechanism in Eu- or Ce-activated
barium halide nanocrystals, an investigation of the processes in the corresponding bulk
material is essential. This thesis studies the optical properties of Eu- and Ce-activated bar-
ium halides upon x-ray and 7y-ray excitation. To get a closer look on the crystal structure
and the crystal field of Eu-doped Baly, electron paramagnetic resonance spectroscopy mea-
surements were carried out. Those EPR investigations on Eu-doped BaCl, and BaBr; have
already been made by Wever and den Hartog [7] and Schweizer et al. [8], respectively.

Although the glass ceramics were doped with europium(Il) fluoride (EukF,) there is also a
large fraction of Eu(Ill) in the glass. Most likely, the divalent Eu is converted to trivalent
Eu during the melting process. To optimize the glass ceramics it is important to optimize
the Eu>* /Eu®" ratio in favor of the Eu?>". Mossbauer spectroscopy provides an excellent
method to detect and to distinguish between di- and trivalent europium. In addition, the
abundance ratio between the two valence states of europium can also be determined. For
a better understanding of Mossbauer spectra exemplary measurements on Eu-doped CaF;
single crystals were carried out.
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It is already known from previous measurements [4, 9] that the main problem with doping
fluorozirconate glass ceramics with trivalent Ce is to get the Ce into the nanocrystals. The
valence state of Ce seems to be the problem. While in the case of Eu*" a divalent rare-earth
ion substitutes for a divalent barium in the nanocrystals, the Ce ion is trivalent. The idea
is to add a monovalent ion for charge compensation. Potassium (K) was selected to be that
ion.

A brief introduction to the physical and theoretical background of optical, electron para-
magnetic resonance (EPR), and Mossbauer spectroscopical methods is given in chapter 2.
Chapter 3 presents the results of the optical investigations on undoped, Eu-, and Ce-doped
barium halides. It also gives a short overview of the most important characteristics of
scintillators. For the solution of the problem with trivalent Ce-doped glass ceramics fluo-
rozirconate base glass ceramics doped with Ce and those doped with Ce and K are inves-
tigated in chapter 4. The alternative dopants Sm and Mn are investigated for applications
as fluorescence standard and scintillator. Chapter 5 gives a short introduction to fluores-
cence standards and summarizes the results of the Sm- and Mn-doped single crystals and
glass ceramics. The EPR data of Eu-doped Bal, should yield more information about the
crystal field and crystal structure and should help to understand the charge carrier process
during the scintillation process. These EPR measurements of Eu-doped Bal, are shown in
chapter 6. Furthermore, the crystal fields of the barium halides are calculated. Chapter 7
summarizes the Mossbauer investigation and results of Eu-doped CaF,, Eu-doped BaCl,,
and Eu-doped fluorochlorozirconate glass. At last, all important results of the presented
investigations are concluded in chapter 8.



2 Physical and theoretical background

The following chapter will only give a brief introduction to the methods. Further reading
for each method is suggested in the corresponding section. Since in general three differ-
ent kinds of spectroscopic methods were used (optical, electron paramagnetic resonance,
and Mossbauer spectroscopy) the chapter is divided into three parts: one for each method.
In the first part an introduction to the optical measurement methods will be given, fol-
lowed by the electron paramagnetic resonance (EPR) and completed by the Mossbauer
spectroscopy.

1 Optical Spectroscopy

The optical investigations were carried out with visible and ultraviolet (UV) light, x-rays,
and y-radiation. All these methods are based on the fact that materials absorb the energy of
the exciting photons and emit some of the energy in the form of luminescent light. Since the
luminescence light is characteristic of the dopant and its environment, information on the
dopant (e.g. valence state or just the element) and the influence of the surrounding (single
crystal or glass matrix) can be elucidated. The energy transfer leading to the conversion of
energy from the exciting photon to the emission luminescence depends on the dopant and
its surrounding.

1.1 Photo- and x-ray luminescence

The excitation source characterizes the luminescence. Luminescence excited by light and
x-rays is called photoluminescence (PL) and x-ray excited luminescence (XL), respectively.
If a spectrum is recorded after x-irradiation it is called afterglow. The PL, XL, and after-
glow spectra were recorded using a 0.22 m double monochromator (Spex) in combination
with a cooled photomultiplier (Hamamatsu R943-02) working in single-photon counting
mode (HP 5370B Universal Time Interval Counter). Spectra were not corrected for sensi-
tivity of the experimental setup. The x-ray irradiation was carried out with a mobile x-ray
tube (Phillips MGC 01) using a tungsten anode at 60 kV and 15 mA. Figure 2.1 shows the
experimental setup for the luminescence measurements.
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Figure 2.1: Experimental setup for luminescent measurement. Deuterium lamp, xenon lamp, and
halogen lamp (1); monochromator (2); x-ray source (3); cryostat with lens system and sample cham-
ber (4); monochromator (5); photomultiplier (6); computer (7).

1.2 Decay time measurements

Scintillation decay time measurements were performed at the Delft University of Technol-
ogy. The spectra were recorded by two methods. The first is the single-photon counting
technique described by Bollinger and Thomas [10]. For this method, scintillation decay
time spectra were recorded at times up to 200 us with XP2020Q PMTs, Ortec 934 constant
fraction discriminators, Ortec 567 time-to-amplitude converter (TAC), and AD513A CA-
MAC analog-to-digital converter (ADC). To record decay time spectra at times longer than
200 ws, the multi-hit method descried by W. W. Moses [11] was used. The TAC and ADC
in the single-photon counting technique were replaced by a Lecroy 4208 time-to-digital
converter (TDC), which has a channel width of 1 ns. Using this method, the short decay
component and its contribution to the total light yield are less accurately obtained than
those using the single-photon counting technique.

1.3 <y Spectroscopy: Pulse height spectra

Pulse height spectra were obtained at the Delft University of Technology with a Hama-
matsu R1791 photomultiplier tube (PMT) with a box-type dynode structure connected to
a pre-amplifier and an Ortec 672 spectroscopy amplifier inside an M-Braun UNILAB dry
box with a moisture content less than one part per million. The crystals were mounted
directly onto the window of the PMT and covered with several Teflon layers to optimize
the light collection. The photoelectron yield (LY . in photoelectrons per MeV) is obtained
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Figure 2.2: Theoretical pulse height spectra of a 13’Cs source. (1) Ba x-ray peak, (2) backscatter peak,
(3) Compton edge, and (4) photopeak.

by comparing the peak position of the photopeak with that of the single-electron spectrum
[12]. The absolute light yield, LY, in photons per MeV (ph/MeV), is derived from LY
as follows [13]:

LY, = (1 — Rerf) /(098 - QE,t5) - LY pre 2.1)

The effective quantum efficiency QE,¢s of the PMT was obtained from the manufacturer,
and the PMT effective reflectivity R,rs was measured. Both are averaged over the spectral
profile of the y-ray excited scintillation spectrum. The position and the energy resolution of
the photopeak (full width at half maximum) was determined by fitting the photopeak with
a Gaussian curve. Figure 2.2 shows a theoretical pulse height spectrum. The leftmost peak
(1) is caused by the Ba x-rays which are emitted in the 1’Cs decay. The backscatter peak (2)
arises from scattering of the y-rays from the PMT and materials outside the system back
into the scintillation crystal. Beside the photopeak (4) the spectrum shows the Compton
continuum from the Compton edge (3) down to zero energy.

2 Electron Paramagnetic Resonance (EPR)

A brief introduction to Electron paramagnetic resonance (EPR) is given in the following
text. Detailed information can be found in [14, 15].

The EPR measurements were performed with a computer-controlled, custom-built X-band
EPR spectrometer. The EPR spectra were evaluated with the "Visual EPR" programme

package using exact diagonalization procedures [16, 17].

EPR spectroscopy is based on the splitting of the energy levels of an electron in an exter-
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Figure 2.3: Energy difference of the magnetic quantum number mg versus an external magnetic
field.

nal magnetic field B. This effect is called the Zeeman effect. The electron can only have
discrete orientations. The quantum mechanical description of the electron spin yields to

H
Wepin =85 (2.2)

with 75][,1',1 the magnetic moment of the electron, g the g-factor and S is the spin quantum
number. A free electron has two possible orientations of the spin, i.e. ms = +1/2 and
ms = —1/2. These two spin states are energetically split by an external magnetic field
(Figure 2.3). The energy difference is is given by:

AE = g.upBy (2.3)

with g, the g-value (which is 2.0023 for the free electron), up the Bohr magneton, and By
the external magnetic field. The spin of an electron can be changed by the use of an electro-
magnetic alternating field. The change of the spins requires the energy difference AE and
additionally the change of the magnetic quantum number Amg = £1.

The change of the spin leads to a resonant absorption which can be measured. Usually for
the electromagnetic alternating field a microwave field in the range of 9-10 GHz (X-band)
is used. The interaction between the spin and the orbital moment leads to a change of the
g-value. The complete equation of the energy is given by the Spin Hamilton [18]:

H = %Z—F%s-i—%Hp-l—%Nz—F%Q
— — = — — —
= yBSgBO + SQS + Ié5+ gnpn I By +

—_——
——— S Ve ~—
electron Zeeman  fine structure  hyperfine nuclear Zeeman oo quadrupole

with ¢, D, A and Q symmetrical tensors in three-dimensional space.

In Figure 2.4 the complete splitting and the influence of the hyperfine and nuclear Zeeman
tensor is shown.
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Figure 2.4: Complete spliting of the energy levels in an external magnetic field. EZ is the splitting of
the electron spin, HF the splitting of the hyperfine interaction and NZ is the splitting of the nuclear
Zeeman interaction. mg and mj are the magnetic quantum numbers of the electron and the nucleus,
respectively.

3 Maossbauer Spectroscopy

Mossbauer spectroscopy is a recoil-free y-ray spectroscopy. It is named after its inventor
RUDOLF MOSSBAUER, who received the Nobel prize for his discovery in 1961. Mossbauer
spectroscopy is an important technique to obtain information on the microscopic level. The
environment and the state of a nucleus can be studied. A nucleus is very sensitive to elec-
tronic and magnetic changes in its surrounding area. A brief introduction to the principles
of Mossbauer-spectroscopy is given in the following section. Detailed descriptions can be
found in [19, 20].

3.1 Mossbauer Effect

Anucleus in an excited state can go back to its ground state by the emission of a y-quantum.
This y-quantum can be absorbed by an other nucleus of the same isotope. This process re-
quires that the energy difference of the excited and ground state of the emitter and absorber
nucleus match exactly.

Unfortunately, a free nucleus is subject to a recoil during the emission of a y-quantum due
to the conservation of momentum. The energy of the emitted y-quantum is lowered by the
recoil energy Eg. The recoil energy is given by:

B
Er = 2.4
R=53 (2.4)

with m the mass of the recoil system: a free atom or a crystal. The same energy loss occurs
once again during the absorption. The energy loss of the y-quantum is 2E in total.

Because of these energy losses an emitted y-quantum cannot be absorbed by a second nu-
cleus of the same isotope. The energy no longer matches the transition energy of the excited
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state of the nucleus. To achieve the resonance a recoil-free emission and absorption is nec-
essary.

In 1957 RUDOLF MOSSBAUER discovered that recoil-free emission and absorption of the
7-quantum can take place if the emitting and absorbing nuclei are incorporated into a host
lattice. The momentum is transferred to the whole lattice. Due to the relatively huge mass
of the host lattice the energy transfer is very low. In a classical description m in equation 2.4
goes to infinity and with this the recoil energy Er goes to zero. In a quantum mechanical
description the possibility of a recoil-free emission or absorption lies in the quantum nature
of the lattice vibrations. The -quantum can loose energy only to phonons. The phonon
energies of the lattice vibrations are quantized in values of 7w, i.e. the lattice can only have
the energy 0, fiw, 2hw,.... On the Debye model there is a spectrum of frequencies w up to a
maximum cut-off frequency wp. So if the recoil energy Er is less than fiwp the lattice can
not absorb the recoil energy, but the excitation of phonons at lower frequencies (w < wp)
is possible. This involves the excitation of a number of atoms together, so that the recoil
energy to be absorbed is now smaller. The probability of recoilless emission on absorption
is given by:

f=exp(—k* < x*>) (2.5)

where k = Ey/ic is the wave vector of the radiation and x? is the mean square deviation of
an atom during the lattice oscillation. f is the so-called Debye-Waller-factor. On the Debye
model < x? > is temperature dependent. The Debye-Waller-factor gives the probability of
a recoilless or absorption. f as a function of temperature is given by:

f(T) =exp <—2:BE€rD (1 —1—4((9]1;)2 ) /OT/GD exx_ 1dx))> (2.6)

where E, is the recoil energy of the Mossbauer transition (E; for 151E1 is 1.665-1072 eV), k
is the Boltzmann constant and 6p is the Debye temperature. Even at 0 K the Debye-Waller-
factor is less than 1. For T < 6p the following approximation applies:

3E, 22 T ,
AT~ exp (—gra 1+ 25 (7)) @2
For T > 97’3 the following approximation applies:
6ErT>
T)~exp| — 2.8

3.2 Méssbauer Isotope >'Eu

Eu has two naturally occurring isotopes, >'Eu (47.82 %) and '3Eu (52.18 %). Mossbauer
isotopes must have very low lying excited states and a long lifetime for the decay of the
excited state. These criteria exclude some isotopes. Because of long lifetime (141 ns) and
the resulting its small linewidth (4.7 neV) and the small y-energy (14.4 eV), respectively,
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Figure 2.5: Nuclear decay scheme for 1°!Sm and >'Eu.

Fe is the most popular Méssbauer isotope. The isotope applied in this thesis is °'Eu,
which is the most used isotope of the rare-earth elements.

The Mossbauer source used for °'Eu Mossbauer spectroscopy is 1°!Sm. Figure 2.5 shows
the decay scheme for 1>'Sm and '>'Eu. The half-life of 1>!Sm with 87 years is very long.
Two different B~-decays occur in the !Sm isotope. '°'Sm goes with a probability of 98.3%
to the ground state of '>'Eu. Only 1.7% of the 1°!Sm isotope decay into the excited state of
51Eu. The 21.64 keV transition from the excited to the ground state of ! Eu has a lifetime
of 14 ns and a resulting linewidth of 47 neV.

3.3 Hyperfine Interactions

There are three different kinds of interactions between the nucleus and the surrounding
electrons that can be observed in a Mdssbauer spectrum: the electric monopole, the electric
quadrupole, and the magnetic dipole hyperfine interaction.

Electric monopole interaction: Isomer Shift

The isomer shift is the electric monopole interaction between the nucleus and the surround-
ing electron shell. The overlapping of charge density distribution of s-electrons with the
nucleus causes a shift of the energy levels of the nucleus. The isomer shift is a good index
for the valence state of the isotope. The isomer shift is given by:

2mel

Sis = (04(0) —ps(0)) - A < 12 > (2.9)

3
where Z is the atomic number, p4(0) and ps(0) are the s-electron density at the absorber
nuclei and the source nuclei, and

A<P>=<r;>-<r>

is the difference between the nuclear radii of the ground and excited states.
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Figure 2.6: Plot of isomer shifts (adapted from [21]) for selected Eu compounds measured with the
21.64 keV resonance in 1>!Eu. The electron density increases from bottom to top.

Eudt compounds exhibit isomer shifts between 0 and +3 mm /s, those of non-metallic Eu?*
compounds are between -11 and -14 mm/s (Figure 2.6). The main reason for the large
difference in isomer shifts of about 12 mm /s between divalent and trivalent Eu-compounds
lies in the shielding effect of the additional 4f electron in Eu?>* compounds. Other effects
like ionicity or covalence are less pronounced (see Figure 2.6) but clearly resolved due to
the large value of A < 2 >= 18.5 fm? [21] of the 1>!Eu-resonance, being one the largest for
the rare-earth Mossbauer resonances. The Eu?"-doped samples investigates in this thesis
exhibit isomer shifts around -13.5 mm/s.

10
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Electric Quadrupole Interaction
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Figure 2.7: Nuclear energy levels for 1>'Eu in presence of a quadrupole interaction. The arrows
denote the allowed transitions.

Most nuclei are not spherically symmetric and have a quadrupole moment Q. For nuclear
spin states lager than 1/2 in a non-cubic crystalline surrounding a quadrupole interaction is
observable. When the surrounding charge density produces an electric field gradient (EFG)
this interacts with the quadrupole moment which splits the nuclear levels. The ground and
excited nuclear states of europium have nuclear spins of I = 3 and I = 7, respectively.
Due to the quadrupole interaction a level is split into (I + %) sublevels. The nuclear state
energies are given by:

eQVy, 3m2—I(I+1) "2
Em, = : 1+ % 2.1
i 4 121 —1) *3 (2.10)

where Q is the quadrupole moment of the nucleus, V., is the z-component of the EFG, and
7 is an asymmetry parameter given by:

VX X T Vyy

n= A (2.11)

The quadrupole moment Q. of the excited state is 1.34 time Qg of the ground state. With
this the transition energies AE,,, can be calculated by:

(2.12)

AR — €QVe [1 y? [1343mf — L(l+1)) 3m7 — L(Ig+1)
" 4 3 L(2I, — 1) L (21, — 1)

Transitions with Am; = 0,1 are allowed. Figure 2.7 shows the nuclear energy levels of
1By and the eight allowed magnetic dipole transitions.

11
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Magnetic Dipole Hyperfine Interaction
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Figure 2.8: Nuclear energy levels for 1>'Eu in presence of a magnetic hyperfine interaction. The
arrows denote the allowed transitions.

If the nucleus has a magnetic dipole moment y.; a magnetic hyperfine splitting occurs in the
presence of a magnetic corefield B, due to the atom’s own electrons, here the 4f” electrons
produce the B.. The level of the nucleus is split into 2I + 1 sublevels. The selection rule of
these transition is Am; = 0, £1. The nuclear energy levels and the eighteen transitions are
shown in Fig. 2.8. The size of the splitting is an index for the magnetic field at the nucleus.
The energy levels are given by:

En = —gnftumiBe (2.13)

where g, is the nuclear g-factor and y,, is the nuclear magneton. This effect is analog to the
Zeeman-effect and is called nuclear-Zeeman-effect.

12



3 Barium halide scintillators for x-ray and
y-ray detections

Since the main focus in this chapter is on x- and <-ray scintillators an overview of the
requirements, properties, and applications of scintillators are given in the following sec-
tion.

The radiation detection with scintillators is based on the detection of the scintillation light
produced by the ionizing radiation. The ionizing radiation interacts with the scintillator
material. There are three main interactions between the radiation and the material: The
photoelectric effect, the Compton effect and pair production.

e During the photoelectric effect the x- or -ray (photon) transfers all its energy to an
electron. The electron is liberated from the atom and its kinetic energy is the photon
energy minus the binding energy.

o In the case of the Compton effect a photon scatters from a weakly bounded electron.
A part of the energy of the photon is transferred to the electron.

o If the energy of a photon is larger than 1.022 MeV the photon can be converted into
an electron-positron pair: this event is called pair production.

1 Characteristics of scintillators

Scintillators are usually characterized by the following properties: energy resolution, light
yield, and scintillation decay time.

The energy resolution gives the relationship between the light output and the energy of the
penetrating y-quantum. Energy resolution is determined by the full width at half maxi-
mum (FWHM) divided by the centroid position of the photopeak of a pulse hight spectra.
This ratio is normally given in percent. The smaller the values (corresponding to narrow
peaks) the better the energy resolution.

The light yield is the fast part of the generated light after the absorption of an energetic pho-
ton (x- or y-quantum) and is obtained from pulse height spectra. The light yield is the coef-

13
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Crystal density lightyield emission wavelength decay time Ref.
(g/cm®)  (ph/MeV) A (nm) T(ns)
Nal:Tl 3.67 40,000 415 230 [22, 23]
CsL:T1 4.51 52,000 540 103 [24]
CWO 7.90 28,000 495 10* [23, 25]
BGO 7.31 8,900 480 300 [23, 26, 27]

Table 3.1: Properties of common inorganic scintillators.

ficient of conversion of ionizing radiation into light energy, it is given in photons per MeV.
A fast scintillation decay time is necessary for fast timing or high count rate applications.
Integrated x-ray excited luminescence spectra provide information on the integral scintil-
lation efficiency.

The scintillation decay time is the time required for scintillation emission to decrease to 1/e
of its maximum.

Beside these properties the effective Z (Z,s¢)is another important characteristic. The for-
mula for Z, ffr the effective atomic number, is given by :

Zefr = (/fl (Z1)"+ fo- (Z2)" + f3- (Z3)" ... (3.1)

where f, is the fraction of the total number of electrons associated with each element (by
weight of element i with atomic number Z in the chemical formula), and Z; is the atomic
number of each element, 7 is a value between 2 and 4 depending on the energy of the ra-
diation. Effective atomic number is important for predicting how x-rays interact with a
substance, as certain types of x-ray interactions depend on the atomic number. Z, is simi-
lar to atomic number but is used for compounds. The effective atomic number is calculated
by taking the fractional proportion of each atom in the compound and multiplying that by
the atomic number of the atom.

