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Preface

In the broad sense the subject of our book belongs to the Physics of Minerals
field, namely to its spectroscopic part. The main features of our experimen-
tal technique are laser excitation of minerals and time-resolved detection of
resulting emission and scattering. Laser sources allow the simultaneous study
of linear optic events, such as luminescence and breakdown spectroscopies,
and non-linear ones, such as Raman spectroscopy and Second Harmonic Gen-
eration. The time-resolved technique, namely signal detection only during
a certain time gate after a certain delay following the end of the laser pulse, re-
sults in drastically improved spectroscopic sensitivity and selectivity. It enables
us to receive new data, which contribute greatly to our fundamental knowledge
of minerals and may be practically used.

The book is arranged as follows.

The Introduction chapter contains the basic definitions of the main scientific
terms, such as spectroscopy, luminescence spectroscopy, luminescent mineral, lu-
minescent centet, luminescence lifetime, luminescence spectrum and excitation
spectrum. The state of the art in the steady-state luminescence of minerals field
is presented. The main advantages of the laser-induced time resolved technique
in comparison with the steady-state one are shortly described.

The Theoretical Background chapter contains description of the main pro-
cesses involved in luminescence, such as absorption of the excitation energy,
and radiative return to the ground state. The resulting luminescence is consid-
ered based on ligand field theory, the configurational diagrams model, molec-
ular orbitals theory, and band scheme approximation. The main attention is
paid to luminescence decay, consisting of radiation decay, non-radiation de-
cay, and special types of decay, such as stepwise energy transfer, cooperative
sensitization and cooperative luminescence.

The Experimental Technique chapter describes our experimental setup with
the following main parts: laser source (Ar, excimer, Nd-YAG, nitrogen, dye,
OPO), imaging monochromator, gated detector (Intensified Charge Coupled
Device) and computer with corresponding software. The main features of
the experimental devices are described, which enable us to accomplish time-
resolved detection.

The Luminescent Minerals chapter contains time-resolved luminescence
spectra for approximately 50 minerals. The following information is presented
for the each one, comprising literature and original results: short description
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of the crystal structure, optically active color centers, and luminescence centers,
detected by steady state and time-resolved techniques.

The Interpretation of Luminescence Centers chapter is devoted to a de-
tailed explanation of the luminescence centers interpretation process, which
comprises investigation of spectral and kinetic parameters of excitation and
emission at different temperatures from 4.2 to 300 K. In numerous cases the
interpretation is confirmed by the study of synthetic minerals analogs artifi-
cially activated by potential impurities, which may serve as emission centers.
The following luminescence centers have been confidently detected and inter-
preted:

- rare-earth elements (Ce>*, Pr3t, Nd3*, Sm3*, Sm?*, Eu3t, Eu?t, Gd3*, Tb3*,
DY3+, EI'3+, HO3+, Tm3+, Yb3+, Yb2+);

- transition elements (Mn2*, Mn>*, Cr3*, Fe3*, Ti3%);

- s%ions (Bi**, Bi**, Pb%*, Sn2t);

- d'"%ions (Ag*, Cu®);

- d complex ions (WOy, MoOy, TiO4);

- molecular centers (UO,, S3);

- radiation induced centers

- diamond centers (N3, H3, H4, S2, S3);

— reabsorption lines of Oy, H,0, U**, Nd>*.

Besides confidently identified centers, the possible participation of Mn** and
V2* is proposed. The centers, such as Mn%*, Cr**,Cr’*, V3* and V**are de-
scribed, which are not found in minerals yet, but are known in synthetic
analogs of minerals, such as apatite, barite, zircon and corundum. Besides
that, the centers Ni** and Ti** are discussed as possible participants in min-
eral luminescence. The last part of this chapter is devoted to unidentified
emission lines and bands in apatite, barite, calcite and zircon.

The Applications of Laser-induced Time-resolved Spectroscopic Techniques
chapter starts with a short description of laser-induced spectroscopies, which
may be used in combination with laser-induced luminescence, namely Break-
down, Raman and Second Harmonic Generation. The chapter contains several
examples of the application of laser-based spectroscopies in remote sensing
and radiometric sorting of minerals. The problem of minerals as geomaterials
for radioactive waste storage is also considered.
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Comrade scientists, you, Newton dears

And precious Einstein, that we love to cry!

In the common earth will sleep our rotten rest;

And Earth swallows everything: the apatite and the dung.

Comrade scientists, Vladimir Vissotski (1938-1980)

Great is the art to penetrate by intelligence in the
subterranean deepness where nature forbids the access
to our hands and to our eyes; to roam by thought in the
Earth womb, to penetrate by reason into the sombre
crevasses, to make the things and the activities hidden
by the eternal darkness, coming to the day light.

Terrestrian layers, Mikhail Lomonossov (1711-1765)



CHAPTER 1

Introduction

Spectroscopy is the study of the interaction of electromagnetic radiation with
matter. There are three aspects to spectroscopic measurement: irradiation
of a sample with electromagnetic radiation; measurement of the absorption,
spontaneous emission and scattering (Rayleigh elastic scattering, Raman in-
elastic scattering) from the sample; and analysis and interpretation of these
measurements. The main subject of our book is spontaneous luminescence of
natural minerals. We have used the term luminescence, which is the general
term of the phenomenon. Luminescence may be subdivided into fast fluo-
rescence with spin-allowed transition and slow phosphorescence with spin-
forbidden transition. Afterglow may be added, which is related to emission
after trapping of an electron elsewhere.

Luminescence spectroscopy measures the energy levels of the luminescence
centers. The energylevel of aluminescence center is defined as its characteristic
state, which is related to the physical nature of the center and to the energetic
and dynamic processes that the center undergoes. The ground state is defined
as the state with the lowest energy. States of higher energy are called excited
states. A center possesses several distinct reservoirs of energy levels, including
electronic, vibrational, rotational, transitional, and those associated with nu-
clear and electron spin. In mineral luminescence, the energy levels of interest
are those that are associated with electronic and vibrational transitions.

A luminescent mineral is a solid, which converts certain types of energy into
electromagnetic radiation over and above thermal radiation. The electromag-
netic radiation emitted by a luminescent mineral is usually in the visible range,
but can also occur in the ultraviolet (UV) or infrared (IR) range. It is possible
to excite the luminescence of minerals by UV and visible radiation (photolumi-
nescence), by a beam of energetic electrons (cathodoluminescence), by X-rays
(X-ray excited luminescence) and so on. A special case is so-called thermolu-
minescence, which is stimulation by the heating of luminescence, preliminary
excited in a different way.

The luminescent mineral consists of a host lattice and a luminescent cen-
ter, often called an activator. The determination of the nature of the center
responsible for luminescence is not generally a trivial task. Correlation of the
observation of the specific luminescence with a particular impurity concen-
tration may give an indication of the source of the emission but it is not proof
of the origin, and can sometimes be misleading. Furthermore, it does not give
any details about the precise nature of the center. Spectroscopic studies may
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provide a number of important parameters, which aid identification of the
luminescence center.