An overview of important physical and luminescence properties of the common inorganic
scintillators Nal:Tl, CsI:TI, CAWO4 (CWO), and BigGeO4(BGO) are given in Table 3.1.

2 Crystal structure

In the following chapter the scintillation properties of twelve different crystals were inves-
tigated. The crystals are listed in Table 3.2. All investigated crystals have a common crystal
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2 Crystal structure

Host lattice Dopant Doping level

BaClz
BaCl,
BaClz

BaCl,

BaBr;
BaBr;
BaBr;

BaBI'2

BaBr;

BaIz
Ba12
Bab

Eu
Ce

1000 ppm
1000 ppm
10000 ppm
10000 ppm

1000 ppm
1000 ppm
1000 ppm
1000 ppm
10000 ppm
10000 ppm

1000 ppm
1000 ppm

Table 3.2: List of investigated crystals.

crystal  a b C anion radius density effective Z
(a) @A) @A) (A) (g/cm®)
BaCl, 7.865 4.731 9.421 1.81 3.888 49.8
BaBr, 8276 4.956 9.919 1.96 4.781 47.8
Bal, 8922 5304 10.695 2.20 5.15 54.1

Table 3.3: Lattice parameters of BaX; [28] and anion ionic radii of the corresponding halide ion X,

density [29] and effective Z [30] (for energies between 100 keV and 1 MeV).

structure. The stable phase of BaX; crystals at room temperature (RT) has the orthorhom-
bic PbCl, structure characterized by the space group D10 (Pnma) [28]. Figure 3.1 shows the
crystal structure of orthorhombic BaX; as projections in different crystal planes.

While all three host lattices have the same crystal structure they differ in lattice parameters.
The lattice parameters of the crystals are summarized in Table 3.3.

The RE dopants Eu?* and Ce3* are substituting for Ba?>* having nine halide ions as close
neighbours at slightly varying distances. The lattice parameters have a direct effect on the
distances between the Ba ion and the halide ions. With increasing lattice parameters the
distance increases. Figure 3.2 shows the different distances between Ba and the halide ion

for the three different crystals.
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3 Barium halide scintillators for x-ray and <y-ray detections

°l @D oD
a8’ @8

o0 ©@ @
SR ALE

Figure 3.1: Lattice structure of the orthorhombic BaX; structure, from top to bottom, projected on
the ba, bc, and ac symmetry plane. The small white circles denote the Ba>* ions. The large grey
circles denote the X~ ions, the hatched grey circles lie in a different mirror plane than the non-
hatched ones.

(a) BaCl, (b) BaBr, (c) Bal,

Figure 3.2: Details of the lattice structure of, from top to bottom, BaCl,, BaBr, and Bal, as a pro-
jection on the ac crystal plane. The small white circles and the large grey circles denote the Ba>*
ions and the halide ions, respectively. The ions discerned by hatched circles lie in a different ac-type
mirror plane than the non-hatched ones. The numbers denote the distance between the Ba ion and
the corresponding halide ion in A.
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3 Sample preparation
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Figure 3.3: PL (solid curves) and PL excitation (dashed curves) spectra of (a) BaCl,:Eu?*, (b)

BaBry:Eu?t, and (c) Bal,:Eu?>*. The PL was excited at 370 (BaCl,/BaBr,) and 385 nm (Baly); the
PL excitation detected at 402 (BaCly), 404 (BaBr;), and 425 nm (Bal,).

3 Sample preparation

Single crystals of BaX; (X = Cl, Br, I) were grown at the Paderborn crystal growth labora-
tory using the Bridgman method with a quartz ampoule under an SiX; atmosphere from
BaX; powder and 1000 molar ppm of EuX; or CeX3, respectively. The usual technique was
completed by slow cooling through the cubic-orthorhombic phase transition near 920°C
(BaCly) [28] and 800°C (BaBr») [31], respectively. Prior to crystal growth the BaX; powder
was dried in a vacuum with subsequent melting in a SiXy atmosphere to reduce oxygen
contamination. However, the silicon treatment did not work for the Bal, powder.

4 Photoluminescence (PL)

Figure 3.3 shows the PL and PL excitation spectra of Eu-doped BaCl,, BaBr;, and Baly,
respectively. The Eu?>" emission shifts from 402 nm for BaCl, to 404 nm for BaBr; and
425 nm for Bal,. Also a shift of the excitation wavelength can be observed.

PL and PL excitation spectra of the Ce-doped barium halides are shown in Fig. 3.4. The PL
curve of BaCl, and BaBr; (site A) have the typical double-band shape of Ce-luminescence.
The doublet occurs as a result of the 4f! ground-state splitting caused by spin-orbit cou-
pling. For BaBr; (site B), the doublet is not resolved. This PL has been suggested to be
due to oxygen contamination, e.g. to some charge-compensated Ce>*-O%~ pairs [36]. The
structure of the PL excitation spectra is formed by the split 54! excited state which has up
to five levels depending on the crystal field. The doublet of BaCl, is at 349 and 373 nm with
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3 Barium halide scintillators for x-ray and <y-ray detections
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Figure 3.4: PL (solid curves) and PL excitation (dashed curves) spectra of (a) BaCl,:Ce?t, (b)
BaBr,:Ce?t - site A, and BaBr,:Ce®* - site B. The PL was excited at 340 (BaCl,), 300 (BaBr; - site

A), and 350 nm (BaBr; - site B); the PL excitation detected at 373 nm (BaCl,), 370 nm (BaBr, - site
A), and 420 nm (BaBr; - site B).

its excitation maximum at 339 nm. In BaBr,:Ce®*, two different Ce sites exist. The dou-
blet shifts to 345 and 370 nm (site A) and 420 nm (site B), respectively. The maximum of
the corresponding excitation spectrum is at 300 nm (site A) and 350 nm (site B). Ce-doped

Bal, shows no recordable PL signal. The Eu and Ce emission wavelengths are shown in
Table 3.4.

dopant  host lattice A (nm) Ref.

Eu?t BaCl, 402 [32], [33]
BaBr, 404 [32], [33]
Bal, 425 [34]
Ce3t BaCl, 349, 373 [35]
BaBr, (site A) 345, 370 [36]
BaBe; (site B) 420 [36]

Table 3.4: Emission wavelengths for UV excitation of the Eu- and Ce-luminescence in a barium
halide host lattice.
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5 X-ray excited luminescence (XL)
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Figure 3.5: Normalized x-ray excited luminescence spectra of undoped (dashed curves) and Eu-
doped (solid curves) barium halides. Parts of the spectra of the Eu-doped samples (dotted curves)
are blown up x10 times as indicated. All spectra were recorded at RT.

5 X-ray excited luminescence (XL)

Figure 3.5 shows the normalized XL spectra of undoped and Eu-doped BaCl,, BaBr,, and
Bal,. The XL of undoped BaCl, shows a broad band at about 300 nm and a doublepeak
structured band between 380 and 600 nm with maxima at 420 and 475 nm. The ultraviolet
XL band at about 300 nm can only be seen in undoped BaCl, but not in any of the other
samples. The XL of undoped BaBr, shows a similar double-peak structured band as found
in undoped BaCl, with peak positions at 425 and 475 nm. However, the intensity ratio of
the 425 to the 475 nm band has changed in favor of the longer wavelength. In undoped
Bal, a broad XL band at about 530 nm with a small shoulder at about 430 nm can be found.
The XL spectra of the Eu-doped BaCl, and BaBr, do not show any of the features described
above but single bands at 402 and 404 nm, respectively. This band is due to the typical 54-4 f
transition of Eu?*. The 404 nm band in BaBr; shows a small shoulder at about 480 nm. The
Eu?" emission is further shifted to longer wavelengths in Eu-doped Bal,, where it is seen
as a small peak at about 425 nm. The XL of Eu-doped Bal, is dominated by the broadband
at 530 nm, which also appeared in undoped Bal,. The most intense XL peak occurred for
the Eu?t 5d-4 f transition in BaBr; followed by BaCl,. The Eu®t emission in Bal; is very
weak.
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3 Barium halide scintillators for x-ray and <y-ray detections

Figure 3.6 shows the normalized XL spectra of Ce-doped BaXy(solid curves) and Ce- and
K-co-doped BaCl, and BaBr; (dashed and dotted curves). The XL curves of Ce-doped
BaCl, (Figure 3.6a, solid curve) and BaBr; (Figure 3.6b and c, solid curves) have the typical
doublet for Ce luminescence. The double band shape is a result of the 4f ground state
splitting, caused by the spin-orbit coupling. The doublet of BaCl; is at 349 and 373 nm. For
BaBr, the doublet shifts to 345 and 370 nm. In the case of Bal, (Figure 3.6d, solid curve)
no Ce luminescence can be observed. The increase of an additional band from Cl via Br
to I can be seen. While in the BaCl, host lattice the additional luminescence bands at 420
and 480 nm can only be observed in the expanded spectrum, in BaBr; they are almost as
intense as the Ce-doublet. For Bal, only a broad band at 550 nm can be seen. The additional
bands agree with those of the corresponding undoped crystals (Figure 3.5, dashed curves).
Besides the bands at 420 and 480 nm the expanded spectrum of BaCl,:Ce** (0.1%) shows a
peak at 305 nm. This corresponds to a band observed in undoped BaCl, and is assumed to
be a self-trapped exciton (STE).

The spectrum of BaCl,:Ce3t, KT (1%) (Figure 3.6a, dashed curve) shows the same charac-
teristic Ce-doublet as found in the sample without potassium, but slightly (less than 5 nm)
shifted to longer wavelength; the linewidth is slightly smaller. In the case of BaBr, doped
with 0.1% CeBr3 and 0.1% KBr (Figure 3.6b, dotted curve), the ratio between the Ce-doublet
and the additional luminescence bands at 420 and 480 nm has changed in favour of the Ce-
doublet. The intensity of the Ce-doublet in 0.1% Ce- and 0.1% K co-doped BaBr; is almost
twice that of the corresponding 0.1% Ce-doped crystal. In BaBr,:Ce, K (1%) (Figure 3.6¢,
dashed curve) the Ce-doublet is barely resolved and shifted by more than 30 nm to 375 and
410 nm. The additional bands at 420 and 480 nm are very weak and hardly noticeable.

For a rating of the scintillation properties with regard to integral x-ray scintillation effi-
ciency the barium halide single crystals were compared to the common scintillator CdWOj.
The measurements were made using the same parameters for all crystals. The area under
the XL curve is calculated and compared to that of a CdWOj, reference sample with a light
yield of 28,000 ph/MeV [37]. The integral x-ray scintillation efficiencies are given in Ta-
ble 3.5. The results of the Eu-doped samples and Ce-doped BaCl, and BaBr; have already
been presented in [34]. The value for Bal,:Eu?* presented in Table 3.5 is slightly larger than
in [34].
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5 X-ray excited luminescence (XL)

X-ray excited Luminescence

Figure 3.6: Normalized x-ray excited luminescence spectra of (a) BaCl,:Ce3* (0.1%) and BaCl,:Ce3™,
K+t (1%), (b) BaBry:Ce3" (0.1%) and BaBr,:Ce3*, KT (0.1%), (c) BaBr,:Ce?* (0.1%) and BaBr,:Ce3t,
K* (1%), and (d) Bal:Ce3* (0.1%). Parts of the spectrum of 0.1% Ce-doped BaCl, are expanded as

indicated.
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3 Barium halide scintillators for x-ray and <y-ray detections

Integral x-ray

Crystal scintillation efficiency XL-to-afterglow
with respect to CAWO, ratio
(photons/MeV) (after 3 sec)
BaCl, 4,500 £ 500 20 % at 420 nm
25 % at 475 nm
BaCly:Eu?* 19,000 £ 1,900 0.2 % at 402 nm
BaCl,:Ce3* (0.1 %) 4,800 + 480 2 % at 305 nm

8 % at 350 / 370 nm
5 % at 420 / 480 nm

BaCl,:Ce3t, K (1 %) 13,000 + 1,300 35 % at 350/ 370/ 420 nm
12 % at 480 nm
BaBr; 8,700 + 870 1 % at 425 nm
2 % at 475 nm
BaBry:Eu?t 32,000 £ 3,200 10 % at 404 nm
BaBry:Ce3 " (0.1 %) 36,000 =+ 3,600 8 % at 350 / 370 nm
0.5 % at 420 / 480 nm
BaBr;:Ce3t, KT (0.1 %) 65,000 £ 6,500 -
BaBr,:Ce3t, KT (1 %) 54,000 £ 5,400 6 % at 350 / 370 / 420 nm
2 % 480 nm
Bal, 1,700 £ 170 <0.1%
Baly:Eu?™ 2,000 & 200 <0.1%
Bal,:Ce3t 1,800 £ 180 < 0.1 % @550 nm

Table 3.5: Integral scintillation efficiency and XL-to-afterglow ratios of undoped, Eu-doped, Ce-
doped, and K co-doped barium halides. The x-ray scintillation efficiency was derived by compar-
ing the integrated area under the XL curve of the corresponding barium halide to that of a CAWO,
(28,000 photons/MeV [37]) reference sample. The XL-to-afterglow ratio was detected at the wave-
lengths indicated.
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6 Afterglow
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Figure 3.7: Normalized afterglow spectra of undoped and Eu-doped BaCl, and BaBr; recorded at
RT.

6 Afterglow

Figure 3.7 shows the normalized afterglow spectra of undoped and Eu-doped BaX; (X=
Cl, Br). The afterglow of undoped and Eu-doped Bal, was too weak to allow the recording
of the spectral behavior. The afterglow spectra of the Eu-doped samples (Figure 3.7, solid
curves) are almost identical to the corresponding XL spectra. The spectra are dominated
by the Eu?>" emissions at 402 and 404 nm for BaCl, and BaBr;, respectively. The afterglow
spectrum of the undoped BaCl, (Figure 3.7, dashed upper curve) does not show the broad
300 nm luminescence band found in XL but the double-structured band with peaks at 420
and 475 nm. However, the intensity ratio of the 420 to the 475 nm band has changed in
favor of the longer wavelength. For undoped BaBr; the situation is similar: The afterglow
spectrum (Figure 3.7, lower dashed curve) shows the same double-structured band as al-
ready observed in XL, with an intensity ratio in favor of the longer wavelength. In both
cases, the change in the intensity ratio is caused by the slightly higher afterglow inten-
sity of the longer wavelength band. This finding was confirmed by measurements on the
temporal behavior of the XL / afterglow intensity.

Normalized afterglow spectra of 0.1% Ce-doped BaCl, and BaBr; are shown in Figure 3.8
(solid curves); normalized afterglow spectra of 1% Ce- and 1% K co-doped samples are
also shown (dashes and dotted curves). Ce-doped Bal, only shows a very weak afterglow
which makes the recording of the spectral behavior impossible. The afterglow spectra of
the 0.1% Ce-doped as well as of the 1% Ce and 1% K co-doped samples are dominated by
the Ce-doublet. The 420 and 480 nm bands, which have been observed in the XL spectra,
are negligible in the afterglow spectra.
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3 Barium halide scintillators for x-ray and <y-ray detections
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Figure 3.8: Normalized afterglow spectra of (a) BaCly:Ce3* (0.1%) and BaCly:Ce3*, K* (1%), (b)
BaBr,:Ce?t (0.1%) and BaBr,:Ce3t, KT (0.1%), and (c) BaBr,:Ce3" (0.1%) and BaBr,:Ce3t, Kt (1%).

Figure 3.9 shows the temporal behavior of the XL / afterglow intensity of undoped and
Eu-doped barium halides after switching on for 5 min and off the x-ray excitation at RT;
the resolution of these measurements was 3 sec, i.e. every 3 sec a data point was recorded.
Undoped BaCl, shows an afterglow in the range from 20% (420 nm) to 25% (475 nm). The
Eu?t emission in BaCl, has an afterglow of about 0.2%. In contrast to BaCl,, the after-
glow of undoped BaBr; is less than that of the Eu-doped sample: The Eu?>" emission has
an afterglow of 10%, while the afterglow in undoped BaBr, ranges from 1% (425 nm) to
1.5% (475 nm). Undoped and Eu-doped Bal, show an afterglow below 0.1%. The XL-to-
afterglow ratios detected at the wavelengths indicated are listed in Tab. 3.5

Figure 3.10 shows the temporal behavior of the XL/afterglow intensity of 0.1% Ce-doped
(solid curves) and 1% Ce- and 1% K co-doped BaCl, and BaBr, (dashed curves) after
switching on (for 5 minutes) and off the x-ray excitation at RT; the resolution of these mea-
surements was also 3 sec. The curves have been normalized for easier comparison. As
seen in the afterglow spectra above, the afterglow is dominated by the Ce luminescence.
The Ce3* emission in 0.1% Ce-doped BaCl, (Figure 3.10a, solid curves) has an afterglow
of about 8%, i.e. the emission intensity drops down to 8% of its value after switching off
the x-ray excitation. The additional luminescence bands have an afterglow between 2%
(305 nm) and 5% (420 and 480 nm). The 1% Ce- and 1% K-co-doped sample (Figure 3.10a,
dashed curves) shows an afterglow of 35% for the Ce-doublet and 12% at 480 nm. The Ce3*
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7 Light yield and energy resolution

T 105t BaCl BaBr, Bal,
- 420 nm 530 nm
=2 10% 475 nm
c E
£ 10% 475 nm
3 10%
2 ;
& 10f 425 nm
< F
~ 1+ —
2 on  off
R 402 nm
L 105 404 nm 530 nm
2 104E 425 nm
2 BaBry:Eu?*
2 103
£ 3
3 B2
5 1025_ Balz.EU +
> ;
& 10f BaClyEu® W
2 on  off
0 5 10 15 20 25 30 35 40 45
Time (min)

Figure 3.9: Temporal behavior of the XL/afterglow intensity of undoped and Eu-doped barium
halides after switching on and off the x-ray excitation at RT; the XL /afterglow intensity was detected
at the wavelength indicated.

emission in 0.1% Ce-doped BaBr; (Figure 3.10b, solid curves) has an afterglow of 8%, while
the afterglow of the additional bands at 420 and 480 nm is less than 1%. The afterglow
of the 1% Ce- and 1% K co-doped sample (Figure 3.10b, dashed curves) is 6% for the Ce
emission and about 2% at 480 nm. Ce-doped Bal, shows an afterglow below 0.1%. The
XL-to-afterglow ratios detected at the wavelengths indicated are listed in Table 3.5.

7 Light yield and energy resolution

v-ray light yields and energy resolution for the undoped, Eu-doped, 0.1% Ce-doped, and
1% Ce and 1% K-co-doped BaCl, and BaBr; are derived from pulse height spectra under
662 keV 7-ray excitation of a 13’Cs source; the spectra of undoped and Eu-doped crystals
are shown in Figure 3.11a and b. The spectra of the 0.1% Ce-doped and 1% Ce- and 1%
K-co-doped crystals are shown in Figure 3.11c and d.

To determine the position of the photopeak and the energy resolution, the photopeaks were

titted by Gaussian curves. Besides the photopeak at 662 keV, the spectra show the Compton
continuum from the Compton edge at about 450 keV down to zero energy. The backscatter
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3 Barium halide scintillators for x-ray and <y-ray detections
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Figure 3.10: Normalized temporal behavior of the XL/afterglow intensity of (a) BaCl,:Ce3t (0.1%)
and BaCly:Ce®t, K* (1%) and (b) BaBry:Ce3* (0.1%) and BaBr,:Ce®", Kt (1%) after switching on
and off the x-ray excitation at RT. The (dashed) curves for BaCl,:Ce3*, K* (1%) and BaBr,:Ce3*,
K* (1%) were horizontally displaced for clarity. The XL/afterglow intensity was detected at the
wavelength indicated.

peak, which arises from scattering of the y-rays from the photomultiplier and materials
outside the system back into the scintillation crystals, is at 200 keV. The leftmost peak at
32 kV corresponds to the K, x-rays of Ba, which are also emitted in a '3’Cs decay.

The unusual broadening of the photopeak in BaBry:Eu?t is probably caused by inhomo-
geneities in the crystal. The values for the undoped, Eu-doped and 0.1% Ce-doped Bal,
were obtained from pulse height spectra under 59.9 keV + rays of a 2! Am source (the
spectra are not shown); the Bal, crystals did not show any photopeak under a 662 keV
y-ray excitation. 7-ray light yields and energy resolution of all samples investigated are
compiled in Table 3.6.