Luminescence emission occurs as a result of a radiative electronic transition
in which an electron jumps from a higher energy state to a lower one, the
difference in energy being released as a photon. Clearly the electron must first
be excited into a higher energy state by some means, for example UV or vis-
ible light. After excitation the nuclei adjust their positions to the new excited
situation, so that the inter-atomic distances equal the equilibrium distances
belonging to the excited state. This process is called relaxation. During relax-
ation there is usually no emission. The system can return to the ground state
spontaneously under emission of radiation from the lowest level of the excited
state. The emission occurs at a lower energy than the absorption due to the
relaxation process. The energy difference between the maximum of the lowest
excitation band and that of the emission band is called Stokes shift.

The luminescence is usually characterized by its quantum yield and life-
time. Luminescence spectroscopy is the measurement and analysis of various
features that are related to the luminescence quantum yield and lifetime. The
quantum yield is the ratio of the number of photons emitted to the number
absorbed. Luminescence centers with the largest quantum yields display the
brightest emission. The lifetime is connected to the average time that the lu-
minescence center spends in the excited state prior to its return to the ground
state. It is defined as the time required for the luminescence intensity to drop
to 1/e of its original value. The luminescence quantum yield and lifetime are
modified by a number of factors that can increase or decrease the energy
losses. The luminescence intensity of the luminescence centers is a function of
their concentration, absorbing power at the excitation wavelength, and their
quantum yield of the emission wavelength.

A luminescence emission spectrum represents the luminescence intensity
measured over arange of emission wavelengths at a fixed excitation wavelength.
On the other hand, a luminescence excitation spectrum is a plot of the lumines-
cence intensity at a particular emission wavelength for a range of excitation
wavelengths. A luminescence excitation-emission matrix is a two-dimensional
contour plot that displays the luminescence intensities as a function of a range
of excitation and emission wavelengths. Each contour represents points of equal
luminescence intensity. Measurement of a luminescence lifetime requires ex-
citation by a pulsed source, whose duration is negligible as compared to the
lifetime of the emission process. The luminescence intensity is then recorded
as a function of time. All spectral and kinetic measurements may be done at
room temperature, or at liquid nitrogen or helium temperatures.

In many luminescence centers the intensity is a function of a specific orienta-
tion in relation to the crystallographic directions in the mineral. Even if a center
consists of one atom or ion, such luminescence anisotropy may be produced
by a compensating impurity or an intrinsic defect. In the case of cubic crystals
this fact does not disrupt optical isotropy since anisotropic centers are oriented
statistically uniformly over different crystallographic directions. However, in
excitation of luminescence by polarized light the hidden anisotropy may be
revealed and the orientation of centers can be determined.
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Not every mineral shows luminescence. The reason is that the radiative
emission process has a competitor, namely, the nonradiative return to the
ground state. In that process the energy of the excited state is used to excite
the vibrations of the host lattice, i.e. to heat the host lattice.

Many scientists have contributed to an essential part to our current knowl-
edge in this field of mineral physics and its practical applications in Earth sci-
ences. In 1602, an Italian cobbler from Bologna, Vincencio Casiarolo found that
by heating a heavy mineral, the so called “Bologna stone”, in fact barite BaSOy,
it emitted light if it was previously exposed to sun light or heated (Fig. 1.1a). In
this way luminescence was discovered. Despite the fact that the Arab alchemist,
Alchid Bechil, first isolated phosphorus in the 12th century, the discovery of
elementary phosphorus is attributed to Hennig Brand (1669), a German mer-
chant and amateur alchemist who, while concentrating a great quantity of
urine, succeeded in extracting it as a solid substance (Fig. 1.1b). The substance
glowed in the dark and led to the term phosphorescence [from the Greek,
Ywopopo( (fosforos), which carries light]. In 1786, the poet Goethe, a great
collector of minerals, showed that, while sending colored lights (through fil-
ters) onto a heated barite crystal, blue light only induced luminescence but not
the red, yellow or green ones. Georges Stokes in 1852 observed a luminescence
phenomenon while studying fluorite and gave this phenomenon the name flu-
orescence. He developed the “Stokes Law of Fluorescence”, which dictates that
the wavelength of fluorescence emission must be greater than that of the excit-
ing radiation. In 1859, Edmond Becquerel showed that fluorescence was in fact

Fig.1.1. a Cabalistic representation image from the treaty “Il fosforo o vero la Pietra Bologne-
se” by Marc Antonio Cellio (1680) representing the light emission of heated barite; b Painting
by Joseph Wright of Derby (18th century) representing the discovery of the phosphorescence
of the phosphorus extracted from urine by Hennig Brand in 1669
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a phosphorescence phenomenon with very short duration, and that uranyl salts
had phosphorescence twenty times more intense than calcium (greenockite)
or zinc (sphalerite or blende) sulfides. He also emphasized that the red fluo-
rescence of calcite was link to the presence of manganese, thus identifying for
the first time the role of activators in fluorescence.

The detailed summary of some key elements in the history of lumines-
cent studies of minerals is well presented in the following books and reviews:
Marfunin 1979a; Walker 1985; Waychunas 1989; Goldberg and Weiner 1989;
Brittain 1990; Gorobets and Walker 1994; Gorobets et al. 1995; Nasdala et al.
2004. We want to mention specifically the excellent book of Tarashchan (1978),
unfortunately not translated into English and remaining practically unknown
to anyone except Russian speaking scientists. We think that up to today it re-
mains one of the best books in the field. Gorobets and Rogojine (2001) recently
wrote the reference book “Luminescent spectra of minerals”. It is the first
systematic compilation of the luminescence spectra of minerals together with
a contemporary interpretation of the nature of the luminescence centers. This
tremendous work summarizes the main achievements in this field up to the
year 2000. Many luminescence properties and peculiarities of different miner-
als have been related to the crystallochemical and structural state of mineral
species, varieties and individuals, searching at the same time for possibilities
to associate the luminescence behavior with the different conditions of min-
eral formation and alteration. Different types of luminescent centers have been
studied and identified using photo-, cathodo- and X-ray luminescence tech-
niques frequently combined with optical absorption and EPR spectroscopy in
minerals such as diamond, apatite, fluorite, scheelite, zircon, calcite etc., which
are known as important genetic indicators in many rock- and ore-forming pro-
cesses. The main minerals, which are luminescent under UV lamp excitation,
are summarized in Table 1.1.

At the same time, solid-state physicists intensively dealt with synthetic ana-
logues of luminescent minerals as phosphors and quantum electronic ma-
terials, providing the theoretical and experimental background for further
applications in high technology material sciences. These achievements are
shortly summarized in Table 1.2.

These results were also used in geosciences, remote sensing, exploration,
natural dosimetry, mineral processing etc. Starting approximately 20 years
ago, UV lasers have been used as luminescence of minerals excitation source.
In this way, not only luminescence spectra, but also decay time have been
determined. The main motivation was to use laser-induced luminescence for
remote sensing of mineral deposits (Kasdan et al. 1981; Seigel and Robbins
1985). Systematic investigations of laser-induced luminescence of minerals
started at the same time by one of the authors in the former Soviet Union (Gaft
1989). Luminescence centers established in minerals including decay times are
summarized in Table 1.3.

So far presented results are connected with so-called steady-state spec-
troscopy. Conventionally studied steady state or CW (continuous-wave) lumi-
nescence is a process where the excitation sources pump the sample at constant
intensity over a time necessary to perform the measurement. The end result is
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Table 1.1. Minerals luminescent under UV lamp excitation

Native

Oxides

Halogenides
Silica
Phyllosilicates
Feldspar

Pyroxenes
Amphiboles

Zeolites

Feldspathoids
Other
silicates

Carbonates

Sulfides
Sulfates

Phosphates

Tungstates
Molybdates
Borates
Organics

Diamond

Brucite Mg(OH),, corundum Al,0s3, ruby Al,O3, sapphire
AL, O3

Fluorite CaF,, halite NaCl, calomel HgCl

Agate SiO;, opal SiO;, quartz SiO;

Pyrophyllite AlSi;OsO0H, talc Mg3SigO19(OH);2, serpen-
tine (Mg,Fe)3Si205(OH)4

Albite NaAlSizOg, microcline KAISizOg

Diopside CaMgSi;Og, spodumene LiAlSi; Og
Anthophyllite (Mg, Fe)7SigO2,(OH);, tremolite
CazMgSSigozz(OH)z

Natrolite Na, Al,Si3019 x 2H, 0, laumontite

CaAl,SizO1;2 x 4H,0, analcite NaAlSi;Og x H,O

Sodalite NayAl3(SiO4)5Cl

Zircon ZrSiQy, datolite CaBSiO4(OH), danburite
CaB,Si,0s, eucryptite LiAlSiOy4, willemite Zn;SiOy,
wollastonite CaSiOs3, sphene CaTiSiOs, scapolite

Na4(A1, Si)12024C1, axinite

Cay(Mn, Fe, Mg)Al,(BO30H)(Si03)4, benitoite

BaTiSi3 Oy, thorite (Th, U)SiO4

Aragonite CaCOs, calcite CaCOs3, cerussite PbCO3, magne-
site MgCO3, strontianite SrCO3, witherite BaCOs3
Sphalerite (Zn, Fe)S, wurtzite (Zn, Fe)S

Barite BaSQy, celestine SrSO4, gypsum CaSOy4 x 2H,O0,
anhydrite CaSOy, alunite KAl3(SO4)2(OH)s,

Zippeite K4(UO3)6(S04)30H1 x 4H,0,

ettringite CagAl;(SO4)3(OH) 2 x 26H,0, hanksite
Nap;K(504)9(C03),Cl

Apatite Cas(PO4)3(OH,ECI), wavellite Al3(PO4)2(OH)3

x 5(H,0), amblygonite (Li, Na)AIPO4(F, OH), pyromor-
phite Pb5(P0O4)3Cl, monazite (Ce, La, Th, Nd, Y)POy,
autunite Ca(UO;),(P0O4); x 10H,0, xenotimeYPOy4
Scheelite CaWO,

Powellite CaMoQy, wulfenite PbMoO4

Colemanite CaB304(0OH)3;-H,0

Amber C10H160

an emission spectrum, namely the distribution of energy emitted by an excited
system in terms of the intensity of emitted optical photons as a function of
wavelength or photon energy. Such spectroscopy in many cases is inadequate
because the discriminatory power of the normal emission spectra is some-
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Table 1.2. Principal luminescent materials and their natural analogies (from Reisfeld and
Jorgensen 1977; Moncorge et al. 1994; Boulon 1997)

Material Synthetic Natural analogies
Phosphors (Ce*t, Tb3*): LaPOy Monazite
Pr3*: CaWO, Scheelite
(Agt, AI*): ZnS Sphalerite
(Cu*, AIP*): ZnS; Mn?*: ZnS Sphalerite
Ce**:Y5(Si0y4)3F Britholite
Tb3*: LaSiO,F Wollastonite
(Ce*t, Tb**):Gd4(Si,07)F, Cuspidine
Tb3*: CaYSiz03F, Melilite
Scintillators Ce3*: CaWO, Scheelite
Ce3*: PbWO, Stolzite
Ce3*: YbPO, Xenotime
Dosimeters US*: CaF, ; REE3*: CaF, Fluorite
(Dy**, Tb**): CaSO4 Anhydrite
(Cr*, Ti*t): AL O3 Corundum
Laser materials REE3*: CaWO, Scheelite
REE**: CaMoO4 Molybdenite
(Er¥t, Nd3*): Y3Al501, Garnet
(Cr3*, Cr**): Y3AL50, Garnet
(Yb3+, Nd3+)l Y3Al504; Garnet
(Cr?*, Ti**): BeAl,O4 Alexandrite

REE3*: ZrSiOy4 Zircon
Cr**: Mg,Si0,4 Forsterite (olivine)
Cr#*: CaMgSiO,4 Monticellite (olivine)

Mn>*: Sr5(POy4)3(Cl, F) E Cl Apatite
Yb3*: Sr5(PO4)3(Cl, F) Apatite
Mn?*: (Ca, Sr, Ba),(POg4, VO4)Cl  Spodiosite (apatite)

Cr’*: (Ca, Sr)(Y, Gd)4Si3013 Apatite
(Nd3*, Ho®"): Cas(POy4)sF Fluorapatite

what limited. Therefore, most of the previously provided emission spectra of
minerals present overlapping features of several types of luminescence centers.

However, luminescence lifetime, which is a measure of the transition prob-
ability from the emitting level, may be effectively used. It is a characteristic
and unique property and it is highly improbable that two different lumi-
nescence emissions will have exactly the same decay time. The best way to
determine a combination of the spectral and temporal nature of the emission
is by using laser-induced time-resolved spectra. The time-resolved technique
requires relatively complex and expensive instrumentation, but its scientific
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Table 1.3. Luminescence centers found in steady-state spectra of minerals

Luminescence Transi-  Decay time

center tion

Rare earth ions 4f -4f The parity does not change and the life
(line emission): time of the excited state is long
Nd3*, Sm3*, Sm2*, (~ 10 ps-1ms)

Eu3+, Gd3+, Tb3+,

DY3+’ Yb3+

Rare earth ions 5d-4f Transition is parity allowed and spin
(band emission): selection is not appropriate = fully
ce’t allowed (10-100 ns)

Eu?t Emitting level contains octets and

sextets, whereas the ground state level
85 is an octet, so that the spin selection
rule slows down the optical transition
rate (~ 1 ps)

Yb%*, Sm2+ The spin selection rule is more
important and decay times are of
(100 ps-1 ms)

Transition metal d-d Decay time is long

ions:

Cr* 2E-%*A,  The parity selection rule as well as the
line spin selection rule apply (~ 1 ms)

4T7,-%A,  The parity selection rule
band (~ 10—100 ps)