Of all the barium halides studied, undoped BaBr; and BaCly:Eu?t show the highest light
yield with (19,300 £+ 1,950) and (19,400 £ 1,950) photons/MeV, respectively. The values
were obtained with a shaping time of 10 us. Increasing the shaping time from 0.5 to 10 us
leads to an increase in the light yield of more than 70% for undoped BaBr;. This change
indicates a slow scintillation component in the microsecond range. The increases in the
light yield in Eu-doped BaCl, and BaBr; are 25% and 30%, respectively. For undoped
BaClp, which shows the lowest yield light of all samples, only a weak increase (mean-
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7 Light yield and energy resolution

Light yield Energy
Crystal (photons/MeV) resolution (%)
0.5 us 10 s

BaCl, 1,500 + 150 1,700 £ 150 174+ 1.7
BaCly:Eu?* 14,400 + 1,450 19,400 £ 1,950 8.8+0.9
BaCly:Ce** (0.1%) 1,500 + 150 3,100 £+ 310 140+ 14
BaCly:Ce*", K* (1%) 2,000 + 200 5,200 4+ 520 162+ 1.6
BaBr; 5,100 £+ 510 19,300 £ 1,950 54+05
BaBr,:Eu?* 10,800 £ 1,100 15,700 £ 1,550 11.0+ 1.1
BaBr,:Ce** (0.1%) 3,700 £+ 370 13,600 £ 1,350 10.0 £1.0
BaBr,:Ce*, K+ (1%) 5,000 + 500 10,300 £ 1000 9.8+ 1.0
Bal, 1,100 £ 100 2,600 + 250 -
Bal,:Eu?* 2,300 + 250 3,800 + 400 -
Bal,:Ce3 2,600 + 250 4,600 + 460 -

Table 3.6: Light yield and energy resolution of the barium halides. The light yield and energy
resolution values for BaCl, and BaBr, were derived from pulse height spectra (shaping time of 10
us) under a 662 keV y-ray excitation of a 137Cs source; the values for Bal, were obtained from pulse
height spectra under 59.9 keV y-rays of a 24! Am source.

ing a fast scintillation component) is found upon increasing the shaping time from 0.5 to
10 us. The undoped and Eu-doped Bal, show an increase of almost 200%. 0.1% Ce-doped
BaBr; shows the highest y-ray light yield of all Ce-doped barium halides investigated with
(13,600 £ 1,350) ph/MeV. The values were obtained with a shaping time of 10 us. Increas-
ing the shaping time from 0.5 to 10 us leads to an increase in the 7y-ray light yield by a
factor of about 3.5, which indicates the existence of a slow scintillation component in the ps
range. This finding is confirmed by the scintillation decay time measurements (see below).
The vy-ray light yield in BaCl, and Bal, - both samples showing a very low light yield - is
approximately doubled by increasing the shaping time to 10 us. Increasing the Ce-doping
level to 1% (in combination with additional 1% K-co-doping) leads to a slight increase in
7-ray light yield. In BaCl, the 0.5 us as well as the 10 ps value could be increased, whereas
in BaBr; only the 0.5 us value is found to be larger.

27



3 Barium halide scintillators for x-ray and <y-ray detections
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Figure 3.11: Pulse height spectra of (a) Eu-doped and undoped BaCl,, (b) Eu-doped and undoped
BaBr;, (c) BaCl,:Ce3* (0.1%) and BaCl,:Ce3t, K+ (1%), and (d) BaBr,:Ce3*t (0.1%) and BaBr2,:Ce3™,

K* (1%) under a 662 keV 7-ray excitation of a 13’Cs source. The spectra are measured with a shaping
time of 10 us at RT.
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Figure 3.12: Normalized scintillation decay curves of undoped and Eu-doped barium halides under

662 keV 7y-ray excitation of a 137Cs source. The measurements for the BaCl, and the BaBr, crystals
were carried out with the single-photon counting method; those for the Bal, crystals with the multi-
hit method. All decay curves were recorded at RT.

In Figure 3.12 and 3.13 the scintillation decay curves are presented. All samples were mea-
sured with TDC and TAC. The results of the two methods correspond with each other
within an error of 10%.

Figure 3.12 shows the scintillation decay curves of undoped and Eu-doped barium halides.

The curves for BaCl, and BaBr, were measured with the single-photon counting method,
whereas those for the Bal, samples were measured with the multi-hit method.
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Figure 3.13: Normalized scintillation decay curves of (a) 0.1% Ce-doped BaCl,, BaBr,, and Baly,
(b) BaCly:Ce3t (0.1%) and BaCly:Ce3t, K+ (1%), and (c) BaBry:Ce3t (0.1%) and BaBr,:Ce3t, K+
(1%) under 662 keV 7-ray excitation of a 13Cs source. The measurements for BaCly:Ce>* (0.1%)
and Bal,:Ce3t (0.1%) were carried out with the multi-hit method; those for BaBry:Ce3t (0.1%),
BaCly:Ce®*, Kt (1%), and BaBry:Ce**, Kt (1%) with the single-photon counting method.
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8 Scintillation decay

Crystal Scintillation relative contribution
decay time (ns) to total y-ray light yield
(for a shaping time of 10 us)

BaCl, 980 + 100 100%
BaCly:Eu?* 390 + 40 100%
BaCl,y:Ce3* (0.1%) 14 +1 10%
90 +9 40%
1,400 + 140 50%
BaCl,:Ce3t, K+ (1%) 741 6%
190 420 11%
1,500 = 150 83%
BaBr; 2,200 £ 220 100%
Trise = (200 & 20) ns
BaBry:Eu?t 585 4+ 60 100%
BaBr:Ce?t (0.1%) 1,700 & 170 100%
Trise = (150 & 15) ns
BaBr,y:Ce3t, K+ (1%) 80+8 27%
490 + 50 22%
2,100 + 210 51%
Bal, 610 & 50
5000 (const)
Bal,:Eu?*t 510 + 50
5000 (const)
Bal,:Ce3+ 590 + 60 71%
2,200 = 200 29%

Table 3.7: Scintillation decay of the barium halides. The scintillation decay measurements for the
BaCl, and BaBr, crystals were carried out with the single-photon counting method, those for the
Bal, crystals with the multihit method. For the fitting of the Bal, decay curves, the second compo-
nent was kept constant.
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3 Barium halide scintillators for x-ray and <y-ray detections

The scintillation decay components are collected in the last column of Table 3.7. The decay
components for Eu-doped BaCl, and BaBr; are much faster than those observed for the
corresponding undoped sample, whereas both undoped and Eu-doped Bal, show about
the same temporal behavior. The emission in Bal, is dominated by the 530 nm band, and
its decay can be fitted by assuming two different components.

Figure 3.13a shows the scintillation decay curves of 0.1% Ce-doped BaCl,, BaBry, and Bal,.
The presented curve for BaBr, was measured with the single-photon counting method
whereas those for BaCl, and Bal, were measured with the multi-hit method. The scin-
tillation decay components are shown in Table 3.7 together with their relative contribution
to the total y-ray light yield. In contrast to 0.1% Ce-doped BaCl, and Bal, the decay curve
of 0.1% Ce-doped BaBr, shows an initial rise in the scintillation intensity before a slow,
mono-exponential decay is observed. The normalized decay curve can be described by:

I(t) = (1 —exp(—t/Tyise)) -exp(—t/T) (3.2)
Iy

with the initial rise time 7,;;, and the decay time T for the mono-exponential decay. A
revised analysis of the scintillation decay in undoped BaBr, showed that such an initial
rise can be observed there as well. The initial rise times are listed in the last column of
Table 3.7. K-co-doping of 1% Ce-doped BaCl, and BaBr; leads to significant changes in
the scintillation decay (Figure 3.13b and 3.13c). The BaCl:Ce®*, KT (1%) and BaBr,:Ce’*,
K™ (1%) decay curves can be fitted by assuming three components. The scintillation decay
times of the K-co-doped samples as well as the relative contribution of each component to
the total y-ray light yield are given in Table 3.7.

9 Discussion

The x-ray excited Eu?>" emission in Eu-doped barium halides (Figure 3.5) shifts from CI
to I to longer wavelengths. For Eu-doped BaCl, and BaBr; the Eu?" emission dominates
the XL spectrum; the doublestructured XL band at about 450 nm observed in the undoped
samples cannot be seen in Eu-doped BaCly, but it is found as a small shoulder in the case
of Eu-doped BaBr, (Fig. 3.5, dotted curves). The XL band at 530 nm in undoped Bal; is
also present in the XL spectrum of Eu-doped Bal, and is even more intense than the Eu-
correlated emission at 425 nm. The 450 nm XL found in undoped BaBr; has previously
been ascribed to F-V center recombination [38]. The 450 nm band in undoped BaCl, and
the 530 nm band in Bal, might be caused by the same process. We assume that there is an
energy transfer mechanism between the F-V pair and Eu?". This transfer is very efficient
in the case of BaCl, efficient in the case of BaBr,, but almost completely suppressed in the
case of Bal,. The reason for this is still unclear. At this point, we cannot say much about the
scintillation mechanism in the barium halides investigated because dedicated experiments,
such as decay time and light yield measurements (as a function of temperature and concen-
tration), were not performed. The aim of this work was to explore whether the materials
studied can be interesting candidates as scintillator.
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9 Discussion

The x-ray excited Ce®t emission in BaCly, BaBry, and Bal, (Figure 3.6, solid curves) was
found in BaCl, and BaBr», but it is suppressed in the Bal; lattice. The 550 nm band observed
in Ce-doped Bal; is also present in the XL spectrum of undoped Bal,. The XL spectrum of
Ce-doped BaCl, is dominated by the Ce®t emission with additional weak bands at 420
and 480 nm as well as at 305 nm (provisionally assigned to STE emission). These bands
are completely suppressed in the K-co-doped sample. The position of the Ce>" emission
shifts slightly to longer wavelengths upon increasing the doping level from 0.1% to 1%.
This agrees with findings by Li and Leskeld [39]: They observed a shift in the emission
wavelength, in Ce-doped BaCl,, from 340 to 356 nm, when the Ce doping level is increased
from 0.05% to 5%. The Ce-doublet in the BaBr; spectra is still the most intense emission but
additional XL bands at about 420 and 480 nm play a significant role in the spectrum. Similar
bands at 420 and 480 nm have already been reported in undoped BaBr;. The situation in
Ce-doped BaBrp, however, is more complicated. There are (at least) three different Ce sites
in BaBr; [36]: (A) The so-called A-site (doublet at 349/373 nm) is attributed to Ce ions
charge-compensated by a K impurity; (B) the B-site (420 nm) is assumed to be a Ce ion
in the vicinity of any other impurity; (C) the C-site (330/353 nm) can only be seen at low
temperatures and is attributed to an unperturbed Ce-site. This assignment by Corradi et al.
[36] is in good agreement with our XL results. Upon 0.1% K-co-doping (Figure 3.6b, dotted
curve) the A-site to B-site ratio changes in favour of the A-site; for a Ce and K co-doping
level of 1% (Fig. 3.6c, dashed curve) the B-site has completely disappeared while the A-site
is shifted to longer wavelengths. The latter result is consistent with the findings for 1% Ce-
and 1% K-co-doped BaCl, (Figure 3.6a, dashed curve).

The 0.1% Ce-doped BaBr; sample shows a large contribution of host lattice emission bands
at 420 and 480 nm (Figure 3.6b and 3.6¢, solid curves), an initial rise in the scintillation
decay curve (Figure 3.13a and 3.13c), and there is no fast decay component although there
is significant contribution from Ce* emission (Table 3.7). These observations indicate that
the Ce®" exitation in the 0.1% Ce-doped BaBr; is delayed either due to energy migration
processes from the ionization track to Ce®*. Although we do not know what kind of mi-
gration process it is, it is clear that the observed scintillation decay is determined by both
the Ce3" 5d lifetime and the speed of migration/ excitation. If the latter process is much
slower than the Ce3" 5d lifetime then the scintillation decay is fully controlled by the mi-
gration/ transfer process. We assume that the defects involved in the migration processes
are the same as the ones responsible for the host related emission bands at 420 and 480 nm
(Figure 3.6b and 3.6c, solid curves). The 1% K-co-doping, however, causes a significant
change in the scintillation behavior. The additional emission bands assigned to host lattice
emission bands at 420 and 480 nm disappear (Figure 3.6c, dashed curve) and a fast decay
component of 80 ns can now be found in the corresponding scintillation decay curve (Fig-
ure 3.13c). It seems that the transfer from the host related defects to the Ce ions is much
enhanced by K-co-doping. The host emission is quenched by the fast transfer to Ce, which
results in more intense and faster Ce scintillation decay. The decay is still controlled by the
migration/transfer process, but the lifetime of this process decreases to 80 ns. The intrinsic
lifetime of the Ce* 54 state is expected to be significantly shorter than 80 ns; we anticipate
a lifetime around 20-30 ns.

The best scintillator of all investigated barium halides (with respect to light yield, scintilla-
tion decay time, and afterglow) is Eu-doped BaCl,. The light yield is 19,400 photons/MeV
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3 Barium halide scintillators for x-ray and <y-ray detections

(Table 3.6), the scintillation decay consists of a fast component on the submicrosecond
scale (about 400 ns, Table 3.6), and the afterglow is less than 0.2% (Table 3.5). Moreover,
the energy resolution under the 662 keV 7-ray excitation of a 13’Cs source is 8.8%. Al-
though undoped BaBr; is also a good scintillator in terms of the light yield (19,300 pho-
tons/MeV, Table 3.6), its scintillation decay component is on the multiple microsecond
scale (2200 ns, Table 3.6), which makes this system less attractive for scintillation appli-
cations. The XL-to-afterglow-ratio of undoped BaBr; is 1% - 2%; the energy resolution is
5.4% and thus slightly better than that of Eu-doped BaCl,.

According to Table 3.6, the Ce-doped BaBr; samples show the highest y-ray light yield of
the Ce-doped barium halides investigated: The light yield for 1% Ce- and 1% K-co-doped
BaBr; is 13,600 ph/MeV and 10,300 ph/MeV, respectively. Additional K-co-doping did not
(as expected) increase the y-ray light yield but led to an even smaller value. Interestingly,
in undoped BaBr; a light yield of 19,600 ph/MeV was found; this is significantly more than
the values for the corresponding Ce-doped samples. However, the K co-doping had a sig-
nificant influence on the scintillation decay behavior: In 1% Ce- and 1% K-co-doped BaBr;
a fast, medium, and slow decay time component could be observed, while the scintillation
decay in undoped BaBr; and in 0.1% Ce-doped BaBr; consists of only one slow component
and the decay occurs via an intermediate level. The K co-doping does not have a signifi-
cant influence on the afterglow behavior or on the energy resolution under 662 keV «y-ray
excitation of a '¥Cs source. Both, Ce-doped BaCl, and Ce-doped Bal, show a very weak
-ray light yield (Table 3.6), which makes these systems less attractive for scintillation ap-
plications. Similar to the situation in Ce-doped BaBr,, increasing the Ce-doping level as
well as additional K doping did not help very much to improve the scintillation properties
of Ce-doped BaCl,.

At first glance, a comparison between the light yield values obtained from the pulse height
spectra (Table 3.6) and the integral x-ray scintillation efficiencies obtained from the XL spec-
tra (Table 3.5), which were compared to CdWOy (28,000 photons/MeV [37]), shows that
some of the data do not agree with each other. Apart from Eu-doped BaCl, and all of the
Bal, samples, the integral x-ray scintillation efficiency is always significantly higher than
the y-ray light yield of the corresponding crystal. An explanation for this discrepancy lies
in the recording method of the data: The -ray light yield values derived from the pulse
height spectra were recorded with a maximum shaping time of 10 us, whereas each data
point of the XL spectra was obtained after 1-2 s of integration, and was thus additionally in-
creased by afterglow effects. The light yield values in Table 3.6 agree with those in Table 3.5
in the case of low afterglow samples, e.g., Eu-doped BaCl,. Samples having an intense af-
terglow such as undoped BaCl,, Ce-doped BaCl,, Eu-doped, and Ce-doped BaBr; show in
the XL spectra a much higher light yield, leading to a higher value in Table 3.5. In addition,
since the scintillation decay measurements have been recorded for a shaping time of only
10 s, very slow decay time components in the range of several micro- or even milliseconds
are difficult to detect. The last column of Table 3.7 shows that the relative contribution to
the total light is often dominated by such slow components. The XL light yield values for
the Bal, samples are smaller than those of the pulse height spectra values. Bal, is very
hygroscopic and becomes opaque while performing the XL measurements; the light yield
thus decreases. For the pulse height spectra, the measurements were performed at the Uni-
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9 Discussion

versity of Delft inside an M-Braun Unilab dry box with a moisture content less than 1 ppm.
Finally, one may not exclude a nonproportional response of the scintillators with energy
of excitation. Usually, scintillators are less efficient at x-ray energies (10 - 50 keV) than at
7-ray energy (662 keV), and this may also contribute to differences between the integral
scintillation efficiency in Table 3.5 and the 7y-ray light yield in Table 3.6.
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4 Ce-doped glass ceramics

It is known from prior investigations that the main problem when doping fluorozirconate
(FZ) based glass ceramics with Ce is to get the Ce into the barium halide nanocrystals.
Ce-doped FZ glass ceramics have already been prepared and described by [4, 9]. Unfortu-
nately, it seems that the Ce ions do not enter the nanocrystals. The x-ray luminescence of
the glass ceramics looks similar to that of undoped single crystals [4]. This indicates that
nanocrystals have been created in the glass ceramic, but they are probably not doped with
Ce.

The valence state of the Ce ion seems to be the problem. In the case of Eu the divalent
rare-earth ion substitutes on a divalent Ba site in the nanocrystals. The Ce ion is trivalent,
but has to substitute on a divalent Ba site, too. The idea is to add a monovalent ion for
charge compensation. Since investigations on Ce- and K-co-doped single crystals of bar-
ium halides have shown that potassium shows no additional luminescence but increases
the intensity of the Ce luminescence (Chapter 3 and [39]), K was chosen as co-dopant. Glass
ceramics with different doping levels of Ce and K were prepared. Table 4.1 lists the compo-
sition of the three manufactured glasses. The name of the samples is a composition of the
abbreviation ZBLAN given by the compounds of the FZ glasses and an inventory number.
Each set consist of an initial sample and glass ceramics annealed for 20 minutes at 260°C,
270°C, 280°C, 285°C, and 290°C.

From investigations on ZBLAN 74, the problem with trivalent dopants is already known.
The results have been published in [9]. XRD measurements have shown that due to anneal-
ing hexagonal BaCl, nanocrystals are formed in the glass. After annealing for 20 minutes
at 260°C the XRD data show reflections from hexagonal BaCl,. Upon annealing at higher
temperatures a phase transition from hexagonal to orthorhombic BaCl, could be observed:

Sample AlF; LaF; BaCl, BaF, NaCl InF; ZrF; CeF; KF
ZBLAN 74 3 3.5 10 10 20 0.5 52 1 -
ZBLAN 90 3 35 10 10 20 0.5 51 1 1
ZBLAN 96 3 35 10 10 20 0.5 49 2 2

Table 4.1: Composition of the Ce- and Ce- and K-co-doped fluorochlorozirconate glasses in mole
percent. The name of the samples is a composition of the abbreviation ZBLAN given by the com-
pounds of the FZ glasses and an inventory number.
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Figure 4.1: Normalized XL spectra of Ce-doped ZBLAN 74 glass ceramics. The two red lines denote
the positions of the Ce doublet of a BaCly:Ce®* single crystal.

At an annealing temperature of 270°C the XRD data shows a phase mixture of hexagonal
and orthorhombic BaCl,. The phase transition is completed after annealing for 20 minutes
at 280°C, the hexagonal phase has completely disappeared in the XRD pattern. However,
the appearance of an unknown third phase after annealing at 280°C can be observed. The
crystallites of this phase grow with increasing annealing temperature.

1 Experimental results

Figure 4.1 shows the XL spectra (from bottom to top) of the initial glass and the glasses
annealed at 260°C, 270°C, 280°C, 285°C, and 290°C. The two red lines denote the positions
of the Ce doublet of a BaCl,:Ce" single crystal. In all spectra of the annealed samples
an emission at 420 and 480 nm can be observed which is attributed to that of undoped
BaCl, single crystals, apart from the initial glass ceramics (where we have no nanocrystals).
The spectra of the initial, the 260°C, and the 270°C samples of 1% Ce doped ZBLAN 74

38



1 Experimental results

Wavelenght (nm)
600550 500 450 400 350 300 250

T T T T T T T

Normalized XL Intensity (arb. units)

== =

initial

2.0 25 3.0 35 4.0 4.5 5.0
Photon Energy (eV)

Figure 4.2: Normalized XL spectra of Ce- and K-codoped ZBLAN 90 glass ceramics. The two red
lines denote the positions of the Ce doublet of a BaCl,:Ce®* single crystal.