Mn?2*, Fe3t “T1-%A;  The parity selection rule as well as the
4T,-%A;  spin selection rule (~ 1 ms)

d® Complex ions: Charge-  Emitting state is a spin triplet and
(VO4)>~, (WOy4)?~,  transfer  decay time is long (10-100 ps)
(MoO4)*~, (Ti04)*

(U0y)** Charge-  Considerably long decay time
transfer  (~ 0.1—1ms)

value overweighs such deficiencies. It is important to note that there is sim-
ple relationship between steady-state and time-resolved measurements. The
steady-statespectrum is an integral of the time-resolved phenomena over in-
tensity decay of the sample, namely:

I(steady—state) = /IO e_t/T dt=1Ipt, (1.1)
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where 7 is the longest lifetime of the luminescence centers present in a min-
eral. It turns out that much of the information available from luminescence
spectrais lost during the time-averaging process. Time-resolved luminescence
can separate overlapping features, which have different origins and therefore
different luminescence lifetimes. The method involves recording the intensity
in a specific time “window” at a given delay after the excitation pulse with
carefully chosen delay time and gate width. The added value of the method is
the energetic selectivity of a laser beam, which enables us to combine time-
resolved spectroscopy with individual monochromatic excitation.

Time-resolved luminescence spectroscopy may be extremely effective in min-
erals, many of which contain alarge amount of emission centers simultaneously.
With the steady state technique only the mostly intensive centers are detected,
while the weaker ones remain unnoticed. Fluorescence in minerals is observed
over time range of nanoseconds to milliseconds (Table 1.3) and this property
was used in our research. Thus our main improvement is laser-induced time-
resolved spectroscopy in the wide spectral range from 270 to 1,500 nm, which
enables us to reveal new luminescence centers in minerals previously hidden
by more intensive centers.



CHAPTER 2

Theoretical Background

The theoretical data essential for understanding luminescence phenomenon
may be found in many books, but we believe that for the specific field of
mineral luminescence the fundamental books of Marfunin (1979a, 1979b) are
the best. Below we tried to present very shortly only the most essential data,
especially data connected with kinetic considerations, which are the basis of
the time-resolved technique.

2.1
Thes, p, d, f Atomic Orbitals

According to quantum mechanics laws, electrons in free atoms occupy so-
called atomic orbitals. Each orbital is characterized by its energy and is de-
termined by quantum numbers #, I, and m; where n is the main quantum
number, designated by numbers 1,2,3..., 1 is the orbital quantum number
with 0,1,2,... (n — 1) values and my is the magnetic quantum number with
—L,-1+1,...0,...1—1,]values.

For an explanation of luminescence properties of the atomic orbitals, their
symmetry and directional properties are most important. The shape of atomic
orbitals in space is determined by the / quantum number, designated as s, p, d,
f forl=0,1,2,3. The number of possible orientations of the orbitals is given
by the number of possible values of the #; magnetic quantum number and is
equal for the s-orbitals to 1, for the p-orbitals to 3, for the d-orbitals to 5 and
for the f-orbitals to 7, according to the (2/ + 1) rule. In a totally symmetric
surrounding all orientations of the orbitals are equivalent and correspond to
the same energy value. These orbitals are called degenerate, which means they
are characterized by equal energy. Figure 2.1 represents real forms of the p,
d and f orbitals.

Each element is characterized by a specific scheme of energy levels. When
individual elements are combined forming minerals the energy levels are
changed. They now have different energies and form a different system of
energy levels typical for the mineral. The process of developing new energy
level systems in minerals may be described using different theories of solid state
physics, such as ligand field theory, molecular orbitals theory and zone theory,
which are especially useful for explanation of absorption and luminescence
properties.
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2%
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’l fusgd-sy

Fig.2.1. The forms of the angular dependence functions for p, d, and f orbitals (Figgis 1966)

2.2
Point Group Symmetry

As we will demonstrate, luminescent properties, radiative transition charac-
teristics as well as emission under site selective excitation depend on the local
environment symmetry of the luminescent center. Therefore it is necessary to
take into account and to describe the different local symmetry. There are two
systems commonly used in describing symmetry elements of punctual groups:

1. The Schénflies notation (1891) used extensively by spectroscopists, and
2. The Hermann-Mauguin (1935) or international notation preferred by crys-
tallographers.

Schonflies notation is widely used to describe molecules or assemblages of
atoms (polyhedron) such as thelocal environment of an atom. Thus, it is widely
used to describe the symmetry of structural sites. It is a more compact notation
but less complete than the Hermann-Mauguin notation. It consists generally
of one capital letter, followed by one subscript number and one final letter.

- Symmetry C, for one rotational axis (cyclic); C;: identity; C,: the polyhedron
has an n-fold axis of symmetry.
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- Symmetry D,, for orthogonal axes (dihedral), n-fold axis of symmetry per-
pendicular to n 2-fold axes;
- Cubic symmetry: T for 4 axes (tetrahedral), O for 8 axes (octahedral) and

I for 20 axes (icosahedra, exists to describe molecules but not crystals);

- Planar symmetry:

e one subscript letter follows the rotation symmetry (for example Csy);
hindicates a planar symmetry (mirror) parallel to the rotation axis (hori-
zontal), v a mirror perpendicular to the rotation axis (vertical) and d a di-
agonal mirror;

e S,, S indicates a mirror symmetry (Spiegel in German) and # invariance
by a n-fold rotation around the perpendicular axis to the plane. An added
superscript m number indicates sometimes that the symmetry operation
is applied m times.

Table 2.1 presents the non-cubic crystallographic point groups with com-
pared notation.

23
Absorption of the Excitation Energy

2.3.1
Optical Absorption Spectroscopy

It is a remarkable fact that the contemporary history of absorption and emis-
sion spectroscopy began simultaneously, from the simultaneous discoveries
that Bunsen and Kirchhoff made in the middle of the 19th century. They
observed atomic emission and absorption lines whose wavelengths exactly
coincided. Stokes and Kirchhoff applied this discovery to the explanation of
the Fraunhofer spectra. Nearly at the same time approximately 150 years ago,
Stokes explained the conversion of absorbed ultraviolet light into emitted blue
light and introduced the term fluorescence. Apparently, the discovery of the
Stokes shift marked the birth of luminescence as a science.

A rule due to Beer and Lambert is that the light absorbed per unit length in
a sample depends at any wavelength only on the incident light intensity, i.e.,

dré) =—al(1), (2.1)
dx

where « is a proportionality constant called the absorption coefficient, which
also depends on wavelength.
Integrating Eq. 2.1, we find for a non-reflecting sample of thickness ¢:

IrA) =L, A)exp(—at), (2.2)

where It is the transmitted light intensity and I, the incident light intensity. In
these terms, the transmittance spectrum is

TA)=Ir(M)[Io() (2.3)
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so that
TWA) =exp(—at) . (2.4)

The absorption spectrum is given by an inversion of Eq. 2.4 i.e.,

ad) = 1 ln<§0> = 1 In(T7") . (2.5)

T

The absorbance is defined as:

log 1o ( §T> . (2.6)

In optical spectroscopy a sample is illuminated by monochromatic light
with a varying wavelength. The optically active centers rise from the ground to
the excited states with the resulting appearance of the absorption band in the
optical spectrum. Useful information may be obtained from the absorption
spectroscopy, which reveals the excited energy levels. Nevertheless, it has to
be noted that the absorption technique is much less sensitive compared to
luminescence. The reason is that absorption is a subtractive process. One mea-
sures small differences in large numbers (intensity of incident light-intensity of
transmitted light). This difference will be very small for very low absorbance
from low concentrations. Best sensitivity is ~ 0.0005 OD (optical density),
but most spectrophotometers are not nearly this good. On the other hand
luminescence measures any detectable light against an essentially zero back-
ground. Modern detectors are capable of measuring single photons and thus
luminescence can be extremely sensitive.

There are a number of different processes, which may generate optical ab-
sorption in the visible and ultraviolet wavelength range. The following transi-
tions are of primary importance for minerals: (Platonov 1979; Rossman 1988):

- d-d or f-f electronic transitions between ligand field split spectroscopic
states of the free electronic levels of transition metals or rare earth ions.
This process involves an ion with a partially filled d- or f-electron shell be-
ing incorporated into a crystalline environment whose symmetry produces
a difference in energy between the different orbitals (see Crystal Ligand
Theory). Such effects are observed within compounds containing transi-
tion metal ions such as Fe?*, Fe3t, Mn?*, Ti3*, Cr3* and associated colors
characterize a range of minerals. The intensities of d-d and f-f absorption
bands can vary over four orders of magnitude: these are governed both by
the abundance of the absorbing cation, and by a combination of the symme-
try of the cation environment and quantum mechanics selection rules (see
Luminescence decay).

- metal to metal charge-transfer between transition metal ions differing in
valence state and accommodated in interconnected polyhedra of the min-
eral structure. This term is used to describe the absorption mechanism by
transfer of electrons between transition metal ions in non-metals via an
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input of energy in the form of a photon, especially those ions, which are able
to adopt multiple valence states in minerals, such as Fe?* and Fe*, Ti’*",
Ti** and so on. Characteristically, these bands occur in the visible part of
the spectrum, and are most intensive in those minerals, which have large
quantities of transition metals, and relatively short metal-metal distances.

- ligand to metal charge transfer or an interband transition, which involve
the transfer of electron density from the ligand to the metal cation. Charge
transfer transitions not only occur between transition metal ions, but also
occur in the excitation of electrons between cations and ions. Within oxides,
such oxygen-to-metal charge transfer absorption bands typically occur at
high energies in the ultraviolet, and are extremely intense: often three to
four orders of magnitude more intense than d-d transitions. Effectively,
such a charge transfer between anions and cations is often associated with
delocalization of an electron, or photoexcitation of an electron into the
conduction band of a mineral. Within many minerals, such charge transfer
bands appear as an absorption edge, rather than a discrete band: this edge
is simply generated because all photons with energy above that of the edge
will produce electron delocalization. Absorption generated by such cation-
anion charge delocalization processes is common in ore minerals such as
sulfides and arsenides.

- radiation induced centers from natural sources in rocks. Such electron-hole
centers produced by ionizing radiation are mostly typical for smoky quartz,
blue feldspar, green diamonds, and fluorite and calcite samples.

2.3.2
Luminescence Excitation Spectroscopy

A luminescent mineral will only emit radiation when the excitation energy is
absorbed. It is possible to categorize luminescence mechanisms into two gen-
eral classes. In the first the process of excitation is localized near an isolated
center and occurs without ionization of any species in the mineral. This type
of luminescence is called intra-centric. Excitation and emission occurs due to
electronic transitions at the center. In certain luminescent minerals the situ-
ation is more complicated, because the activator does not absorb the exciting
radiation, but it is absorbed by the other center, which subsequently transfers it
to the activator. In this case the absorbing ion is called a sensitizer. The second
mechanism occurs when the excitation is light of higher energy than the band
gap, or consists of very high-energy radiation or particles. Ionization effects
then occur, and the emission is produced by a recombination of electrons or
holes ationized centers. Laser-induced luminescence mainly belongs to the first
type direct excitation of centers of emission without their ionization. But dur-
ing excitation with high-energy photons in semiconductors with a small inter-
band spacing, an electron transfer of impurity ions of the ground substance to
the conduction band takes place. In these crystals the energy levels of defects
are divided according to their position in the forbidden band into donors (near
the conduction band) and acceptors (in the vicinity of the valence band).
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Absorption of the excitation energy resulting in luminescence is revealed
by excitation spectra. Here the emission results from the transition from the
specific electronic level. The excitation spectrum is registered as the intensity
of luminescence as a function of the excitation wavelength. The excitation
spectrum is measured using two monochromators. One is used to separate
the exciting frequency and the other is used for separating a specific region
in the luminescence spectrum. The second monochromator is set to a spe-
cific frequency, whereas the first one scans the excitation frequency. The
appearance of tunable lasers has made it possible to avoid using the first
monochromator.

The excitation spectrum demonstrates that for an effective luminescence
not only the presence of an emitting level is important, but also the presence
of the upper levels with a sufficiently intensive absorption. The excitation
spectra enable us to choose the most effective wavelength for luminescence
observation. The combination of excitation and optical spectroscopies enable
us to determine the full pattern of the center’s excited levels, which may be
crucial for luminescence center interpretation, energy migration investigation
and so on. The main excitation bands and lines of luminescence in minerals
are presented in Table 2.2.

2.3.2.1
Selective Spectroscopy

There are a large number of cases where the spectra of luminescence centers
remain broad up to helium temperatures. In certain cases, this is explained
by a strong electron-phonon interaction, but more often the inhomogeneous
broadening, connected with several types of the same center presence, causes
this. In such cases it is possible to simplify the spectrum by selective excitation
of specific centers.

2.3.2.2
Two-Photon Absorption Spectroscopy

In most luminescence experiments, at least in the mineral luminescence field,
excitation is due to absorption of a single photon. However, it is also possible
for a luminescence center to absorb two or more long-wavelength photons
to reach the excited state. Two-photon excitation occurs by the simultaneous
absorption of two lower-energy photons. Such excitation requires special con-
ditions including high local intensities, which can only be obtained from laser
sources.