(Figure 4.1) also show a luminescence which can be attributed to Ce. In the spectra of the
280°C, the 285°C, and the 290°C samples only two broad bands at 420 and 480 nm can be
observed. The XL spectra reflect the phase transitions seen in the XRD patterns. The spectra
can be classified into three sections: The first one is the spectrum of the initial glasses.
The second one consists of the spectra of the glasses including crystallites of hexagonal
BaCl,, which are the glasses annealed at 260°C and 270°C. The spectra of these glasses
have the same pattern and differ from the XL spectra of the other glasses. The third and
last section includes the spectra of the samples annealed at 280°C, 285°C, and 290°C. The
samples of this section show according to the XRD data the presence of orthorhombic BaCl,
nanocrystals and the unknown "x-phase".

Figure 4.2 and 4.3 show the XL spectra (from bottom to top) of the initial glass and the
glasses annealed at 260°C, 270°C, 280°C, 285°C, and 290°C of 1% Ce and K-codoped ZBLAN
90 and 2% Ce and K-codoped ZBLAN 96 glass ceramics, respectively. The two red lines de-
note the positions of the Ce doublet of a BaCl,:Ce®>" single crystal. The spectra of 1% Ce-
and K-co-doped ZBLAN 90 (Figure 4.2) are similar to that of the 1% Ce-doped ZBLAN 74
samples. The spectra can also be classified into three sections, which have already been de-
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Figure 4.3: Normalized XL spectra of Ce- and K-codoped ZBLAN 96 glass ceramics. The two red
lines denote the positions of the Ce doublet of a BaCly:Ce®* single crystal.

scribed above. The broad bands at 420 and 480 nm can be observed in all annealed samples.
While the 480 nm band is more intense in the 260°C and the 270°C samples, the intensity
has changed in favor to 420 nm for the 280°C, the 285°C, and the 290°C samples. A doublet
which can be attributed to Ce luminescence can be observes in all spectra, also those of the
280°C, the 285°C, and the 290°C samples.

The spectrum of the initial ZBLAN 96 (Figure 4.3) has a different shape than those of
ZBLAN 74 and ZBLAN 90. The maxima of the curve are in the region of the lumines-
cence of Ce in the glass matrix and not dominated by the luminescence at 420 and 480 nm.
The 420 and 480 nm band can be found in all annealed samples and the 480 nm band is
always the most intense one. A Ce luminescence can also be observes in all annealed sam-
ples and this time a double band shape can really be observed. The classification into three
sections as done for the other two sample sets can not be made.

The wavelengths of the glass ceramic samples are not identical with those of the single-
crystalline Ce-doped BaCl,. Table 4.2 shows the wavelengths of all samples and that of
undoped and Ce-doped BaCl, single crystals for comparison.
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Sample Wavelength
(nm)
BaCl, 420, 480
BaCl,:Ce3* 349,373
ZBLAN 74

asmade 475,420 360, 340, 316
260°C 485, 430 365, 340
270°C 485, 430 365, 340
280°C 475, 420 365, 335
285°C 475, 420 365, 335
290°C 475,420 365, 335

ZBLAN 90
asmade 470,420 360, 340, 317
260°C 485, 430 365, 340
270°C 485, 430 365, 340
280°C 475, 420 365, 340
285°C 475, 420 365, 340
290°C 475, 420 365, 340

ZBLAN 96
as made 470, 420 358
260°C 485, 430 370, 340
270°C 485, 430 370, 340
280°C 500, 425 365, 335
285°C 500, 425 365, 335
290°C 500, 425 360, 335

Table 4.2: Emission wavelength of the glass ceramic samples and for comparison of undoped and
Ce-doped BaCl, crystal.

2 Discussion

An increase in the Ce luminescence upon co-doping with K can be observed. The Ce-
doublet in the spectra of the ZBLAN 90 is more intense than that of the ZBLAN 74 samples.
In the spectra of the annealed ZBLAN 96 samples the Ce luminescence is more distinctive,
the double band shape of Ce can be observed. Even the spectrum of the initial glass of
ZBLAN 96 is dominated by Ce luminescence (of course, luminescence of Ce in the glass
matrix), and looks different to that of ZBLAN 74 and ZBLAN 90. All spectra of the annealed
samples are still dominated by the luminescence of undoped BaCl, nanocrystals.

It can be seen that codoping with potassium and increasing the Ce doping level can increase
the Ce luminescence. Unfortunately, the wavelength of the doublet of the 280°C, the 285°C,
and the 290°C samples of ZBLAN 96 do not agree exactly with the Ce luminescence found
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4 Ce-doped glass ceramics

in Ce-doped BaCl, single crystals. In chapter 3 can be seen and also Li et al. [39] reported
that increasing the doping level and codoping with potassium can have an effect on the
wavelength. The Ce emission is shifted to longer wavelength not to shorter ones as it can
be observe in these spectra. Unfortunately, it is not clear that the Ce is in the nanocrystals. It
is possible that the nanocrystals have an effect on the wavelength. An influence of particle
size on the emission wavelength has been observed for different nanoparticles [40—43].
Shifts to shorter wavelengths as well as longer wavelength have been observed depending
on the nanocrystal.

The change in the intensity of the broad bands at 420 and 480 nm is an effect of the phase
transition from hexagonal BaCl, to orthorhombic BaCl,. The phase transition can be ob-
served in the XRD data. The phase transition of the barium chloride nanocrystals always
takes place upon annealing at 280°C. This intensity change can not be observed in the
spectra of ZBLAN 96. Unfortunately, we do not have any XRD data of this sample set. It
is possible that the higher doping level influences the spectra of the samples and/or the
phases of the nanocrystals.
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5 Sm- and Mn-doped single crystals and glass
ceramics

1 Motivation

The results of this chapter are based on a cooperation with Schott AG (Mainz, Germany)
being funded within the project "FLUOPLEX" by the Federal Ministry of Education and
Research (Bundesministerium fiir Bildung und Forschung - BMBEF). The main intention of
this project is to find a fluorescence standard. This standard can be one sample or a set of
samples. The spectrum of a fluorescence standard can be used to compare or to calibrate
spectra of other samples measured in non-calibrated spectrometers.

A fluorescence standard has to match some requirements: The spectrum of the standard
must be reproducible and the standard must be producible in varying shape and size to fit
any spectrometer. The producibility in varying shape and size leads to the idea of using a
glass or a glass ceramic for the application as a fluorescence standard. Eu-doped fluorozir-
conate (FZ) based glass ceramics show PL and XL spectra and with this they seem to be
promising candidates. Since there are a few more requirements for a fluorescence standard
we need an other dopant instead of Eu. The emission spectrum of the standard should be
in the visible range and it should have line and band emissions. The dopant of the glass ce-
ramic should be divalent since we know from prior investigations (chapter 4) that there is a
problem embedding trivalent ions in the nanocrystals. A rare-earth ion which fits all these
requirements is Sm. As an alternative to rare-earth ions the transition ion Mn was also con-
sidered as a dopant. Both dopants have their emission wavelengths in the visible range.
Since the emission of scintillators is often carried out with photodiodes a wavelength in the
visible range is also interesting for scintillators. Common photodiodes are more sensitive
in the visible range than in the UV. Therefore all samples were also investigated on their
scintillation properties.

For the investigations four single crystals were grown: Sm-doped BaCl,, Sm-doped BaBr,
Mn-doped BaCl,, and Mn-doped BaBr,. Also a set of Sm-doped fluorobromozirconate
(FBZ) glass ceramics and Mn-doped fluorochlorozirconate (FCZ) glass ceramics were in-
vestigated. A set includes an as-made glass and glass ceramics annealed for 20 minutes at
260°C, 270°C, 280°C, 285°C, and 290°C.
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Sample AlF; LaFs BaF, BaX, NaF NaX InF; YF; ZrF; SmX, X

ZBLAN 91 3 3.5 10 10 - 20 0.5 - 52 1 Br
ZBLAN 93 3 1.5 20 - 5 15 1 15 52 1 Br
ZBLAN 95 3 1.5 20 - 5 15 1 1.5 52 1 Br
ZBLAN 104 3 1.5 20 - 5 15 1 15 52 1 Br
ZBLAN 108 3 3.5 10 10 - 20 0.5 - 52 1 Cl
ZBLAN114 3 1.5 20 - 5 15 1 15 52 1 Br

Table 5.1: Composition of Sm-doped glasses. The name of the samples is a composition of the
abbreviation ZBLAN given by the compounds of the FZ glasses and an inventory number.

2 Sample Preparation

Single crystals of BaX; (X = Cl, Br) were grown in the Paderborn crystal growth laboratory
using the Bridgman method with a quartz ampoule under SiXy atmosphere from BaXj;
powder and 1000 molar ppm of SmX; or MnX;, respectively. The usual technique was
completed by slow cooling through the cubic-orthorhombic phase transition near 920°C
(BaClp) [28] and 800°C (BaBry) [31], respectively. Prior to crystal growth the BaX; powder
was dried in a vacuum with subsequent melting in a SiX; atmosphere to reduce oxygen
contamination.

The preparation of the FZ glass ceramics is as followed: The base composition is addi-
tionally doped with the dopant SmX; or MnX; (X = Cl, Br) and bromine or chlorine. The
constituent chemicals were melted in a glass carbon crucible at 740°C in an inert atmo-
sphere of nitrogen, then cooled down to 650°C and then poured into a brass mould which
was at temperature of 200°C where it is below the glass temperature. The samples were
subsequently annealed at 260°C, 270°C, 280°C, 285°C, and 290°C for 20 minutes in an inert
atmosphere of nitrogen. Table 5.1 and 5.2 give an overview on Sm- and Mn-doped glasses,
respectively.

During the preparation of the Sm-doped FZ glasses some problems occurred. ZBLAN 91
was immediately a ceramic because it was made with the wrong composition. The compo-
sition of FCZ glasses can not be used for FBZ glasses by replacing all chlorine compounds
by bromine ones. ZBLAN 93 was immediately a ceramic, too. Usually, the FZ glasses
were melted in a glassy carbon crucible at 745°C, in an inert atmosphere of nitrogen. Then
the glass was poured into a mould which was at 200°C, below the glass temperature of
260°C. When changing the temperature of the mould to 150°C the Sm-doped FBZ glass
stays transparent (ZBLAN 95 and 104). The glass has a redish color. The Sm-doped FCZ
glass (ZBLAN 108) was transparent, but colorless. Luminescence measurements showed
that no divalent, but trivalent Sm was in the glass. Unfortunately, it was not possible to re-
duce Sm from a trivalent to a divalent state. One part of the glass was ground and 2% LiH
was added. The mixture was melted and poured out again. The glass has turned black,
but no Sm?* could be found. An other part of ZBLAN 108 was ground and 2% of NH;HF,
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3 Experimental results

Sample AlF; LaFs3 BaF, BaCl, NaCl InF; ZrF, MnClh
ZBLAN 97 3 3.5 10 10 20 0.5 52 1
ZBLAN 99 3 3.5 10 10 20 0.5 52 1

Table 5.2: Composition of Mn-doped glasses. The name of the samples is a composition of the
abbreviation ZBLAN given by the compounds of the FZ glasses and an inventory number.

was added. The mixture was melted and poured out. This time the glass stayed colorless
with no change in the valence state of Sm. Since the SmBr; used for the glasses ZBLAN 91,
93, 95, and 104 was all gone a single crystal of SmBr, was grown in the Paderborner crystal
grow lab. This crystal was used for ZBLAN 114. Unfortunately, the glass stays colorless,
which indicates that no Sm2* is in the glass. The run to reduce the samarium in a H>-Nj
atmosphere as described in [44], did not work either.

The preparation of the Mn-doped glasses was less complicated. The first glass turned im-
mediately into a ceramic but after increasing the temperature gradient by lowering the tem-
perature of the brass mould to 150°C the glass stayed transparent. The Mn-doped glasses
were reproducible. In contrast to Sm, Mn only exists in the divalent state. This fact may be
the reason that Mn-doped glasses are easier to produce than the Sm-doped ones.

3 Experimental results

This section is split into two parts: one part shows the results of the Sm-doped samples
and the other one those of the Mn-doped samples. Both parts start with the PL and XL
measurements of the singles crystals followed by those of the glass ceramics and at the end
some additional investigations of the samples are presented: dual energy measurements
of the Sm-doped glass ceramics in combination with Eu-doped glass ceramics and EPR
measurements of the Mn-doped single crystals and glass ceramics. A comparison of the
scintillation efficiency of the Sm- and Mn-doped single crystals is given in the discussion.

3.1 Sm-doped samples

Samarium is an rare-earth element. It shows in luminescence line emission as well as band
emission. The line emissions are transitions from the °Dy to the “F levels (“F4, “F3, ’F», ’Fy,
and “Fg) [45]. The band emissions are transitions from the 4 f 55d to the 4 f ¢ level [45]. Lauer
et al. [46] reported the energy levels (in cm~!) of Sm?* in BaCl, and BaBr,. The energy
levels (in eV) are listed in Table 5.3. The possible transition energies from the 5Dy state to
the “F-states are also listed in Table 5.3.
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5 Sm- and Mn-doped single crystals and glass ceramics

BaCl, BaBr,
Energy level transition level transition
level energy energy energy energy

Dy 1.9710 1.9707
1.9698 1.9700
1.9690 1.9692
Dy 1.8034 0 1.8035 0

R, 0.2868 1.5166 0.2865 1.517
0.2840 1.5194 0.2857 1.5178
0.2822 1.5212 0.2833 1.5202
0.2775 1.5259 0.2778 1.5257
0.2751 1.5283 0.2757 1.5278

7Fs 0.1885 1.6149
0.1863  1.6171
0.1856  1.6178  0.1846  1.6189
0.1850 1.6184 0.1846  1.6189
0.1847  1.6187
0.1825  1.6209  0.1827  1.6208

F, 0.1079 1.6955 0.1061 1.6974
0.1025 1.7009 0.1016 1.7019
0.1000 1.7034 0.0998 1.7037
0.0977 1.7057 0.0982 1.7053
0.0971 1.7063 0.0974 1.7061

"By 0.0424 1.761 0.0414 1.7621
0.0359 1.7675 0.0361 1.7674
0.0301 1.7733 0.031 1.7725

"Fo 0 1.8034 0 1.8035

Table 5.3: Energy levels of Sm2* in BaCl, and BaBr, reported by Lauer et al. [46] and transition
energies from the °Dy state to the according "F-states. All values are given in eV.
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3 Experimental results
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Figure 5.1: Normalized XL spectra of (a) BaCl,:Sm?* and (b) BaBry:Sm?*. The red lines denote the
calculated transition energies.

Figure 5.1a and b show the XL spectra of Sm-doped BaCl, and BaBr», respectively. The red
lines denote the calculated transition energies (Table 5.3). It can be seen that the theoretical
values agree well with the measured ones. Some transition energies are near by and can
not be separated in the measurement. Figure 5.2a and b show the PL and PL excitation
spectra of Sm-doped BaCl, and BaBr», respectively. The PL spectrum of BaCl,:Sm?" was
excited at 545 nm and the excitation spectrum was recorded at 700 nm. The PL spectrum
BaBry:Sm?" was excited at 550 nm and the excitation spectrum was recorded at 700 nm.
The spectra show line as well as band emissions.

Figure 5.3 shows the XL spectra of Sm-doped FBZ glass ceramics (a) and the XL spectra of
Sm-doped BaBr, single crystal (b). It can be seen that the spectra are similar. The broad
bands at 600 and 650 nm can not be observed in the spectrum of the single crystal. These
two bands can be attributed to trivalent Sm. The Sm>" emission are transitions from the
4Gs /2 level to the ground state ®H; /2 [45]. Small changes among the spectra of the glass
ceramics can be observed. The peak at 600 nm first increases from the initial sample to
that annealed at 260°C and then decreases in the spectra of the sample annealed at 280°C.
The peak at 650 nm decreases continuous from the initial sample to the sample annealed at
290°C. Compared to the single crystals the emission intensity is much lower. The dashed
lines are a guide to the eyes to compare the line emissions of the single crystal to that of the
glass ceramics.
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5 Sm- and Mn-doped single crystals and glass ceramics
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Figure 5.2: PL and PL excitation spectra of (a) BaCly:Sm?* and (b) BaBry:Sm?*. The PL spectrum

of BaCl,:Sm?* was excited at 545 m and the excitation spectrum was recorded at 700 nm. The PL
spectrum of BaBry:Sm?* was excited at 550 nm and the excitation spectrum was recorded at 700 nm.

Figure 5.4 shows the PL and PL excitation spectra of the Sm-doped FBZ glass ceramics. All
PL excitation spectra were recorded at 700 nm. The PL spectrum of the initial glass was
excited at 555 nm, the spectra of the glass ceramics annealed at 260°C, 270°C, and 280°C
were excited at 585 nm, and the PL spectra of the glass ceramics annealed at 285°C and
290°C were excited at 575 nm. The excitation wavelengths correspond to the maximum of
the excitation spectrum of each sample.

A possible application for the Sm-doped glass ceramics can be for dual energy. Therefore
a Sm-doped and an Eu-doped glass ceramics are combined. Since the Eu-doped samples
are transparent and show a more intense luminescence signal than the Sm-doped sample
is facing the x-ray source. Emission spectra were recorded for different x-ray energies.
Figure 5.5 shows the dual energy spectra of a combination of a Sm-doped FBZ and Eu-
doped FCZ glass ceramics for energies of 40, 50, and 60 kV of the x-rays. A change in the
spectra can be observed. The Eu luminescence at 402 and 480 nm increases with increasing
energy of the x-rays.
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Figure 5.3: XL spectra of (a) Sm-doped FBZ glass ceramics and (b) BaBry:Sm? single crystals.
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5 Sm- and Mn-doped single crystals and glass ceramics
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Figure 5.4: PL and Pl excitation spectra of Sm-doped FBZ glass ceramics. All PL excitation spectra
were recorded at 700 nm. The PL spectrum of the initial glass was excited at 555 nm, the spectra of
the glass ceramics annealed at 260°, 270°, and 280° were excited at 585 nm, and the PL spectra of
the glass ceramics annealed at 285° and 290° were excited at 575 nm.
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Wavelength (nm)
900 800 700 600 500 400

L L T T T T

Normalized XL Intensity (arb. units)

15 2I.o ' 2|.5 ' 3|.0 ' 3I.5
Photon Energy (eV)

Figure 5.5: Normalized XL spectra of dual energy measurements of a combination of a Sm-doped
FBZ and Eu-doped FCZ glass ceramics for x-ray energies of 40 (green curve), 50 (red curve), and
60 kV (black curve).

3.2 Mn-doped samples

Figure 5.6 show the XL spectra of Mn-doped BaCl, and BaBr,. The peak around 700 nm is
the Mn luminescence. The bands at 420 and 480 nm are the host lattice luminescence (Chap-
ter 4). The spectrum of Mn-doped BaBr, shows an additional shoulder around 600 nm and
is dominated by the host lattice luminescence. That of the Mn-doped BaCl, is dominated
by the Mn luminescence.

The PL signal of Mn-doped crystals was to weak to record a PL or PL excitation spectrum.
Fortunately, the PL and PL excitation spectra could be recorded in the laboratories of Schott
AG (Mainz, Germany). Figure 5.7a and b shows the PL and PL excitation spectra of Mn-
doped BaCl, and BaBry, respectively. The PL spectrum BaCl:Mn?" was excited at 420 nm
and the excitation spectrum was recorded at 670 nm. The PL spectrum BaBry:Mn?" was
excited at 425 nm and the excitation spectrum was recorded at 680 nm.

Figure 5.8 shows the XL spectra of the Mn-doped FCZ glass ceramics. All spectra show a
weak shoulder around 700 nm where the Mn luminescence is expected to be. The spectra
of the initial sample shows one intense peak at 623 nm and a very weak one at 415 nm. The
sample annealed at 260°C shows a peak at 610 nm and to broad bands at 485 and 425 nm.
The peak and the broad bands can also be observed in the spectrum of the 270°C sample.
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5 Sm- and Mn-doped single crystals and glass ceramics
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Figure 5.6: PL spectra of Mn-doped BaCl; (solid curve) and BaBr, (dashed curve).
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Figure 5.7: PL and PL excitation spectra of (a) Mn-doped BaCl, and (b) Mn-doped BaCl,. The PL
spectrum BaCly:Mn?* was excited at 420 nm and the excitation spectrum was recorded at 670 nm.

The PL spectrum BaBry:Mn?* was excited at 425 nm and the excitation spectrum was recorded at
680 nm.
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Figure 5.8: XL spectra of Mn-doped ZBLAN glass ceramics.

The intensity ratio has changed in favor to the band at 485 nm. The 280°C sample shows
a broad peak at 615 nm and two weak bands at 475 and 420 nm. The spectra of the 285°C
and 290°C sample are dominated by a broad band around 650 nm and have a weak band
around 420 nm. The bands around 480 and 420 nm can be attributed to luminescence of
undoped BaCl, crystals. Since the Mn luminescence in BaCl, single crystals is at 700 nm
it is not clear what effects the luminescence in the region between 600-650 nm in the glass
ceramics. Since the PL signal of the Mn-doped glasses was extremely weak no PL spectra
can be shown.