Thus it was not observed until lasers were invented. In principal, one-photon
and two-photon excitation follow different selection rules. For example, the
inner shell one-photon transitions in transition metal, rare earth, and ac-
tinide ions are formally forbidden by the parity selection rule. These ions have
d- or f-shells and transitions within them are either even to even (d — d) or
odd to odd (f — f). The electric dipole transition operator is equal to zero.
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Table 2.2. Main luminescence excitation bands and lines in minerals

AMuminescence (M)

480, 610, 650, IR

880, 1,060, 1,340
380, 417
535, 600, 670

540, 600, 675

650, 690, 700, 730,
780, 810

590, 610, 650, 700

380-450

380, 417, 440, 550
480, 575, 670, 760
550

550, 640, 760

360, 480, 780, 800
350-390
520-560

975, 1,014

300, 312
480-700

650-700

1,100-1,500
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Table2.2. (continued)

Center Electronic Aexcitation Aluminescence (nm)
transition (nm)
Fe’t Charge transfer 300 700-750
6A,(S)-*E(D) 380
641(8)-4T»(G) 500
Ccr3t 4A,-4T 410 690-1,000
4A,-4T, 550
vt 1A,-4T 410 750-850
4A2 -4 T, 560
Pb%* 1S,-3P; 220-260 300-400
Bi** 15,-3P, 280 400-650
Bi?* 2Pip=S1p 270 600-650
Ti** 2Tyg—*Eq 500 650-950
(UOy)?** Aig-Eay 400 480-580
S5 30,-1mgx 400 500-700
0; 305~ 1My 280 400-550
(MeO,,)"™ 1A,-1T, 250-340 480-520

The two-photon transition operator is a tensor whose components may be
nonzero. Thus an important reason for doing two-photon spectroscopy is that
it allows us to observe the transitions directly as allowed transitions instead of
indirectly as forbidden transitions as are all one-photon spectra of transition
metal ions.

In single beam two-photon spectroscopy, an intense laser beam having
afrequency hv = 1/2(E; —E, ) is passed through the crystal, and the attenuation
of the beam is measured. To measure attenuation directly is extremely difficult
and it is better to measure the proportional quantity, while the fluorescence
maybe the most useful. Two-photon spectroscopy has not been used so far
in the luminescence of minerals field, but many relevant centers have been
studied in artificial compounds, such as Cr**, Mn**, Cu*, Ni?*, Eu** (McClure
1990).

Two-photon excitation results in an apparent violation of Beer’s law. In the
one-photon technique the amount of light absorbed is proportional to the
intensity of the incident light. This results in emission intensity being directly
proportional to the intensity of the excitation. The well-known property of
two-photon excitation is that emission intensity depends on the square of the
incident light intensity.
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24
Radiative Return to the Ground State — Luminescence

The energy of an electronically excited state may be lost in a variety of ways.
A radiative decay is a process in which a molecule discards its excitation
energy as a photon. A more common fate is non-radiative decay, in which
the excess energy is transferred into the vibration, rotation, and translation of
the surrounding molecules. This thermal degradation converts the excitation
energy into thermal motion of the environment (i.e., to heat). Two radiative
processes are possible: spontaneous emission, just like radioactivity, which is
a completely random process where the excited state decays:

M* = M+hvc. (2.7)
Rate of spontaneous emission in populating the state
f=-N¢Ag, (2.8)

where Ag is the Einstein coefficient for spontaneous emission (unit s™!). It
obeys 1st order kinetics:

Rate = —d [M*] [ dt

Nt [t] = N[t = 0] exp(—kt) , (2.9)
where k = rate constant for spontaneous emission = A5 = 1/r (r = natural
lifetime of state f, in seconds). Stimulated (or induced) emission can occur in

the presence oflight of the correct transition energy, incident upon the sample,
acting as a stimulant for it to emit a photon of the same energy:

M*+hivc— M+2vc. (2.10)
Rate of induced emission in populating the state is:

f=-NiBse(V), (2.11)
where By is the Einstein coefficient of induced emission.

2.4.1
Ligand Field Theory

2.4.1.1
The Concept of the Ligand Field

Most of the electronic spectroscopy in minerals can be interpreted by the well-
known ligand field theory. The main luminescence centers in minerals are
transition and rare-earth elements. The ground and excited levels in these cases
are d and f orbitals, while d-d and d-f emission transitions are subjected to
strong influence from nearest neighbors, so called ligands. The basic notion of
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aligand field was first developed many years ago (Bethe 1929). It was supposed
that the ions are undeformable spheres and the interactions, which take place
between them, are due solely to the electrostatic potentials set by their charges.
The charges are taken to be located at the center of the ions coincident with
their nuclei. Summing potentials from the individual surrounding ions to give
the total potential at any point near the central ion, and then finding the effect
of such a potential on the electrons of the central ion solves the problem. The
fact that the original considerations were made on the potential developed
near an ion, which was part of a lattice, and that such a lattice could occur
only in a crystal, led to the term crystal field theory. However, later it was
found that few of the results of crystal field theory depend on the existence
of a lattice, and it is possible to carry most of them over to the model, which
is the basis of coordination chemistry - that of the coordination cluster. By
coordination cluster is meant a central metal ion associated with a number
of attached ligands, the whole forming a distinguishable entity and possibly
bearing a net electric charge. In the more general model of a coordination
compound, the electrons of the central ion are subject to a potential, not
necessarily of simple electronic origin, from the ligand atoms. The term ligand
field theory has been employed to cover all aspects of the manner in which an
ion or atom is influenced by its nearest neighbors. Ligand field theory, then,
contains crystal field theory as a special case. A great many of the results of
ligand field theory depend only on the approximate symmetry of the ligands
distribution around the central metal ion rather than on the particular ligands
or the details of their locations. Consequently, the results may be obtained in
the first place from crystal field theory and then generalized to other models
of the bonding. Once the mathematical formalism of the crystal field approach
has been developed, calculations within this model are quite straightforward
(Figgis 1966).

The splitting of d orbital energies and its consequences are at the heart of
crystal field theory. It is possible to examine qualitatively the effect of various
distributions of ligand atoms around the central ion upon its d orbitals. The
d orbitals in an isolated gaseous metal are degenerate. If a spherically symmet-
ric field of negative charges is placed around the metal, these orbitals remain
degenerate, but all of them are raised in energy as a result of the repulsion
between the negative charges on the ligands and in the d orbitals. On going
from a spherical to an octahedral symmetry, all orbitals are raised in energy,
relative to the free ion. However, not all d orbitals will interact to the same
extent with the six point charges located on the +x, —x, +y, =y, +z and —z
axes respectively. The orbitals which lie along these axes (i.e. x* — y?, z%) will
be destabilized more than the orbitals which lie in-between the axes (i.e. xy,
xz, yz). A, or alternatively 10D, denotes the extent to which these two sets
of orbitals are split. The tetrahedral symmetry can be derived from a cu-
bic symmetry where only four of the eight corners are occupied by point
charges. In such a situation, it is the xy, yz, xz orbitals that are destabilized
as they point towards the incoming point charges, while x> — y? and z* are
stabilized. The crystal field splitting in a tetrahedral symmetry is intrinsically
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smaller than in the octahedral symmetry as there are only four ligands (in-
stead of sixligands in the octahedral symmetry) interacting with the transition
metal ion (Fig. 2.2).

The point charge model predicts that

Ac =494, (2.12)

After determination of the qualitative schemes for the term splitting in the
crystal fields, it is possible to go to a quantitative estimation of separation
between the crystal field levels. All the electronic interaction stages can be
represented quantitatively by means of the few parameters:

H = Ho + Hee (B, C) + Hcg (Dyg) + His (&) (2.13)

where B, C are inter-electronic repulsion (He.) parameters governing the term
separation due to Coulomb repulsion of electrons; Dy is the cubic crystalline
field parameter determining the term splitting by a cubic crystalline field (Hcr);
& is the spin-orbit coupling parameter, taking into account further splitting of
ion levels in crystals due to an interaction between orbital and spin moments
of an ion (Hyg).

Interelectron interactions depend on the size, namely the greater the ion
size, the more distant the electrons from each other, the less repulsion between
them. Hence B and C decrease with a decreasing of oxidation state, from the
first transition series to the second and third series and from the first to the
last ions within each of the series. For an ion in a crystal the overlapping of
transition metal and ligand orbitals leads to a decrease of B and C, namely
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the more covalent the bonding, the less B and C. For a given transition metal
ion the bond covalency depends on the ligand ions, which are arranged in the
order of B decreasing in so-called nephelauxetic series:

FF >0 >Cl” >Br—- >8> >1 >Se* .

The crystal field strength D, is determined by the effective change of the
ligands Q, by the average radius r of the d-orbital and by the ligand-metal
distance R:

(%)

Am o (2.14)

This includes the dependence for D, on the kind of transition metal ion, on
theligand arrangements in the spectrochemical series in the order of increasing
D, (I" <Br” <CI" <F < 0%~ < H,0), on the metal-ligand distances and on
the coordination (Dgoct : Dgcub : Dqtetr = 1 : 8/9 = 4/9).

It appears that the d' and d®, the d? and d’, the @® and d, and the d* and &°
configurations have great similarity in the splitting of their levels with the
crystal field.

After determination of the relative energies of the d orbitals in a transition-
metal complex, the distribution of the electrons has to be considered. Degen-
erate orbitals are filled according to Hunds rules: one electron is added to each
of the degenerate orbitals in a subshell before a second electron is added to
any orbital in the subshell; electrons are added to a subshell with the same
value of the spin quantum number until each orbital in the subshell has at
least one electron. But such a filling scheme is valid only for the high spin (or
low field) configurations. If there is a large enough energy difference between
the five d orbitals, as in the case if the ligand field is very large, Hind’s rule
of maximum multiplicity no longer applies. As a result, the lower orbitals,
for example the three 5, orbitals in an octahedral system, will fill completely
before any electrons enter the upper two e, orbitals. This is a low spin (or high
field) configuration. Significant changes could occur in the octahedral 3d* to
3d7 cases, and in the tetrahedral 3d° to 3d° cases.

2.4.1.2
Tanabe-Sugano Diagrams

Tanabe and Sugano taking the mutual interactions between the d-electrons as
well as the crystal field into account have calculated the energy levels originating
from such a configuration (Fig. 2.3). On the utmost left-hand side where the
crystal field A = 0 we find the energy levels of the free ion. Many of these
levels split into two or more levels for A = 0. The lowest level, i.e. the ground
state, coincides with the x-axis. For the free ion the levels are marked 25+1L,
where S presents the total spin quantum number, and L the total orbital angular
momentum. Values of L may be 0(S), 1(P), 2(D), 3(F), 4(D), etc. The degeneracy
of these levels is 2L + 1 and maybe lifted by the crystal field. Crystal-field levels
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Fig.2.3. Tanabe-Sugano diagrams for d* transition elements (Marfunin 1989a)

are marked 257! X, where X may be A (no degeneracy), E (two fold degeneracy)
and T (tree fold degeneracy). Subscripts indicate certain symmetry properties.
The restrictions of these diagrams are connected to restrictions of the very
model of the crystalline field, the fact that the diagrams are calculated only for
one Band Cvalue, without stating that the free ion values are taken, which differ
considerably from corresponding values in crystals and the fact that splitting
by a cubic crystalline field only is shown without spin-orbital splitting.

In order to use the Tanabe-Sugano diagram properly, the transition prob-
abilities have to be taken into consideration. We have a ground state and we
have many excited states, but not all transitions from ground to excited state
and in the opposite direction are allowed. It is all a question of probability,
while some have a high probability of occurrence, namely, allowed and intense
transitions and some have a low probability, namely, forbidden and weak or
very weak transitions.

The following selection rules are most important:

(i) There must be a change in parity (Laporte Rule) - transitions between
states with the same parity are forbidden, thus all d-d transitions are
forbidden

(ii) Transitions are allowed between states with the same spin and such tran-
sitions are seen only weakly in the 3d transition metal compounds, though
more strongly in the 4d and 5d series.

The Laporte selection rule formally forbids all transitions within the d shell
among all the energy levels. Nevertheless, the Laporte rule can be relaxed by
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two mechanisms. First, if the central ion is at a center of symmetry, there
may be coupling of electronic and vibrational wave functions of opposite
signs, the vibronic coupling, which lifts the symmetry and produces weakly
allowed transitions. Second, in the absence of a center of symmetry, there
can be a partial mixing of the 3d and 4p orbitals, which again results in weak
transitions.

24.2
Configurational Coordinate Diagram

The energy level diagram of transition metal ions forms a starting point for
the analyses of their luminescence properties. The configurational coordinate
model is often used to explain optical properties, particularly the effect of
lattice vibrations, of a localized center. In this model, a luminescent ion and
the ions at its nearest neighbor sites are selected for simplicity. In most cases,
one can regard these ions as an isolated molecule by neglecting the effects of
other distant ions. In this way, the huge number of actual vibrational modes
of the lattice can by approximated by a small number or a combination of
specific normal coordinates. These normal coordinates are called the config-
urational coordinates. The configurational coordinate model explains optical
properties of a localized center on the basis of potential curves, each of which
represents the total energy of the molecule in its ground or excited state as
a function of the configurational coordinate (Fig. 2.4). Here, the total energy
means the sum of the electron energy and ion energy. To understand how the
configurational coordinate model is built, one is first reminded of the adiabatic
potential of a diatomic molecule, in which the variable on the abscissa is sim-
ply the inter-atomic distance. In contrast, the adiabatic potential of a platonic
molecule requires a multidimensional space, but it is approximated by a single
configurational coordinate in the one-dimensional configurational coordinate
model. In this model, the totally symmetric vibrational mode or the “breathing
mode” is usually employed. Such a simple model can explain a number of facts
qualitatively, such as:

- Stokes’ law; i.e., the fact that the energy of absorption is higher than that of
emission in most cases. The energy difference between the two is called the
Stokes’ shift;

- Widths of absorption or emission bands and their temperature dependence;

- Thermal quenching of luminescence.

It must be mentioned, however, that the one-dimensional model gives only
a qualitative explanation of thermal quenching. A quantitatively valid expla-
nation can by obtained only by a multidimensional model.