With the help of EPR measurements it may be possible to distinguish between manganese
ions in the glass matrix and in the nanocrystals. Divalent manganese has a °Ss,, ground
state with fife unpaired electrons (S = 5/2). The spin Hamiltonian for a Mn*" in an or-
thorhombic crystalline field is given by:

H=g-up-S-B + %(bSOSM%O%Jrc%O%)
L0000+ 1307 + 307 + b0} + 10}
+ 121@(52@2 L1202 + 0% + O + A0 4+ 1808 + 808
+ A-S-T (5.1)
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5 Sm- and Mn-doped single crystals and glass ceramics
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Figure 5.9: EPR spectra of Mn-doped BaCl, single crystal.

where the first term is due to the Zeeman interaction and the next three terms take into
account the electric field at the Mn?™ site; these four terms are responsible for the fine
structure in the EPR spectra. The last term is the interaction between the electron spin and
the nuclear spin, which produces the hyperfine structure. Usually the Mn?* spectrum is
domiated by the hyperfine structure since the hyperfine interaction is bigger than the fine
structure. The characteristic hyperfine structure of manganese is simple to recognize it has
six nearly equidistant lines with nearly the same intensity.

Figure 5.9 shows an EPR spectrum of manganese doped BaCl, single crystal. The spectrum
consists of six groups of lines according to an hyperfine splitting of 10 mT. Each group
contains a number of super hyperfine lines. The hyperfine splitting indicated that we are
dealing with a Mn(I) center [47]. This means that the Mn?" is substituted on a Ba site.
The hyperfine lines are influenced by the nine surrounding Cl atoms. CI has two naturally
occurring isotopes, *Cl (75.77 %) and %’Cl (24.23 %) with I = 3/2.

Figure 5.10 shows the EPR spectra of the Mn-doped FCZ glass and glass ceramics. Beside
the big resonance dip a structure with small dips at 309, 318, 344, and 353 mT can be ob-
serves. The structure is more intense in the initial sample and decreases from the 260° to
290° glass ceramic. The four lines denote the position of the small bands which can be
observed in the initial sample. It can be seen that the structure which is caused by the Mn-
doping decreases with increasing annealing temperatures. The position of the small dips
changes in the samples annealed at 285°C and 290°C.

Unfortunately, with this information it is not possible to distinguish between Mn ions in
the glass matrix and in the nanocrystals or to make any other conclusions.
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Figure 5.10: EPR spectra of initial and 290 Mn-doped Glass-ceramics.

4 Discussion

For a rating of the scintillation properties with regard to integral x-ray scintillation effi-
ciency the four barium halide single crystals were compared to the common scintillator
CdWO,. The measurements were made using the same parameters for all crystals. The
area under the XL curve is calculated and compared to that of a CAWO, reference sample
(28,000 ph/MeV) [37]. The efficiency of CAWO, was set to 100%. Table 5.4 shows the ef-
ficiencies of the investigated crystals. The chlorine crystals show a very weak scintillation
efficiency. The bromine crystals show a promising efficiency. The scintillation efficiency of
the manganese doped BaBr; crystal is dominated by the host lattice luminescence.
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5 Sm- and Mn-doped single crystals and glass ceramics

Integral x-ray scintillation
Crystal efficiency with respect to CdWO,

(%) (photons/ MeV)
CdWOy 100 28,000
BaCl,:Sm?2* 9 2,540
BaBr,:Sm2+ 222 62,200
BaCl,:Mn2+ 10 2,800
BaBr,:Mn?t 114 32,100

Table 5.4: Integral x-ray scintillation efficiency with respect to CdWOy of Sm- and Mn-doped BaX;
(X=Cl, Br) given in % and photons/ MeV. The x-ray scintillation efficiency was derived by compar-
ing the integrated area under the XL curve of the corresponding barium halide to that of a CdWO,
reference sample.

The Sm-doped glass ceramics may be good fluorescence standards. The emission spectra
show both line and band emission. The single crystals are hygroscopic and therefore not
good as a fluorescence standard. Unfortunately, we had problems to reproduce the glass
ceramic. Only in the first sample we had divalent samarium in the glass. It was not possible
to reduce the trivalent samarium. The trivalent samarium may be good for other applica-
tions, but this will not be the topic. Since the scintillation efficiency is not high enough the
single use as a scintillator is not promising. The divalent samarium in combination with
Eu-doped glasses can be used for dual energy applications. The XL spectra change with
different x-ray energies. The Eu luminescence increases regarding to the Sm luminescence
with increasing x-ray energy.

The manganese doped samples show a weak scintillation signal, also the PL signal was
extremely weak. The PL spectra show no line emission, which makes the samples not very
useful as a fluorescence standards. The Mn doped BaBr, with 32,100 pho/MeV has a good
x-ray scintillation efficiency. The XL spectrum is dominated by the host lattice lumines-
cence. The x-ray scintillation efficiency of an undoped BaBr; crystal is with 8,700 pho-
tons/MeV much lower. It seem that the manganese doping has an effect on the x-ray
intensity and/or the afterglow.
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6 Electron Paramagnetic Resonance on
Eu-doped BaX;

EPR measurements on Eu-doped BaCl, and Eu-doped BaBr; have already been carried out
by Wever and den Hartog [7] and Schweizer et al. [8], respectively. Both EPR spectra show
similar features: for a general direction of the magnetic field the Eu>* spectrum essentially
consists of two sets of seven fine structure lines (Figure 6.1). Each of these lines has a
hyperfine splitting of approximately 12 lines. Eu?>* has an S = 7/2 ground state and two
stable isotopes: ®'Eu with I = 5/2 and 47.82% abundance and »*Eu with I = 5/2 and
52.18% abundance. Each Eu isotope thus gives rise to a hyperfine structure of 6 lines; since
the two nuclear g factors differ significantly so do the hyperfine interactions (g, (*°'Eu) =
1.389, gn(1*°Eu) = 0.6134), and consequently the two sextets are clearly resolved.

Wever and den Hartog [7] and Schweizer et al. [8] used different coordinate systems. While
Wever and den Hartog [7] chooses the space group Pbnm for the unit cell (lattice parameters
of BaCly: 2 = 9.333 A, b = 7.823 A, and ¢ = 4.705 A), Schweizer et al. [8] chooses the space
group Pnma (lattice parameters of BaBry: a = 8.276 A, b = 4.956 A, and ¢ = 9.919 A). The
c-axis of Schweizer et al. corresponds to the a-axis of Wever and den Hartog.

Fu®” (site 2)

Eu®* (site 1)

| ' | |

150 200 250 300 350 400 450 500
Magnetic Field (mT)

Figure 6.1: EPR spectrum of Eu?t in a BaBr, single crystal for a general direction of the magnetic
field B in the ac plane making an angle of 13° with the ¢ direction, recorded at 20 K in X-band
(9.37 GHz). The spectrum is taken from [8].
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6 Electron Paramagnetic Resonance on Eu-doped BaX,

host lattice g bg* b%* bg* / b%* po  P'A  reference
BaCl, - 33 467 -0.0707 15.5° - [7]
BaBrp 1990 -573 5181 -0.1106 18° -31.0 [8]

Table 6.1: Parameter values bg*, b%*, and A for Eu?t in BaCl, and BaBr,. The values are given in

units of 10~* cm~!. The principal axis z of the fine structure tensor D is along the crystal c-axis. The
angle @ is measured between the x(y)-axis of the D tensor and the crystal a(b)-axis.

As shown by the analysis the Eu>* centre in BaCl, and BaBr; single crystals has Cs sym-
metry. The ground state of Eu®" is a pure S-state (L = 0) with an isotropic g value very
close to the ge value of the free electron. The spin Hamiltonian of this symmetry is given
by:

=g S B 4 (0808 + 8303+ 30)
b (0% + 0} + 03 + BO4 + cfO))
+ ﬁ(z)gog + 1202 + RO2 + BEOE + 20% + OO + 80F)
+ A-S-T 6.1)

where g is the isotropic ¢ value, A the isotropic hyperfine constant of the '>'Eu or the '*3Eu
isotope, the OZ are the Stevens operators and the bZ the Stevens parameters [48]. up is the

Bohr magneton and S is the electron spin operator. The obtained g and A values, ¢, and
the fine-structure parameters for BaCl, and BaBr; are collected in Table 6.1.

Wever and den Hartog [7] also calculated the crystal field of BaCl,. In the following section
the calculation of the crystal field will be explained and the theoretical values for BaBr, and
Bal, will be given.

1 Crystal field calculation

The crystal field parameters have been calculated on the basis of a point-ion lattice approx-
imation. The crystal field potential at a certain origin 7(x, y, z) is given by:

V(7)

- 47'[60 7

Ly B d 6.2)
r

where g; is the charge of the j-th ion in the lattice and R j is the position of the j-th ion in
the lattice.
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1 Crystal field calculation

The lattice summation is expanded into a series of spherical harmonics Y;" (¢, ¢). Consid-
ering only second degree contributions YJ"(m = —2,0,+2) the crystal field in the neigh-
bourhood of the origin can be expressed by:

W) = &G2% )+ & (2 —y?) + cgz,(Zx’y'), (6.3)
V() = B2 ) +3(x - ) 64)

where ¥/, i/, z" and x, y, z are along the crystallographic and second degree principal axes,
respectively. Here z’ and z are parallel and the angle between x’ and x is determined by the
relationship:

tan(¢o) = 5. (6.5)

The crystal field parameter are:

o _ 1 19i (a5 _ @
2 = 16neo;ﬁ5<31 RJ)'

2/ . 3 Iﬂ —’{2 . —'{2
2 7 Tore ; R5 ( ;Y ) (6:6)
6? = oYUz

167eg ; R;.5

Here X', Y’, Z', and R’ are associated with the positions of the ions in the lattice [28], which
can be calculated from x-ray data on the unit cell position (Table 6.2). Figure 6.2 shows the
orthorhombic BaX; structure projected onto the ab symmetry plane, the distances are listed
in Table 6.3. In order to change equations for the crystal field parameters in such a way that
x, y, and z are along the principle directions of the total crystal field (c,? = 0) a rotation
about the z’ axis by an angle ¢ is carried out.

Wever and den Hartog [7] have assumed that in BaCl, the ions are located at the same po-
sition as in PbCl, except for a uniform expansion correction. For the calculations described
in this work different sets of atomic positions were used (for details see Table 6.4).

In the following an example of the calculation of the lattice sum ¢ for BaCl, is given. The
calculation was carried out using following formula:

0 1 4j

— 2 2

Ba-X

The first interatomic distance is between a Ba ion and a Cl; ion.
2e

— 2 2
_ ¢ 2 2
1y = gozs * (34041307 ~2867)
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6 Electron Paramagnetic Resonance on Eu-doped BaX,

BaCl, BaBr, Bal,
a 9421 9919 10.695

7865 8276  8.922
c 4731 4956 5.304

Ba
x 02514 0.2447 0.2366
y 0.2500 0.2500 0.2500
z 0.1209 0.1149 0.1215
X1
x 0.1504 0.1422 0.1393
y 0.2500 0.2500 0.2500
z 04130 0.4272 0.4265
X1

x 0.0290 0.0284 0.0.290
0.2500 0.2500 0.2500
0.8392 0.8401 0.8387

N <

Table 6.2: Lattice parameters (space group Pbnm) and atomic positions of BaCl,, BaBry, and
Bal, [28]. All values are given in A.

The next interatomic distance is between a Ba ion and a Cl;; ion.

2e > 2
_ ¢ 2 2
by = 5ogs*(3%083927 ~315%)

The third interatomic distance is between a Ba ion and a Cl;; ion.

2e 5 5
_ ¢ 2 2

The fourth interatomic distance is between a Ba ion and a Cl; ion with a quantity of two.

4e 5 5
di = o5 * (301209~ 3.17%)
dy = o5+ (3%04130° —3.17%)

The fifth interatomic distance is between a Ba ion and a Cl; ion with a quantity of two.

4e 5 5
—2e 2 2
e = goms+(3%04130° - 325
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1 Crystal field calculation

No. of
equiv.
Interaction distances BaCl, BaBr, Bal,
Ba-X
1 286 321 3.38
in same plane 1 315 332 3.63
1 318 326 355
2 317 324 355
out of plane 2 325 338 3.58
2 358 3.83 4.10
X1-X;
out of plane 2 373 371 396
Xi-X11
out of plane 2 387 405 4.38
X-X11
out of plane 2 3.64 389 416
2 353 378 4.08
in plane 1 378 394 429

Table 6.3: Interatomic distances in BaCl,, BaBr,, and Bal, in A.

The fifth interatomic distance is between a Ba ion and a Cl;; ion with a quantity of two.

4e
h = 358
—2e
= 35

X;-X;

* (3 %0.1209* — 3.582)

* (3 %0.83922 — 3.58?)

There is only one distance between a Cl; ion and another Cl; ion with a quantity of two.

For both ions the equations are the same, therefore a factor of two was insert.

_ —4e
8= 373

X11-Xg

* (3% 0.4130% — 3.73%)

(6.8)

Between a Clj; ion and another Cl;; ion there exist also two equivalent interatomic dis-

tances. For both ions the equations is the same, therefore it is multiplied by two.

—4e

h=3g7

% (3 %0.8392% — 3.87%)
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6 Electron Paramagnetic Resonance on Eu-doped BaX;
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Figure 6.2: Lattice structure of orthorhombic BaX;, projected onto the ab symmetry plane. The small

white circles denote the Ba?* ions and the large grey circles denote the X~ ions. The hatched circles
lie in a different mirror plane than the non-hatched ones.

X1-X11

Between a Cl; ion and a Clj; ion there are three different interatomic distances. Two of

them can be found twice.

i1
i
1
J2
k1

ko

—2e
3. 645
3. 645
3. 535

—2e

3.535
—1le

3.785

3.785

* (3 %0.8392% —
* (3% 0.4130% —

* (3% 0.83922 —

% (3 % 0.4130?
* (3 % 0.83922

% (3 % 0.41302

62

3.642)
3.64%)

3.532)

— 3.53%)
—3.78%)

—3.78%)



2 Preliminary EPR investigations on Eu-doped Bal,

host lattice A o /3 @o  atomic positions
BaCl, 7.8778 -21.3096 -0.3697 12.21° BaCl, [28]
BaBr; 3.0084 -13.9453 -0.2157 23.36° BaBr; [28]
Bal, 3.2510 -15.2328 -0.2134 25.91° Bal, [28]

BaCl, 2.8937 -9.8752 -0.2930 16.81°
BaBr» 2.6479 -8.6243 -0.3070 17.92° PbCl; [49]
Bal, 23388 -7.0984 -0.3295 19.55°

BaCl, 7.8778 -21.3096 -0.3697 12.21°
BaBr; 6.9999 -18.2636 -0.3833 12.40° BaCl, [28]
Bal, 59093 -14.5855 -0.4051 12.69°

BaCl, 3.2553 -16.1345 -0.2018 22.92°
BaBr; 3.0084 -13.9453 -0.2157 23.36° BaBr; [28]
Bal, 2.6903 -11.2778 -0.2386 24.01°

BaCl, 4.0380 -21.9722 -0.1838 24.95°
BaBr; 3.6899 -18.9315 -0.1949 25.33° Bal, [28]
Bal, 3.2510 -15.2328 -0.2134 25.91°

Table 6.4: Theoretical values of cg and c% (in 10'8 V/m?) and @o for BaCly, BaBry, and Bal,. The unit
cell constants were taken from [28], the atomic positions from the references indicated.

To get the final values the summation has to be done over all surrounding atoms. Table 6.4
shows the calculated values of cg and c% (in 10'® V/m?) and ¢o for BaClp, BaBr», and Bal,
for different atomic positions. It can be seen that the choice of the atomic position has an
influence on the calculated crystal field. With the real atomic positions (upper three rows
in Table 6.4) the C(Z)/ c% ratio decreases from BaCl, via BaBr; to Bal,. The calculations with
atomic positions and an uniform expansion correction yield a increasing cj/c3 ratio from
BaCl, via BaBr, to Bal,.

2 Preliminary EPR investigations on Eu-doped Bal,

Figure 6.3 shows an EPR spectrum of Eu-doped Bal, for a general orientation of the mag-
netic field. The spectrum consists of two sets of seven fine structure lines each, as described
in the introduction of this chapter.

Figure 6.4 shows the corresponding angular dependence of the EPR spectra. For the an-
gular dependence the crystal was measured in three different planes (all perpendicular to
each other). For each plane the crystal was rotated and measured in 5° steps. It can be
seen that the intersection of the three different planes do not match. This indicates that
the crystal is tilted with respect to the crystal axis planes. It was expected that Bal, has a
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Eu?* (site 2)
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Eu?+ (site 1) ' I
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Figure 6.3: EPR spectrum of Eu?" in a Baly single crystal for a general direction of the magnetic
field in the ab plane. For each plane the crystal was rotated and measured in 5° steps.

cleavage plane perpendicular to the crystallographic c-axis. Either the used cleavage plane
is not perpendicular to any of the crystallographic axis. If the crystal is tilted in only one
direction the analysis would still be possible. Since the analysis was not possible it seems
that the crystal was heavily tilted. Unfortunately, the alignment of the crystal turned out to
be not that easy. The crystal shows nearly no Laue reflections and is extremely hygroscopic.
The Laue experiments are time-consuming: each x-ray film has to be developed and then
analyzed. During this time the crystal is exposed to air. Therefore, the sample was em-
bedded into glue to record the Laue photos. This leads to an even more decreased signal
intensity of the reflections. Despite of a lot of attempts it was not possible to orientate the
crystal properly. Since the alignment of the Bal, crystal was not possible the analysis was
not possible either.
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Figure 6.4: EPR angular dependence of Eu-doped Bal, for three different orientations.
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7 PEu-Mossbauer Spectroscopy on Eu-doped
CaF,, BaCl,, and Glasses

Initially, the main focus of the Mdssbauer investigations was set on the Eu-doped fluo-
rochlorozirconate glass ceramics. The results of this investigation should help to improve
the glass ceramics. The x-ray scintillation of the glass ceramics is due to Eu?>* ions embed-
ded in the nanocrystals. It is known from x-ray luminescence measurements that Eu?" in
the glass shows no luminescence. In contrast to Eu?t, Eu®t ions show a weak lumines-
cence in the glass. In the XL spectra a fraction of Eu®>* luminescence can be observed. This
denotes that although the glass ceramics were doped with europium(Il) fluoride (EuF,)
there can also be found a large fraction of Eu®" in the glass. Probably, the divalent Eu is
converted to trivalent Eu during the melting process. If one wants to optimize the glass
ceramics it is important to optimize the Eu?>*/ Eu®* ratio in favor of the Eu®".

It is not possible to detect Eu>" ions with EPR measurement. We want to be able to observe
both Eu?" and Eu®" species plus subtle shifts between the Eu in the glass matrix and Eu
in the nanocrystals. 1> Eu-Mdssbauer spectroscopy provides an excellent method to detect
and distinguish between di- and trivalent Eu. In addition the abundance ratio between
the two valence states of Eu can also be determined. In order to distinguish between Eu?*
in the glass matrix and Eu?* in the nanocrystals it is also necessary to measure Eu-doped
BaCl, single crystals.

Since BaCl, is - because of its high absorption coefficient for the 21.64 keV <-rays - not
a very good host lattice for >!Eu-Mossbauer spectroscopy, the first investigations were
started with samples of Eu-doped CaF,. CaF, is a very Mossbauer friendly host lattice
with a well suited coefficient and very good to get a better understanding for Mossbauer
spectra and their interpretation in these systems. Since some interesting new results were
found during the measurements on Eu-doped CaF;, these measurements and results are
presented in the following.

1 Eu-doped CaF,

In this section an overview on our investigations on Eu ions in a CaF; host lattice is given.
CaF; has the fluorite structure. Figure 7.1 shows the crystal structure of CaF;. This structure
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7 Y1 Eu-Méssbauer Spectroscopy on Eu-doped CaF,, BaCl, and Glasses

Figure 7.1: Crystal structure of CaF;.

consist of the F ions forming a face-centered cubic (fcc) lattice while the Ca ions are placed
in a simple cubic arrangement in the tetrahedral holes. Eu?" ions substitute on the Ca?"
site. The local symmetry of the Eu?* ion is cubic [50]. Two different samples of CaF,
crystals were investigated: one doped with 2% and one with 0.1% Eu.

The core-polarization field of divalent Eu in CaF,, calculated from the hyperfine constant is
equal to (-340+1) kGauss ((—34.0 £ 0.1) T) [51]. In the presence of a magnetic hyperfine in-
teraction the 1°'Eu ground state is split into six levels and the excited state into eight levels.
With the selection rule of the M1-transition Am; = 0, 1, there are 18 different transitions
(see Figure 7.2, upper part). Figure 7.2 (lower part) shows the idealized Mossbauer spec-
trum of °'Eu in CaF; in the presence of a magnetic hyperfine field of 34 T, with an isomer
shift of 0 mm/s and a reduced linewidth of 0.23 mm/s in order to resolve the absorption
lines of all 18 transitions. The arrows denoting the transitions (upper part) are in a differ-
ent order than those shown in Figure 2.8 to illustrate which transition (upper part) belongs
to the corresponding absorption line (lower part). For the simulated spectrum the transi-
tion probabilities in Table 7.1 were used. The simulated spectrum as well as the transition
probabilities show no magnetic polarization.

Dilute CaF,:Eu?" systems have previously been studied with paramagnetic resonance spec-
troscopy [52, 53] as well as 1> Eu-Méssbauer spectroscopy [54-58]. The paramagnetic split-
ting of Eu?" in dilute crystals (0.1% Eu) has been determined at low temperature by EPR
by Baker, Bleaney and Hayes [52] and the hyperfine interaction has been measured by
electron nuclear double resonance (ENDOR) by Baker and Williams [53]. The first 1>'Eu
Mossbauer studies were performed later on more concentrated systems: Maletta et al. [54]
and Wickmann et al. [55] studied systems with 0.5 to 10% Eu, reporting on a very anoma-
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Figure 7.2: Nuclear energy levels for '>!Eu in the presence of a magnetic hyperfine field. The ar-
rows denote the 18 allowed transitions with its resulting Mossbauer spectrum in the presence of
a magnetic hyperfine field of 34 T, with an isomer shift of 0.0 mm/s and a reduced linewidth of
0.23 mm/s in order to resolve the absorption lines of all 18 transitions. The arrows denoting the
transitions (upper part) are in a different order than those shown in Figure 2.8 to illustrate which
transition (upper part) belongs to the corresponding absorption line (lower part). For the simulated
spectrum the transition probabilities in Table 7.1 were used. The simulated spectrum as well as the
transition probabilities show no magnetic polarization.
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7 Y1 Eu-Méssbauer Spectroscopy on Eu-doped CaF,, BaCl, and Glasses

lous variation of the Eu?t isomer shift with concentration. Lambe and Schroeer [57] and
Schroeer et al. [58] extended the Mossbauer studies to lower concentration (0.1%-10%)
and observed an even stronger anomalous variation of the isomer shift with Eu?>* con-
centration from -11.3 mm/s (0.1%) to approximately -13.4 mm/s (1%-10%). In addition,
these authors reported on a very broad linewidth (up to 8 mm/s compared to a common
experimental linewidth of around 2.5 mm/s) of the Eu** absorption lines, which they at-
tributed to spin-spin relaxation effects of paramagnetic splitting. For very dilute crystals
the electron spin relaxation times are slow enough to resolve the hyperfine interaction, as
shown from the ENDOR measurements at 13 K [53]. °'Eu-Mossbauer studies on such di-
lute Eu-doped samples are very difficult and time consuming because of the extremely low
Eu-concentration.

1.1 CaF; doped with 0.1% Eu

Figure 7.3 show the Mossbauer spectra of CaF, doped with 0.1% Eu. The spectra have
an asymmetric shape with two absorption bands at -11 mm/s and -24 mm/s. It was not
possible to fit these spectra with a normal Mossbauer program without assuming unusual
values for quadrupole interaction and /or isomer shifts. Therefore, in this thesis a possibil-
ity to fit these spectra of highly diluted samples had to be found. With the help of a special
program developed in this thesis it was possible to fit the spectra in Figure 7.3. The spectra
have an isomer shift of -13.4 mm/s. Since the spectrum recorded at 4 K has the best statis-
tics of these three spectra the linewidth of about 5 mm/s was used as a fixed parameter for
the fittings of the two other spectra. The theory and structure of the simulation programm
is described in the following.

Since CaF, has a cubic crystal structure the hyperfine structure is isotropic. The Ca?" and
thus the unperturbed Eu?" site has Oy, symmetry. The spin Hamiltonian is given by [53]:

A = gupB.S +BJOY+BlOY + BLO+ AS.T — gnunB.I (7.1)
S ' ——
electron Zeeman crystal field hyperfine  pclear Zeemann

= gupB.S+ By(0f+50%) + Bs(02 —210¢) + AS.1— gy pnB. 1

1 1
= gyBB.s+@b4(og+503)+%b6(og—z10g)+As.1—gNyNB.1

where O] are the Stevens operators and by and B/ the Stevens parameters. They describe
the cubic crystal field. Where Bg = By, Bfi = 5 By, Bg = Bg and Bg = —21 Bg. The Stevens
operators OZ for | = 7/2 are given in [14] and shown in appendix 1. The first term in
Equation A.1 represents the electron Zeeman interaction with an external field B, the next
one the effects of the crystal field of cubic symmetry, the third one the hyperfine interaction
of the electronic spin S with the nuclear dipole moment I, and the last one the nuclear
Zeeman interaction with an external field B.
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Figure 7.3: Mossbauer spectra of CaFp:Eu?t (0.1%), recorded from top to bottom at 300, 125 and
4K.
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For Eu?" in CaF, the cubic splitting parameters are [53]:
by = (—176.12 + 0.02)MHz = (—58.75 4 0.001) - 10* cm ™!

bs = (+0.78 £0.2)MHz = (+0.26 +0.001) - 10* cm ™.
The ¢ value is 1.9926 and the hyperfine interaction parameter A(*°'Eu) is [53]:

(—102.907 +0.001) MHz = (—34.32 £ 0.001) - 10* cm ™.
With this it follows:

B = -294MHyz,
Bf = —14.68MHz,
BY = 0.62kHzand
Bf = —13kHz.

The nuclear g (gn) value is 1.389 for the ground and 0.734 for the excited state. The hyper-
fine constant A shows a slight temperature dependency in the temperature range between
0 and 300 K. Between 0 and 100 K the value is constant —34.25 - 10~% cm™!, the value
decreases from 100 to 300 K to —34.07 - 10~* cm™! [59]. The variation of less than 1% is
negligible in the calculation of the energy levels. The value of A used for the calculations
is that at room temperature.

To simulate the spectra, the spin Hamiltonians for the ground and excited state have to
be solved. The Eu?" ground state has an electron spin of S = 7/2 and a nuclear spin
of I = 5/2; the excited state is a S = 7/2 and I = 7/2 spin state. The hyperfine part
AS.T of the Hamiltonian for the ground and the excited state is thus a (25 +1)(2I +1) x
(25+1)(2I41))) (48 x 48) and (64 x 64) matrix, respectively. The matrix elements of the
ground and excited state are given in appendix 2 and 3, respectively. The eigenvalues of
the matrices are the energy levels of the states. Instead of diagonalizing the matrices, the
energy levels were calculated with the help of the software package "visual EPR" [16, 17].

Figure 7.4 shows the energy levels for the ground state of >!Eu*" in CaF, as a function of
magnetic field from 0 to 0.2 T.

In the ground state there are eight mg states, each is magnetically split into six m substates
and in the excited state there are eight mg states, each splits into eight m substates. Nuclear
transitions can only occur within the same electronic m; state (Amg = 0). For the simula-
tion of a theoretical spectrum for each m; state the 18 nuclear transitions were calculated.
Each transition has a Lorentzian line shape. Each Lorentzian is multiplied by its transition
probability, which are given in Table 7.1. The transition probabilities are the square of the
the Clebsch-Gordon coefficients. A detailed description of calculating the Clebsch-Gordon-
coefficients is given in appendix B.

To obtain the simulated spectrum for one electronic mg state, all 18 nuclear transitions have
to be added. Figure 7.5 shows the '>'Eu Mossbauer spectra of Eu in CaF, for the different
mg states without a magnetic field. To get the complete spectrum the spectra of the eight mg
states, each with 18 transitions, have to be added together. This computation was carried
out with Maple©. An example of the program is given in appendix C.
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Figure 7.4: Energy levels of the ground state of 1>!Eu?" in CaF; as a function of magnetic field from
0to02T

my,

m, 5/2 3/2 1/2 /2 3/2 52
772 55 0 0 0 0 0
5/2 1587 3968 0 0 0 0
3/2 265 2645 2645 0 0

1/2 0 794 3174 1587 0 0
1/2 0 0 1587 3174 794 0
3/2 0 0 0 2645 2645 265
52 0 0 0 0 3968 1587
7/2 0 0 0 0 0 5555

Table 7.1: Transition probabilities for '>'Eu (10~3) in the presence of a magnetic field given (values
taken from [51].)
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Figure 7.5: Theoretical Mossbauer spectra of 1>'Eu in CaF,. The calculation for the different mg

states was carried out for zero field. For the Mossbauer transitions a linewidth of 3 mm/s was used;
the isomer shift was -13.5 mm/s. The lowest spectrum is the sum of all m, subspectra.
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Figure 7.6: Occupation probability of the different states for different temperatures in the presence
of a magnetic field with 200 mT: black 300 K, red 90 K, green 77 K, blue 10 K, and yellow 4.2 K.

For comparison with the measured spectra the calculated subspectra of the electronic mg
states have to be weighted by their occupation probability. This can be calculated with the
Boltzmann distribution:

N AE

ey 72)

where AE is the energy difference between the lowest level Ny and the state N, kp is the
Bolzmann constant and T is the temperature.

Figure 7.6 shows the occupation probabilities for different temperatures in the presence of a
magnetic field of 0.2 T. Especially in the presence of strong magnetic field (see section 1.4) or
at low temperatures the occupation probability has to be taken into account. The simulated
spectra were fitted by varying the linewidth and the isomer shift to the measured data with
the help of Microcal Origin®©.

After the successful description of the paramagnetic splitting in the spectra of CaF, doped
with 0.1% Eu in Figure 7.3, the same sample was also studied in an external magnetic
field of 0.2 T in order to test the applied theoretical description. Figure 7.7 exhibits the
I1Eu-Mossbauer spectrum of CaF, doped with 0.1% Eu measured at room temperature.
The spectrum shows a broad structured absorption band at -13.5 mm/s and a linewidth of
4.5 mm/s, which is definitely different from the split spectra of the same samples measured
without an external magnetic field (Figure 7.3).
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Figure 7.7: Mossbauer spectra of CaFy:Eu?t (0.1%), recorded at room temperature ein an external
magnetic field of 0.2 T.

For the simulation of the experimental spectrum the energy levels of 1>!Eu in the presence
of a magnetic field of 0.2 T were calculate. It can be seen in Figure 7.4 that an external
magnetic field has a strong impact on the energy levels. Analog to the simulation with-
out a magnetic field, the theoretical spectra of the m; states with its 18 nuclear transitions
were calculated. Figure 7.8 show the simulated Méssbauer spectra of 1°!Eu in CaF; for the
different mg states in a magnetic field of 0.2 T.

The eight mg subspectra were added and weighted by their occupation probability. The
simulated spectra were fitted to the experimental spectrum by varying the linewidth and
the isomer shift with the help of Microcal Origin®©. The resulting spectrum agrees very
well with the measured data (see Figure 7.7).
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Figure 7.8: Theoretical Mossbauer spectra of '>'Eu in CaF,. The calculation for the different mg
states was carried out for an external magnetic field of 0.2 T. For the Mossbauer transitions a
linewidth of 3 mm/s was used; the isomer shift was -13.5 mm/s. The lowest spectrum is the sum
of all m; subspectra.
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1.2 CaF, doped with 2% Eu

Figure 7.9 shows the >Eu Mossbauer spectra of CaF, doped with 2% Eu recorded at 295,
90, and 10 K. They are drastically different from those of the 0.1% Eu-doped systems of
Figure 7.3 in that they exhibit only a symmetrically broadened single line at -13.4 mm/s,
virtually independent of temperature. This is the same isomer shift as reported in the
previous Mossbauer studies for this concentration range [53-57]. Additionally, a weak ab-
sorption dip around 0 mm/s (Eu®*) can be observed. For 2% Eu concentration in CaF,, the
electron spin relaxation rates are certainly much larger than in the 0.1% Eu-doped system,
where we observed resolved hyperfine splitting, but obviously not high enough to lead to
a normal Mossbauer linewidth, as observed for instance in the concentrated systems EuF,
and EuS with FWHMy;, = 2.5 mm/s. The observed linewidth of (7.7 £ 0.1) mm/s at 10 K
exhibits only a minor decrease to (7.6 & 0.1) mm/s at 295 K.

The Mossbauer spectra show that 98% of the doped Eu ions are in the Eu?* state and 2% in
the Eu®" state showing up at 0 mm/s. Schroeer et al. [58] observed the same small amount
of Eu®* in CaF,:Eu systems with an Eu concentration of 2%. The increase of the absorption
depth for the Eu?* line is about 50% between 295 and 10 K.

1.3 CaF; doped with 2% Eu in a small magnetic field of 0.2 T

The Mossbauer spectra of CaF;:Eu (2%) sample recorded at 295, 90, and 10 K in the pres-
ence of a magnetic field of 0.2 T is shown in Figure 7.10. With a magnetic field of only 0.2 T,
applied by a permanent magnet parallel to the y-ray direction, the spectral shape changed
considerably in the Mossbauer spectra. A dominant absorption band around -13.4 mm/s
with an additional shoulders on both sides can be observed. The spectra were fitted with
three components. The most dominant component with a fraction of nearly 80% is that of
EuZt. It has an isomer shift of -13.5 mm/s and a linewidth of 8.3 mm/s at 295 K, isomer
shift of -13.3 mm/s and a linewidth of 7.8 mm/s at 90 K and isomer shift of -13.4 mm /s and
a linewidth of 7.8 mm/s at 10 K. The second component is fitted with an an almost tem-
perature independent magnetic hyperfine field of 24.8 T (295 K), 27.1 T (90 K), and 27.3 T
(10 K). It was fitted in a first appoach with the same isomer shift as its corresponding Eu?*
curve, but a smaller linewidth of around 5 mm/s at all temperatures. The last component
is that of Eu®>" with a fraction of 2%, adjusted with the same parameters as in the spectrum
without an external magnetic field.

An additional spectrum taken of the CaF,:Eu (2%) sample at 295 K in an external field
of 0.2 T applied perpendicular to y-ray direction exhibited exactly the same spectrum as
the one measured with the parallel external field without any polarization effect. This
indicates that the observed hyperfine fields B, are randomly oriented in both cases, their
direction only depending on the random direction of the Eu*" neighbors, as expected for a
polycrystalline sample (see discussion in section 1.5).
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Figure 7.9: M0Ossbauer spectra of CaF,:Eu?t (2%), recorded at 295 K, 90 K, and 10 K.
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Figure 7.10: Mossbauer spectra of CaFy:Eu?t (2%), recorded at 295 K, 90 K, and 10 K in an external
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1.4 CaF; doped with 2% Eu in a magnetic field of 6 T
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Figure 7.11: Energy levels of the ground state of 1> Eu>* in CaF, as a function of magnetic field from
0to 0.2 T (left side) and occupation probability of the different mg states for different temperatures
in the presence of a magnetic field with 6 T: black 10 K, red 5 K, and blue 2.5 K (right side).

Figure 7.11 shows the energy levels for the ground state of >'Eu®" in CaF, as a function
of magnetic field from 0 to 6 T (left side) and the occupation probability of the different mg
states for different temperatures in the presence of a magnetic field with 6 T (right side).

In a large magnetic field of 6 T applied perpendicular to the y-ray direction at low temper-
atures, the full hyperfine interaction is observed at 2.5 K (Figure 7.12a). This spectrum is, in
a first approach, identical to that observed for magnetic ordering in a concentrated sample,
fitted with an effective hyperfine field arising (beside transferred and external fields) from
the ] = S = 7/2 ground state of the ordered Eu*" 4f-moments with the 18 transitions of
the I, = 5/2 nuclear ground state to the I = 7/2 nuclear excited state, exhibiting now
a non-broadened linewidth of (2.3 + 0.1) mm/s. From the relative intensities of the four
main lines (each consisting of three transitions) as well as from the some less intense lines
at the wings (around +6 mm/s), one immediately recognizes a polarization dependence,
according to the external perpendicular field, enhancing the m; = 0 transitions by a factor
of two. The observed effective field at the Eu nuclei, Bogf = B¢ + Bext = —27.65 T which
leads for an external field of 6 T to a hyperfine field of By = 33.65 T. This value of By is
close to the value 34 T reported by [51].

The ' Eu-spectra of CaFy:Eu (2%) at 5 and 10 K (Figure 7.12b and c) exhibit drastically
different features, which cannot be fitted by an effective field approach as in concentrated
magnetically ordered Eu?" systems, because we are dealing here with partially oriented
paramagnetic Eu?>" ions. The contributions to the spectra originate now from the mg sub-
levels (ms = 7/2,5/2,3/2,1/2,...) of the S = 7/2 4f-moment with drastically different
hyperfine fields. They contribute to the Mossbauer spectrum according to their Boltzmann
populations (solide lines in Figure 7.12).
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Figure 7.12: Mossbauer spectra of CaFy:Eu’t (2%) at (a) 2.5, (b) 5, and (c) 10 K in an external
magnetic field of 6 T; the magnetic field direction was perpendicular to the incident y-rays. The
solid curves are fits as described in section 1.1
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1.5 Discussion

doping Temp. ext. mag. isomer shift linewidth hffield fraction ion

level (K) field (T) (mm/s) (mm/s) (T) %
0.1% 295 - -135+0.2 5 - 100  Eu’t
125 - -13.4+0.2 5 - 100  Eu?t
4 - -134+02 53+03 - 100  Eu®t
0.1% 295 0.2 -135+£0.2 45 - 100  Eu®t
2% 295 - -135+02 7.6+03 98 Eu?t
- 0.0 3 2 Eu3t
90 - -13.3+02 7.8+03 98 Eu?t
- 0.0 3 2 Eu3t
10 - -13.3+02 77403 98 Eu?t
- 0.0 3.0+0.2 2 Eu3t
2% 295 0.2 -135+02 83403 77 Eu?t
0.2 -13.5 5.0 £0.2 24.8 21 Eu?t
0.2 0.0 3.0 2 Eudt
90 0.2 -1344+02 7.8403 75 Eu?t
0.2 -13.4 52 40.2 27.1 23 Eu?t
0.2 0.0 3.0 2 Eu3t
10 0.2 -134+02 7.8+03 75 Eu?t
0.2 -134 52 40.2 27.3 23 Eu?t
0.2 0.0 3.0+0.2 2 Eudt
2% 10 6 -132+02 3.8+02 100  Eu®t
5 6 -133+£01 31+02 100  Eu?t
2.5 6 -1344+01 23401 100  Eu?t

Table 7.2: Fitting parameters of the!>' Eu-Mossbauer spectra of 0.1% and 2% Eu-doped CaF,. Fixed
parameters are given without error bars. The isomer shifts are relative to EuFs.

Table 7.2 summarizes the fitting parameters as isomer shift and linewidth of the fits. The
spectra of the 0.1% Eu-doped CaF, samples were fitted with the simulation described in
section 1.1. The spectra of the 2% doped sample were fitted with common Méssbauer
programs. The *'Eu-Mossbauer spectra of 2% Eu-doped CaF, in a magnetic field of 6 T
were fitted with the simulation program.

A broadened line of about 8 mm/s in Méssbauer spectrum of 'Eu ions isolated in an
Argon matrix at 6 K have been reported by Litterst et al. [60] and attributed to an unre-
solved hyperfine splitting. The spectrum was fitted considering a "free-atom", with this the
magnetic hyperfine interaction is described by AI.J and with this the hyperfine spectrum
is completely determined by the free atom values A and J. For a perfect fit they had to
assume a small axial anisotropic A,. The present observation of a large resolved param-
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agnetic hyperfine splitting with corresponding low relaxation times for the 0.1% Eu-doped
CaF, sample even at room temperature is a completely new finding and offers immediately
a new and consisted interpretation of the previously reported anomalous behavior of the
Mdssbauer isomer shift in the CaFy:Eu2* system.

The isomer shift of -13.4 mm/s found for the °>'Eu-Méssbauer spectra of 0.1% Eu-doped
CaF; is consistent with the isomer shifts observed for more concentrated systems [54-57].
This is a first proof that a resolved paramagnetic splitting was observed. For the diluted
crystals the electron spin relaxation times were slow enough to resolve the hyperfine inter-
actions. The >!Eu-Méssbauer spectrum of 0.1% Eu-doped CaF, in a field of 0.2 T is more
symmetrical than the corresponding spectrum with out an external magnetic field. The
effect of a field with gugB > A is to suppress the fluctuating (off-diagonal) terms of the
hyperfine interaction matrix AS.I: A(SyI; + SyI,). This leaves AS.I, and with this the
hyperfine interaction becomes an effective field proportional to the magnetization of the
Eu?" ions.

The anomalous shifts reported by [54, 55, 57, 58] were speculatively attributed to oxygen
neighbors of the Eu®* ions, with a detailed model for possible O~ configurations [57, 58].
The spectra of 2% Eu sample did not show any deviation from a Lorentzian line shape.
This excludes the possibility of any static quadrupole interaction, which had tentatively
attributed to the observed anomalous isomer shift in these system [56, 57]. This indicates
that the Eu?* ions are located on regular Ca?* without O~ neighbors.

Unfortunately, neither of the above-mentioned publications [54, 55, 57, 58] showed a Moss-
bauer spectrum of a of CaF,:Eu st very low Eu-concentration. A possible explanation for
the observed anomalous isomer shift may be that the Mossbauer spectra were recorded for
velocities smaller than +20 mm/s. If this is the case only the dip at -11 mm/s in the 0.1%
spectrum can be observed and it appears that the isomer shift increases with decreasing
concentration.

For the 2% Eu-doped CaF; the electron spin relaxation rated are larger, but not high enough
to lead to a normal Mossbauer linewidth, as observed in the concentrated systems EuF;
and EuS with FWHMey,=2.5 mm/s. These very broad linewidth (up to 8 mm/s) of the
Eu?" absorption lines have also been reported by these authors [54, 55, 57, 58], which they
attributed to spin-spin relaxation effects of paramagnetic splitting.

In the 'Eu-Mossbauer spectra of 2% Eu-doped CaF, with an external magnetic field of
0.2 T the external field suppresses the off-diagonal terms of the hyperfine interaction matrix
AS.I as with the 0.1% sample. Due to the faster electron spin relaxation the spectrum is
more symmetrical than that of the 0.1% sample.

Obviously, the small external field of Beyt = 0.2 T is strong enough to reduce the relaxation
rate for the Eu?" ions in a way that the single line exhibits an additional broadening for
about 20% of the Eu?" ions. This 20% can be attributed to in a first approach to those with
a next Eu?" neighbor.
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1 Eu-doped CaF,

doping level 0.1% 2%
k
0 98.81 78.47
1 1.19 19.22
2 0.65-107%2 2.16
3 0.22:107% 0.15
4

0.49-10=7 0.67-1072

Table 7.3: Probability of exactly k Eu ions as next neighbors in %

Assuming a random distribution of the Eu ions we can calculate the probability of getting
exactly k Eu ions as next neighbors is given by the probability mass function:

P= (’;) (1 —z)"k (7.3)

Where 7 is the possible number of the next neighbors (here there are 12 possible Eu®* -sites
as next neighbors) and z is the doping level of the CaF, crystal in percent. The results for
both samples are given in Table 7.3. It can be seen that in the case of the 0.1% sample the
probability of getting an isolated Eu ion is nearly 99%. While in the 2% sample almost 20%
of the Eu ions have one Eu ion as a next neighbor.

These 20% of the Eu ions experience an additional dipolar field from the direct Eu** neigh-
bor. The coupled Eu?* spin pair has a considerable reduction in the relaxation rate by the
applied field. This dipole-dipole interaction can be described as a fine structure interac-
tion. The fine structure parameter D /h can be calculated with the assumption of two point
dipoles by:

D _ o 1 1

— = - Qo UpGeHy - —= ~ 52.000 - — [MHz] (7.4)

h  4I1 R} R}
where Ry (in A) is the distance between the two interacting dipoles [18]. In a CaF, host
lattice the distance between two Eu ions as next neighbors can be calculated by \@ a, with

a = 5452 A it follows that distance between the Eu ions is 3.86 A. With this it follows
D/h = 908 MHz this corresponds to a dipole field of 0.032 T. This interaction is nearly nine
times larger than the hyperfine interaction A with -102.9 MHz and could explain why the
spectra of the 2% Eu-doped CaF, sample look totally different to that of the 0.1% sample.
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Figure 7.13: Mossbauer spectra of Eu-doped BaCl, powder recorded at 90 K (top) and 10 K (bottom).

The investigated sample was 2% Eu-doped BaCly. Eu* ions in a BaCl, host lattice substi-
tutes for Ba?*. The Eu ion has 12 possible positions for Eu ions as next neighbors. This lead
to a probability that approximately 20% of the Eu ions have one Eu ion as a next neighbor.
That is the same case than for the CaF, with 2% Eu. Therefore, the Mdssbauer spectra of
BaCl,:Eu?" were fitted with a common Méssbauer program.

Figure 7.13 shows the Mossbauer spectra of BaCly:Eu?" without an applied magnetic field
at 90 and 10 K. Both spectra show one single dip. They were fitted with one Lorentzian line
as done for CaF, with 2% Eu. The isomer shift is (-13.04+0.5) mm/s and the linewidth is
(17+1) mm/s at 90 K and (12+1) mm/s at 10 K.

Figure 7.14 shows the Mossbauer spectra of BaCly:Eu?* with an applied magnetic field of

0.2 T at 10 K. The fitting was done analog to CaF, with 2% Eu. The spectrum was fitted
with one Lorentzian line (72%) and one component with a hyperfine field of (30£2) T (28%).
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Figure 7.14: Mossbauer spectra of Eu-doped BaCl, powder recorded in the presence of a magnetic
field of 0.2 T at 10 K.

Both curves have a isomer shift of (-13.5£5) mm/s. The Lorentzian line has a linewidth of
(13+1) mm/s and the magnetic component a linewidth of (5.34+0.5) mm/s. For comparison
EuCl, has an isomer shift of -13.16 mm/s at 77 K and -13.103 mm/s at 295 K [51].

A component of Eu3* as seen in the 1>'Eu Méssbauer spectra of CaF, with 2% Eu could
not be unambiguously fitted to the spectra of 2% Eu-doped BaCl, sample, because of the
rather low statistical accuracy. Unfortunately, it was also not possible to record a spectrum
at room temperature because of the low signal. The low signal has two reasons: BaCl,
has a high mass absorption coefficient (37.2 cm? /g at 21.53 keV)[61] For comparison this is
three times higher than that of CaF,. The main cause is the weak bonding of the crystals
lattice. Due to the weak bond the probability of lattice vibrations increases and with it the
probability of a recoil. The crystal has a low Debye-Waller-factor which is a quantity of
recoil free emissions. The Debye-Waller-factor decreases with increasing temperature. This
explains why there is nearly no signal at room temperature.

3 Glass Ceramics

151Ey Mossbauer investigations on Eu-doped fluorochlorozirconate glass ceramics have
already been carried out by MacFarlane et al. [62]. They measure the Eu** to Eu®" ratio
to determine the efficacy of in situ reduction of Eu>" to Eu*" by a variety of chemical
reductants and by bulk electrochemical reduction. In this work only the influence of the
purity grade of EuF, on the Eu?" /Eu®" ratio is investigated. Hopefully, a relatively simple
method of optimizing the glass ceramics can be found with this.

In this particular experiment we wanted to determine the Eu?* /Eu®" ratio in the differ-

ently doped fluorochlorozirconate glasses for various Eu doping concentration and to de-
termine the Eu?* concentration in the nanoparticles.
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EuZt Eu3T
Temp. isomer shift linewidth area isomer shift linewidth area

Sample K mm/s mm/s mm/s mm/s
ZBLAN75 295 -11.6 83+1.0 341 -0.5 25+03 11.19
90 -11.6 80+6.0 3.38 -0.5 28+02 1880
10 -116£10 100+40 720 -05+£01 26+03 2173
ZBLANS83 295 -14.6 193 +£08 244 -0.4 24+03 6.68
10 -146+10 140+£08 761 -04+01 25+£02 13.80
N05-02-35B 295 -14.0 16.8 £3.3 10.37 -0.4 24+06 640
90 -14.0 148 £33 2824 -0.4 23+04 10.68
5 -140+£04 146+22 4792 -04+£02 29+02 1255

Table 7.4: Fit parameters of the spectra in Figure 7.15, 7.16, and 7.17. Fixed parameters are given
without error bars. The area under the subspectra is given in arbitrary units.

Three different glasses doped with Eu were investigated: ZBLAN 75, ZBLAN 83, and NO05-
02-35B. The first two samples werde made in Paderborn. ZBLAN 83 was doped with 1%
EuF, , ZBLAN 75 with 2% EuF,. The last Sample (N05-02-35B) was made by an Australian
group and doped with 2% EuF,. It shows the best scintillation properties of these glasses.
The main difference between this glass and those made in Paderborn is that the EuF, used
for preparation was purer.

Figure 7.15 shows the Mossbauer spectra of ZBLAN 75 at 295, 90, and 10 K. All spectra
show one dip for Eu?" in the region between -13 and -12 mm/s and one for Eu** around
0 mm/s. These two peaks can also be observed in the spectra of ZBLAN 83 (Figure 7.16)
recorded at room temperature and that of the N05-02-35B glass (Figure 7.17), recorded at
90 K. Table 7.4 summarized the isomer shift, linewidth and area of the subspectra of the
I5IEu Mossbauer spectra of Eu?* and Eu" in the glass ceramics.

The area under the subspectra is an index for the corresponding Eu-concentration. If the
ration of Eu?" / Eu®" is determined by calculating the ration of the corresponding areas it
seems that the ration varies with temperature. The Eu?" and Eu®" ions are differently
strong bound in the glass ceramic. For the determination of the Eu>"/ Eu®" ratio the
Debye-Waller-factor f of both ions have to be taken into account. The Debye-Waller-factor
and the Debye-temperature p are values for the strength of the bonding.
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Figure 7.15: Mossbauer spectra of fluorozirconate glass ceramic ZBLAN 75 recorded from top to
bottom at 295, 90, and 10K.
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Figure 7.16: Mossbauer spectrum of fluorozirconate glass ceramic ZBLAN 83 recorded at 295 K
(top) and 10 K (bottom).

op

The approximation for T > P

6E. T
T) ~ e 7.5
fm~ep (-1 ) 75)
will be used in the following. To determine the Debye-temperature the areas of the sub-
spectra have to be calculated and the natural logarithm In(x) of the areas has to be plotted
against temperature.

() ~ e

where m is the gradient of the resulting of the curve. The Debye-temperature can be calcu-
lated by:

‘T=mT (7.6)

6E,
— /= 7.7
Op e (7.7)
115.93
0p (P1Eu) ~ |/ — ——[K] (7.8)
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Figure 7.17: Mossbauer spectrum of fluorozirconate glass ceramic N05-02-35B recorded from top to
bottom at 295, 90, and 5 K.
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With the Debye-temperatures of the Eu?>" and Eu®* ions we can calculate their Debye-
Waller-factors. The Eu?*/ Eu3" ration R(E4+) can be calculated by:

IFT<E
R Eu2+ B A(Eu2+) . f(Eu3+) (7 9)
Eu3+ a A(Eu“) A(EuH) ’

where Ag2i) and A g+ are the area of the corresponding subspectra and f g2+ and
f(gu3+) are the Debye-Waller-factors of the corresponding ion.

The Debye-temperature p of each of this ions is assumed to be the same for the three
glasses. The Debye-temperature of Eu>* was calculated from the values of the fluorozir-
conate glass N05-02-35B. The Eu*" signal of the fluorozirconate glass ZBLAN 75 was ex-
tremely weak and with this the error bar is large. This can also be seen in the calculated area
of the Eu?>* subspectra (Table 7.4). The value at 90 K is a little larger than that at 295 K which
is unlikely. The results of N05-02-35B lead to a Debye-temperature of 6p (Eu?*)=154 K. The
Debye-Temperature of Eu*" was calculated from the values of the fluorozirconate glass
NO05-02-35B and ZBLAN 73. Since there a two slightly different values for the Debye-
temperature of Eu>* average value is calculated and an error estimation can be done. It
follows a Debye-temperature of 8p (Eu®")=(215 4 2) K. The values of the fluorozirconate
glass ZBLAN 83 obtained from the 10 K spectra are not taken into account since this tem-
perature does not comply the condition T > %D of the approximation.

With the Debye-temperatures we can calculate the f-factors and with this the Eu?>/ Eu®*
ration. The fluorozirconate glass ceramic ZBLAN 83 has with R(Eﬁi) = 0.65 the lowest
Eu?*/ Eu®* ration of all investigate glass ceramics. In the case of the two other fluorozir-
conate glass ceramic the amount of Eu?" is higher than that of Eu**. For the fluorozirconate
glass ceramic ZBLAN 75 and N05-02-35B R( Ev’) = 1.4and 3.5, respectively.

Eu3+

4 Discussion

The >'Eu Mossbauer spectra of Eu-doped BaCl, have a isomer shift of -13 mm/s and a
broad linewidth of 17 mm/s (90 K) and 12 mm/s (10 K). From the M&ssbauer investigation
on Eu-doped CaF; we know that the broadening can be attributed to an unresolved hyper-
fine splitting. In an applied magnetic field of 0.2 mT two components can be observed on
of them with an magnetic hyperfine field of 30 T.

Since the recording of a room temperature spectrum of Eu-doped BaCl, a determination of
the Debye-temperature was not possible. The calculation of the Debye-temperature with
equation 7.5 is only possible for T > %D. The spectrum recorded at 10 K can not been taken
into account. The fact that the recording of a room temperature spectrum was not possible
leads to the assumption that the Debye-temperature is quite low.

These Mossbauer experiments by MacFarlane et al. [62] were recorded at room tempera-
ture. They observed an isomer shift of (-14.24+0.2) mm/s and a linewidth of (10.6£0.4) mm/s
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for Eu>* and an isomer shift of (-0.340.2) mm/s and a linewidth of (3.040.4) mm/s for
Eu®". The observed isomer shifts for the divalent Eu of the investigated glass ceramics
between -15.2 and -12.0 mm/s are in a good agreement. The linewidth values between 8.0
and 16.8 mm/s lie around the linewidth observed by MacFarlane et al. [62]. The variation
of the values for the trivalent Eu is lower. The isomer shift between -0.5 and -0.4 mm/s is
a little smaller than that observed by MacFarlane et al. [62]. The linewidth between 16 and
12 mm/s are in a good agreement.

The linewidth of Eu?t in the fluorozirconate glasses is larger than for EuF, (2.98 mm/s)
and Eu®t in most other compounds [63]. The unusual broad linewidth of Eu?T in the fluo-
rozirconate glasses has also be observed by MacFarlane at al. [62] and Coey et al. [63]. Coey
et al. [63] discuss beside other mechanisms a distribution of isomer shifts corresponding
to Eu?T in sites with different coordination numbers and Eu-F bond length as a possible
mechanism for this broadening. For the investigated glass ceramic an additional isomer
shift for Eu?" in the BaCl, nanocrystals has to be added. Since the 1>Eu Mossbauer spectra
of the Eu?"-doped BaCl, also have unusual broad linewidth this may not the only mecha-
nism. From the Mossbauer investigation on Eu-doped CaF, we know that the broadening
can also be attributed to an unresolved hyperfine splitting.

The Eu?*/ Eu®" ratio by MacFarlane et al. [62] was determined by rating the areas of
the single absorption lines for each valence state. Since the Mossbauer spectra were only
recorded at room temperature the determination of the Debye-temperature and with this
the f-factor was not possible. The calculated Eu?*/ Eu®* ration is a lower estimation of
the Eu" fraction since the Debye-temperature of divalent Eu is lower than that of trivalent
Eu. The Debye-temperatures for of Eu>" and Eu®" ions in the investigated glass ceramics
were determined to 63" = 154 K and 6% = 215 K. Coey et al. [63] reported the effective
Debye-temperatures for these two ions in similar fluorozirconate glass (ZrF4-BaF,-ThFy):
02" = 145K and 67" = 261 K.

With the two Debye-temperatures it was possible to determine the ratio between Eu?* and
Eu®". It can be seen that using purer EuF, leads to a higher concentration of Eu?* in the
glass. Unfortunately, it was not possible to determine between Eu?" in the glass matrix and
in the nanocrystals because the resolution of the spectra is not good enough.

OMost of the 1> Eu-Mossbauer spectra were recorded at the Northern Illinois University. The spectra of CaF,
doped with 0.1% Eu were recorded at the University of Paderborn. The spectra of CaF; doped with 2% Eu
with an external magnetic field of 6 T were recorded at the Argonne National Laboratories.
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8 Conclusion

Eu-doped BaCl, was found to be the best scintillator (with respect to light yield, scintilla-
tion decay time, and afterglow) of the investigated Ce-, Eu-, and undoped barium halides.
The light yield is 19,400 photons/MeV, the scintillation decay consists of a fast component
on the submicrosecond scale (about 400 ns), and the afterglow is less than 0.2%. Moreover,
the energy resolution under 662 keV <y-ray excitation of a '3’Cs source is 8.8%. Although
undoped BaBr, is also a good scintillator in terms of light yield (19,300 photons/MeV), its
scintillation decay component is 2.2 us, which makes this system less attractive for scintil-
lation applications. The XL-to-afterglow-ratio of undoped BaBr; is 1% to 2%; the energy
resolution is 5.4% and thus slightly better than that of Eu-doped BaCl,.

It was found that K-co-doping of Ce-doped single crystals and fluorozirconate based glass
ceramics increases the Ce luminescence. Furthermore, the amount of host lattice lumines-
cence observed in the 0.1% Ce-doped BaBr, sample decreases and the rise time in the scin-
tillation decay curve gets faster when co-doping with K. These observations indicate that
the Ce®>" excitation in the 0.1% Ce-doped BaBr; is delayed either due to energy migration
processes from the ionization track to Ce>*. Although we do not know what kind of mi-
gration process it is, it is clear that the observed scintillation decay is determined by both
the Ce3* 5d lifetime and the speed of migration/excitation. If the latter process is much
slower than the Ce" 5d lifetime then the scintillation decay is fully controlled by the mi-
gration/transfer process. We assume that the defects involved in the migration processes
are the same as the ones responsible for the host related emission bands at 420 and 480 nm.
The 1% K-co-doping, however, causes a significant change in the scintillation behavior.
The additional emission bands assigned to host lattice emission bands at 420 and 480 nm
disappear and a fast decay component of 80 ns can now be found in the corresponding
scintillation decay curve. It seems that the transfer from the host related defects to the Ce
ions is much enhanced by K-co-doping. The host emission is quenched by the fast transfer
to Ce, which results in more intense and faster Ce scintillation decay. The decay is still
controlled by the migration/transfer process, but the lifetime of this process decreases to
80 ns. The intrinsic lifetime of the Ce®" 5d state is expected to be significantly shorter than
80 ns; we anticipate a lifetime around 20-30 ns. An influence of the nanocrystals on the Ce
emission wavelength can also be observed. The Ce doublet shifts to shorter wavelengths.

The investigated Sm- and Mn-doped singles crystals and fluorozirconate based glass ce-
ramics turned out to be not very good scintillators. The Mn-doped samples have a very
low luminescence signal upon x-ray and photo excitation. While the Mn-doped samples
do not even fit the requirements of a fluorescence standard, the Sm-doped samples show
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promising properties for the application as a fluorescence standard. Unfortunately, we had
problems to reproduce the glass ceramics. However, we had problems in controlling the
Sm charge state in the fluorozirconate based glasses. Most of the glasses containing Sm3+
instead of Sm?" what is preferable for many applications.

The crystal field calculations show that the choice of the atomic position has an influence
on the calculated crystal field. With the real atomic positions (upper three rows in Table 6.4)
the cg/ c% ratio decreases from BaCl, via BaBr; to Balp. The calculations with atomic posi-
tions and an uniform expansion correction yield to an increasing c/c3 ratio from BaCl, via
BaBr; to Bal,. In principle the detection of EPR spectra of Eu-doped Bal, is possible, but
since the alignment of the Eu-doped Bal, single crystals was not possible the analysis was
not possible either.

With the help of ®!Eu-Mossbauer spectroscopy it was possible to calculate the Debye-
temperatures for of Eu?* and Eu®* ions in the investigated glass ceramics: 04" = 154 K
and 63 = 215 K. And with this the ratio between Eu?* and Eu®" in the glass ceramics
could be determined. The results show that the amount of Eu** can be increased by using
better quality EuF,. Unfortunately, it was not possible to distinguish between Eu?* in the
glass-matrix and in the BaCl, nanocrystals, because the resolution of the spectra is not good
enough. The Mossbauer investigations on Eu-doped CaF; were primarily carried out for
a better understanding of Mossbauer spectroscopy. The present observation of a large re-
solved paramagnetic hyperfine splitting with corresponding low relaxation times for 0.1%
Eu in CaF, at room temperature is a new finding and offers immediately a new and consis-
tent interpretation of the previous reported "anomalous" behavior of the Mossbauer isomer
shift in the CaF,:Eu system. A possibility to simulate Mossbauer spectra of highly diluted
samples was found.
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A The Stevens operators O/

The spin Hamiltonian is given by [53]:

H = B.S +BJOJ+ B2OY + BO2+ AS.T — B.I
SHB + 5404 + 5g0g + bg 6+\\/_., SN HUN
electron Zeeman crystal field hyperfine  clear Zeemann

= gupB.S+ By(OF +503) + Bs(O2 —210¢) + AS.1— gn pin B. 1

1 1
= gyBB.s+@b4(02+5o‘4*)+%bﬁ(og—210g)+As.1—gNyNB.1

without an applied magnetic field the electron and nuclear Zeeman therm are negligible.
In the following section the matrices for the Stevens operators and the hyperfine matrix of
the ground and excited state are given.

1 The Stevens operators OZ

The following Stevens operators OZ for | = 7/2 are taken from [14].
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A The Stevens operators OZ
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2 Hyperfine matrix of the ground state
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2 Hyperfine matrix of the ground state
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2 Hyperfine matrix of the ground state
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3 Hyperfine matrix of the excited state
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3 Hyperfine matrix of the excited state
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*
* *
X ~ =
Il Il Il
L | e |
—~ —~ —~
NIy N NI
I i | I N
~ OO O O O oo N OO O OO o oo ~ O O O O O O o
— | —Ie e &
+ | +
—~ —~ —~
I ol | ~ I ™
N O O O O OO o ~ [l eleBoBoleoNe) N o O O O O o o
e | —IN Q —IeN *
+ | +
—~ —~ —~
ol ol ol
I ol | 2 | =2}
N [=Nelellole) (=] S O O O OO o o o oo o O© O
[N | —Ie <+ e R
+ | +
—~ —~ —~
—Ie I I
‘ = ! 2 ‘
N o O O O o O O ~ o O O OO o o N O O O Ww oo oo
—Ie | I —e
(o]
+ | +
—~ —~ —~
Lallo\] e ey
+ + + 10
~ O O OO © O O N SO O O WO OO ~ (=N} o O O O O
—ley —Ie —ley R
+ | +
—~ —~ —~
ol ol ol
+ + =t + ™
~ O Ot O © O O ~ o O O o O O O ~ o o O O O OO
—I I —Ie 5
(o]
+ | +
—~ —~ —~
I iy wie
+ + ® + o
~ Ow+HrO © © O O O N o o o O O O O ~ [=BeolsloBeBoRol
e e <+ e I
+ | +
—~ —~ —~
NN NN NN
+ + ~ +
~ NFHO © © © O © O ~ o o O O O OO ~ O O O O O O oo
—I I Q —Ie
+ | +
N P N NN N PN N L I [ LD [ I N e [N eI [
++++ 111 ++++ 1 11 ++++ 11
N N N N NN I e = I N N N
+t+++++++ ++++++++ BN
— — — — o~ — o — — ~— _— — — — - — — —

113



A The Stevens operators OZ

— N*

OO OO OO O

O O O OO OoOLHEO

SO OO OO O

O O O O—tO O O

—I

[Selis
OO|OOOOO

O
O|OOOOOO

DNt
‘OOOOOOO

T S N TN SN TN NN
++++ 1 1 1|
N N NS NN

— ~— — ~— — ~— ~— ~—

- O*

OO OO OO OO

[I9)
=]
oooooooE

—IeN

©c o oo oo o

O O oo © o o

e}
o o [=eleBele)
o

[I'9)
cloocococoo

e

N 1ENLO [ENEN | [ O [eNen [eNLO NP [
T
AR R R R

— ~— -~ ~— — ~— ~—

114

= P*

Ny [Te)

| =}

s coocoococoT o
e

| e
—~
nleN

| To)

N cococoo o o
e

o0

|

—~
ol

|

0

. e oo oo o o
|

—~
—eN

l 2
N o oo oo oo
—leN
o~
o oo oo oo

Lo
o O O O O OO
o

ey
T}
+ 2
v T oocoocoocoocoo

| —le

O OO OO O oo

DN IOULO [ENEN [N [N [ENED [ONLO [NES [N
T+
PR R RO R

— - ~— - ~— ~— ~— ~—



3 Hyperfine matrix of the excited state
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3 Hyperfine matrix of the excited state

= X*

[N el oloNoR e N

[N eNeNeNe NN 5=]

oo oo ogvro o

O O O ONtO © O

3N}

coo f"oooo

&l
o o cocoocoo

Bl
cffoococcoo

(=)
<+
‘”‘ooooooo

DN OO OO | O (O [eNen [on [ebS [ e
A+
l\\(\\l\\(\\ll\\(\\l\\:\l\\(\\ll\\(\\l\\(\\ﬂ\\(\\l

— -~ ~—— — ~— ~— —

117



A The Stevens operators OZ

118



B Transition probability

The transition probabilities for a thin polycrystalline absorber are proportional to the square
of the Clebsch-Gordan coefficient. The Clebsch-Gordon coefficients are given by Wigner [64]
by the use of group-theoretical methods as the following expression:

C(j1jamamaljrjajm) = 6(m, my + my)
Ut =G+ )G+ = G +m)!G—m)t
2j1+1 - - - . - - + !
X\/(]+> (1 472 +7+ DG — m)!(a +m)!(j2 — mo)! Ua - m2) (B.1)

)Y UG oy = 4Gy —m )
KU(j—ji+ 2 — 1)U +m — 1) (K + j1 — j2 —m)!

where ji is Io,, mq is m Iyps J218 1y, the spin of the y-quantum, which is equal to 1 and m; is
Am, given by the selection rule for the transitions, which is equal to 0, £1. j is I,y and m
is my,.. In our case Iy, is 5/2 and Iy is 7/2, with this mi, goes from -5/2 to +5/2 and my,,
from -7/2 to +7/2.

In this summation the index « takes on all integral values such that none of the factorial
arguments are negative. The index x for m = j and m = 4 is especially simple; in the first
case only the therm x = 0 occurs, and in the second, only « = j+ j; + j>. In the following
table B.1 all possible values for « are given.

my,, K

7/2 7

5/2 0,1,2,3,4,5,6
3/2  0,1,2,3,4,5
1/2 0,1,2,3,4
-1/2 0,1,23

-3/2 0,12
-5/2 0,1
-7/2 0

Table B.1: Possible values of .
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B Transition probability

Those values of « leading to a negative factorial arguments are meaningless. Table B.2
shows the values of « for each transitions with only positive factorial arguments.

my,,
m, 5/2 3/2 1/2 /2 3/2 52
772 -
52 1,2 1,2
3/2 0,1,2 0,1,2
0,1,2

~

0,1,2

1/2 ,1,2 0,1,2 0,1,2

-1/2 0,1,2 0,1,2 0,1,2v7

3/2 01,2 01,2 01,2
-5/2 0,1 0,1
7/2 0

Table B.2: Values of « for each transition

For a better understanding an example of calculating the Clebsch-Gordan coefficient will
be given. For the transition from mi,, = 5/2 to my,,=5/2, with Am=0, I3y=5/2, I;x=7/2, and
I,=1 it follows for the first part of formula B.1:

o G = )G = 4 j2) G+ 2 = )G+ m)! (G — m)!
\/(2]+1) (j1+ 2+ 7+ D1 — m)!(jr +mi)!(j2 — mo)! Ua - m2)t
_ o7 G- DIG -3+ DG 1= 5)HE +3)E — 3)!
- e e

(1+0)!

= ;\/14

In this case « takes on all integral values from 0 to 6. With this it follows:

Forx = 0:

(=)0 01 +7/2+5/2-0)!1(5/2—5/2+0)!
01(7/2-5/2+1-0)1(7/2+5/2—-0)1(0+5/2—1—5/2)!
(1) 7! 0!

0!2!6! (—1)!

Since there is (-1)! in the equation this is ¥ meaning]less.
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For x = 1 and « = 2, all factorial arguments are positive.

k=1
(=)0 +7/245/2—1)1(5/2 —5/2+1)!
1(7/2=5/2+1-1)[(7/2+5/2—1)I(1 +5/2—1—5/2)!
6! 1!
= rrsion
=6

K=2
(=1)2H140(1 4 7/245/2 = 2)1(5/2 — 5/2 + 2)!
21(7/2—5/2+1-2)1(7/2+5/2—2)1(2+5/2—1—5/2)!
5121
() srorarm
=-5

The equations of x =3, 4, 5 and 6 have negative factorial arguments and therefore they are
meaningless.

xK=23
(=1)3*10(1+7/2+5/2-3)1(5/2—5/2+3)!
31(7/2—-5/2+1-3)1(7/2+5/2—-3)1(3+5/2—1—5/2)!
413!
3! (—1)! 312!

k=4
(—1)*140(147/2 4 5/2 — 4)1(5/2 — 5/2 + 4)!
4(7/2=5/2+1—4)(7/2+5/2—4)[(4+5/2—1—5/2)!
31 4!
N EAPIE

Kk=>5
(=1)5*140(1 +7/2+5/2-5)1(5/2 —5/2+5)!
5/(7/2—5/24+1—-5)1(7/24+5/2—5)!(5+5/2—1—5/2)!
21 5
50(=3)1114!

=1

K=6
(=1)6*10(1+7/24+5/2—-6)1(5/2—5/2+6)!
6!(7/2—5/2+1—-6)1(7/2+5/2—6)(6+5/2—1—5/2)!
1! 6!
16 (—4)!0! 5!
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B Transition probability

With this it follows:

C(5/215/20(5/217/25/2)

55 1
=0(5,5+0) 7 V14 (6 —5)
LY
7
All Clebsch-Gordon coefficients are given in table B.3.
m]g
my, 5/2 3/2 1/2 -1/2 -3/2 -5/2

7/2 1
5/2 1/7V/14  1/7+/35
3/2 1/21+v/21 1/21+/210 1/21+/210

1/2 1/7 7 2/7 7 1/7 V14

-1/2 1/7 /14 2/7\7 1/7 7

-3/2 1/21v210 1/21+210 1/21+21
-5/2 1/7V35 1/7 V14
-7/2 1

Table B.3: Clebsch-Gordon coefficients for all transitions

For the transition probability all coefficients have to be squared. The transition probabilities
are give in table B.4.

mlq
m;, 5/2 3/2 1/2 -1/2 -3/2  -5/2
7/2 1
5/2  2/7 5/7
3/2 1/21 10/21 10/21

1/2 1/7 4/7 2/7

-1/2 2/7 4/7 1/7

-3/2 10/21 10/21 1/21
-5/2 5/7  2/7
-7/2 1

Table B.4: Transition probability (square of the Clebsch-Gordon coefficients) for all transitions

These values agree with those given in [51]. If multiplied by 55.55- 10~2 we get exactly the
same values (see Table B.5).
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m[g
my, 5/2 3/2 1/2 -1/2 -3/2 -5/2

7/2 5555 0 0 0 0 0
5/2 15.87 39.68 0 0 0 0
3/2 265 2645 2645 0 0

1/2 0 794 3174 1587 0 0
-1/2 0 0 15.87 31.74 7.94 0
-3/2 0 0 0 2645 2645 2.65
-5/2 0 0 0 0 39.68 15.87
-7/2 0 0 0 0 0 55.55

Table B.5: Transition probabilities for >'Eu (10~3)in the presence of a magnetic field taken from
[51]
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C Maple programm

In the following section the Maple© program used for the simulation of the Méssbauer
spectra will be described.

f is the factor to convert 10~ cm ™! into mm/s and w is the linewidth of each transition.

[> restart:
with(linalg):
with(plots):
f:=57.4%3%x10~(-3):
W:=4:
Warning, the protected names norm and trace have been redefined and unprotected

Warning, the name changecoords has been redefined
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C Maple programm

Matrix A contains the energy levels of the ground state. The first six values are for mg =
—7/2 and m; from -5/2 to 5/2. The next six ones are for mg = —7/2 and m; from -5/2 to
-7/2 and so an. Matrix B is the equivalent for the excited state. Here m; goes from -7/2 to
7/2. Therefore, eight values belong to one ms.

A:=

(> A:=matrix(8,6,L

B

1015.769,-1015.769,-1014.049,-1014.048,-1014.048 ,-823.937,
-810.169,-810.169,-810.169,-798.633,-798.633,-798.633,
-245.261,-245.261,-240.468,-240.468,-240.468,-230.138,
-225.266,-225.266,-225.266,-204.983,-87.057 ,-87.057,
-87.057, -29.852,-29.852,-29.852,12.906,12.906,
56.209,56.209,56.209,94.834,94.834,94.834,
950.178,953.182,953.182,953.182,955.581,955.581,
955.581,1248.124,1248.124,1248.648,1248.648,1248.6481) ;

:=matrix(8,8,L

-955.184 ,-955.184 ,-955.184 ,-954.287 ,-954.287 ,-954.287 ,-953.122,
-801.596,-801.596,-801.596 ,-796.770,-796.770,-795.067 ,-795.067,
-795.067,-792.718,-206.615,-206.615,-206.615,-204.685,-204.685,
-204.685,-200.581,-200.581,-197.586 ,-197.586,-197.586 ,-181.085,
-181.085,-181.085, -80.946,-80.946,-76.626,-76.626,-76.626,
-52.567,-25.487,-25.487 ,-25.487 ,-9.144 ,-9.144 ,-9.144,11.003,
33.309,33.309,33.309,36.071,36.071,968.140,968.140,968.140,
969.035,969.035,969.334,969.334,969.334,969.753,1181.806,
1181.806,1181.807,1182.022,1182.022,1182.022,1182.2901);

-1015.769 -1015.769 -1014.049 -1014.048 -1014.048 -823.937

-810.169 -810.169 -810.169 -798.633 -798.633 -798.633
-245.261 -245.261 -240.468 -240.468 -240.468 -230.138
-225.266 -225.266 -225.266 -204.983 -87.057 -87.057
-87.057 -29.852 -29.852 -29.852 12.906 12.906

56.209 56.209 56.209 94.834 94.834 94.834

950.178 953.182 953.182 953.182 955.581 955.581
955.581 1248.124 1248.124 1248.648 1248.648 1248.648

-955.184 -955.184 -955.184 -954.287 -954.287 -954.287 -953.122 -801.596
-801.596 -801.596 -796.770 -796.770 -795.067 -795.067 -795.067 -792.718
-206.615 -206.615 -206.615 -204.685 -204.685 -204.685 -200.581 -200.581
-197.586 -197.586 -197.586 -181.085 -181.085 -181.085 -80.946 -80.946
-76.626 -76.626 ~-76.626 -52.567 -25.487 -25.487 -25.487 -9.144
-9.144 -9.144 11.003 33.309 33.309 33.309 36.07 36.071
968.140 968.140 968.140 969.035 969.035 969.334 969.334 969.334
969.753 1181.806 1181.806 1181.807 182.022 1182.022 1182.022 1182.290
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First the matrix elements of the ground an excited state are multiplied by f to get the unit
mm/s. The transition energies are the differences between these energies, taking the dipole
selection rules into account. Then the eighteen possible transitions energies for each mg are
calculated. The number of each transition is consistent with those shown in Figure C.1.
Each Mossbauer transitions has the Lorentzian line shape:

2-A w
Yy="Yo+

T e (C.1)

where v is the baseline offset, A is the total area under the curve from the baseline, x is
the center of the peak and w is the full width of the peak at half height.

Each transition is put into a Lorentzian formula and weighted by the transition probabil-
ities. The transition probabilities are given in Tabell B.5 in Appendix B. At least the 18
transitions are added. The steps of the loop are operated for each mg from -7/2 to 7/2. The
number of each transition is conform with those shown in Figure C.1.

x +7/2
X X +5/2
7y 7§ y Y +3/2
1.=712 y 7' /'y +1/2 m,
7y A 7y -1/2 €
Y 7y 7'y -312
A A -5/2

— 712

+5/2

123

456 *312

+1/2
789
1712 m,
-1/2

101112

-3/2

131415

-5/2

161718

Figure C.1: Nuclear energy levels for '>!Eu in presence of a magnetic hyperfine interaction. The
arrows denote the allowed 18 transitions.

With this results eight sums (one for each mg) can be calculated. In the following the sums
are plotted.
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C Maple programm

aellms]
ae2lms]
ae3[lms]
ae4tlms]
ae5[ms]
ae6lms]
ae7’lms]
ae8Lms]
agl1lms]
ag2lms]
ag3[lmsl]
ag4lms]
ag5Lms]
ag6Llms]

allms]
a2lms]
a3lms]
atlms]
a5Cms]
ablLmsl
a’lms]
a8Llms]
a9LCms]
al10Cms1]
al11lms]
a12lms]
a13lms]
al4lms]
al15Cms1]
al16Lms]
al17Cms]
a18Lms1]

y1Llms1]
y2Lms1]
y3Lms1]
y4Lms1]
y5LCms]
y6Lms]
y7Lms]
y8Lms1]
y9Lms1]
y10Lms]
y11Lms]
y12Cms]
y13Lms]
y14Lms]
y15Cms]
y16Lms]
y17Cms]
y18Lms]

L end do:

y_sumlms]:

(> for ms from 1 to 8 do

:=BLms ,11*f:
:=BLms ,2]1*f:
:=BLms ,3]1*f:
:=BLms ,4]1*f:
:=BLms,51*f:
:=BLms ,61*f:
:=BLms,71*f:
:=BLms ,81*f:
:=Alms ,11*f:
:=Alms ,21*f:
:=ALlms ,3]1*f:
:=ALlms , 4]*f:
:=Alms ,51*f:
:=Alms ,61*f:

:=aellmsJl-ag1lms]l:
:=ae2lmsl-ag1lmsl:
:=ae3[lmsl-ag1lms]:
:=ae2lmsl-ag2lms]:
:=ae3[lmsl-ag2lms]:
:=aeb4lmsl-ag2lms]:
:=ae3[lmsl-ag3Llms]:
:=ae4lmsIl-ag3lms]l:
:=ae5CmsJl-ag3lms]l:
:=ae4lmsI-ag4lms]:
:=ae5Cmsl-ag4lms]:
:=aeblmsl-ag4lms]:
:=ae5Cmsl-ag5Clms]:
:=aeblmsl-ag5Cms]:
:=ae7lms]l-ag5Cms]:
:=aeblmsl-agb6lms]l:
:=ae’lmsl-ag6lms]:
:=ae8Lmsl-agbLlms]:

BRI R T - - i S~ S~ S~ i S S~ - S e

Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition
Transition

:=55.55%w/ (4*(x-aTlmsl)*2+w”2):
:=15.87*w/ (4*(x—-a2lms1)*2+wr2):
1=2.65*xw/ (4*(x-a3lms])*2+w”r2):
1=39.68*w/ (4*(x—-abtlmsl)r2+wr2):
1=26.45%w/ (4*(x—-a50Cms])*2+uwr2):
1=7.94%w/ (4*(x-abLms1)*r2+wr2):
1=26.45%w/ (4*x(x-a7lms])*r2+uwr2):

:=31

SCh*xw/ (4% (x—-a8Llms1)A2+uw”2)

:=15.87*w/ (4*(x-a9Lms1)*2+wr2):

:=15.87*w/ (4*(x-a10Llms1)*2+w”r2):
Thxw/ (b*x(x-a11lms])*2+w”r2):
1=26.45%w/ (4*(x-a12lms1)*2+w”r2):

:=31

:=7.94%w/ (4*(x-a13[ms]1)*2+uwr2):

1=26.45%w/ (4*x(x-a14lmsI)*2+wr2):
:=39.68*%w/ (4*(x-a15[lms1)*2+w”2):

1=2.65%w/ (4x(x-a16lms])*2+w”2):

:=15.87*w/ (4*(x-a17lms1)*2+w”r2):
:=55.55%w/ (4*(x-a18Lms1)*2+w”r2):

NVOONONUVTEWN =

=y1Llmsl+y2Lms]l+y3Lmsl+y4Lms]l+y5Lms]l+y6é6Lmsl+y7Lms]
+y8Llmsl+y9LlmsI+y10Llms]+y11LmsI+y12lmsI+y13Lms]
+y14LCms]+y15lms]I+y16Lms]l+y17Cms]I+y18[Lms]:
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Spectrum of mg = —7/2 (top) and mg = —5/2 (bottom).

[> plot(-y sum[11,x=-30..30);

X
-0 .40 . A0 3P
¥
-200
:> plot(-y suml21,x=-30..30);
X
-30, . 40 2 3
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C Maple programm

Spectra of mg = —3/2 (top) and mg = —1/2 (bottom).

[> plot(-y sum[31,x=-30..30);

X
-30, .. 0, . A0 30
¥
:> plot(-y suml&1,x=-30..30);
X
-30, 30
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Spectra of mg =1/2 (top) and mg =3/2 (bottom).

[> plot(-y sum[51,x=-30.

.30);

Al

2D

L

[> plot(-y sum[61,x=-30.

L300 ;

-100-

80

3P
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C Maple programm

Spectra of mg =5/2 (top) and mg =7/2 (bottom).

[> plot(-y sum[71,x=-30..30);

X
-0, . 20 -0 W 2 3
\U-
-50'_
-100-
Yoo
-150
2001
22504
:> plot(-y suml81,x=-30..30);
X
-30, Jo o o2p 30
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To get the total spectrum the spectra of all mg from -7/2 to 7/2 are added and plotted.

> y_sum:=y suml11+y suml21+y sum[31+y suml41+y sum[51+y sumLl6]
+y suml7J+y suml81]:

plot(-y sum,x=-30..30);

-300-: \/

-400-

To get the right resulting spectrum the spectrum of each mg has to be weighted with its
Boltzmann factor.
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