Following the path of the optical absorption transition, presume that Hooke’s
law expresses the bonding force between the luminescent ion and a nearest-
neighbor ion. The deviation from the equilibrium position of the ions is taken
as the configurational coordinate denoted as Q. The total energies of the ground
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Fig.2.4. General scheme for explanation of luminescence transition according to the Franck-
Condon principle in a configurational coordinate diagram, showing the parameters en-
ergy (U) and configurational coordinate (Q). The excitation from the vibrational level n = 0
of the ground state to the excited state result in an absorption band with the energy U,.
The relaxation of the system, i.e. from vibrational level m = 0 of the excited state to the
ground state, causes an emission band with the energy U.. The energy difference between
the lowest possible vibrational levels of the ground and excited state (n = 0 and m = 0) is
Uy, with U, > Uy > U,. (After Yacobi and Holt 1990; Nasdala et al. 2004)

state, Uy, and that of the excited state, U, are given by the following relations:

Q2
Ug=Kg | (2.15)

2
U. ~ K. (Q-Qo)

+Up, (2.16)
where K, and K. are the force constants of the chemical bond, Q, is the inter-
atomic distance at the equilibrium of the ground state, and U, is the total
energy at Q = Q,. The spatial distribution of an electron orbital is different
between the ground and excited states, giving rise to a difference in the electron
wavefunction overlap with neighboring ions. This difference further induces
a change in the equilibrium position and the force constant of the ground and
excited states, and is the origin of Stokes’ shift. In the excited state, the orbital
is more spread out, so that the energy of such an electron orbital depends
less on the configuration coordinate; in other words, the potential curve has
less curvature. As Fig. 2.4 shows, the nucleus of an emitting ion stays approx-
imately at the same position throughout the optical processes. This is called
the Franck-Condon principle. This approximation is quite reasonable since an
atomic nucleus is heavier than an electron by 10° to 10° times. The optical
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absorption proceeds from the equilibrium position of the ground state. The
probability for an excited electron to lose energy by generating lattice vibration
is 10'2 to 10'3 57!, while the probability for light emission is at most 10° s7L.
Consequently, state B relaxes to the equilibrium position C before it emits
luminescence. This is followed by the emission process C-D and the relaxation
process D-A, completing the cycle. At finite temperature, the electron state os-
cillates around the equilibrium position along the configurational coordinate
curve up to the thermal energy of kT. The amplitude of this oscillation causes
the spectral width of the absorption transition. When two configurational co-
ordinate curves intersect with each other, an electron in the excited state can
cross the intersection E assisted by thermal energy and can reach the ground
state nonradiatively. In other words, one can assume a nonradiative relaxation
process with the activation energy AU, and with the transition probability per
unit time N given by:

—AU
N-=s exp( T > , (2.17)

where s is a product of the transition probability between the ground and
excited states and a frequency, with which the excited state reaches the inter-
section E. This quantity s can by treated as a constant, since it is only weakly
dependent on temperature. It is called the frequency factor and is typically of
the order of 10'3 s™!. The luminescence efficiency 1 can by expressed as:

(2.18)

~AUT!
n

N
= =[1+
W+N [ w Pkt

If the equilibrium position of the excited state C is located outside the con-
figurational coordinate curve of the ground state, the excited state intersects
the ground state in relaxing from B to C, leading to a nonradiative process.
As described above, the shape of an optical absorption or emission spectrum
is decided by the Franck-Condon factor and also by the electronic population
in the vibrational levels at thermal equilibrium. For the special case where
both ground and excited states have the same angular frequency, the absorp-
tion probability can by calculated with harmonic oscillator wavefunctions in
a relatively simple form:

W,y = e [’:;] g [L;;""(S)]2 . (2.19)

Here Laguerre’s polynomial functions are used. The quantity S can by expressed
as shown below, with K being the force constant of a harmonic oscillator and
Q, the coordinate of the equilibrium position of the excited state.

1K

S =
2hw

(Q-Qo)’ (2.20)
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Physically, S is the number of emitted phonons accompanying the optical
transition. It is commonly used as a measure of electron-phonon interaction
and is called the Huang-Rhys factor. At m = 0, the transition probability is
given by the simple relation:

—S

W, =s"° (2.21)
n

!
If S < 1 we are in the weak coupling mode, if 1 < § < 5, in the intermediate
coupling mode, if S > 5, in the strong coupling regime.

243
Molecular Orbital Theory

The further development of the ligand field concept takes place in Molecular
Orbitals (MO) Theory. As an atomic orbital is a wave function describing the
spatial probability density for a single electron bound to the nucleus of an atom,
a molecular orbital is a wave function, which describes the spatial probability
density for a single electron bond to the set of nuclei, which constitute the
framework of a molecule.

The MO theory treats molecular bonds as a sharing of electrons between
nuclei. Unlike the valence bond theory, which treats the electrons as localized
balloons of electron density, the MO theory says that the electrons are delocal-
ized. That means that they are spread out over the entire molecule. Now, when
two atoms come together, their two atomic orbitals react to form two possible
molecular orbitals.

It emerges that the two types restrict all possible types of pair combination
for s, p and d orbitals: 0 and m molecular orbitals, each of them can be bonding
and antibonding. Every pair of atomic orbitals forming the molecular orbital
gives not one but always two molecular orbitals: bonding and antibonding. This
isreflected in the formation of the two energy levels: alowerlevel corresponding
tobonding and a higher one corresponding to antibonding. In the ground state,
the bonding orbitals are usually completely occupied, while the antibonding
orbitals are empty or partially occupied by d electrons. The o-bonding orbitals
made from identical atomic orbitals have a center of symmetry and are referred
to as even. The o-antibonding orbitals without a center of symmetry are
uneven. On the contrary, m-bonding orbitals are uneven, while m-antibonding
orbitals are even. The parity in the MO theory determines some of the selection
rules for optical transitions.

The molecule energy level diagrams show the energies of the molecular
orbitals made from every possible combination of the atomic orbitals. To
achieve this, one constructs the energy levels for each atom and then form
from them the molecular orbitals under the following conditions: (1) the
atomic orbitals should have a comparable energy, (2) they must overlap ap-
preciably, (3) they must have the same symmetry type, (4) each pair of atomic
orbitals forming a bonding molecular orbital must give at the same time an
antibonding molecular orbital, (5) each of the atomic orbitals contributes in
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a greater or lesser degree to all the molecular orbitals of the same symmetry
type. The electronic state of a molecule is represented by a set of all possi-
ble molecular orbitals and term symbols are designated: for linear molecules:
25+1A with A = 0, 1, 2, as 3, IT, A; for nonlinear molecules and complexes:
2511 where I' is the symmetry type (A, B: one-dimensional, non-degenerate
type; E: two-dimensional, doubly degenerate; T: three-dimensional, triply
degenerate).

24.4
Discrete Variational Multi Electron Technique

The main deficiency of the ligand field theory is that its theoretical basis is
mainly based on semi-empirical methods. For this reason it is not possible
to discuss quantitatively the chemical difference between different ions, since
the magnitude of the adjustable parameters may be determined only from
experimental data. Recently the general method for the calculation of elec-
tronic structures including many-electron interactions from first principles
(DV-ME-Discrete Variational MultiElectron) has been developed. With this
technique, the multiplet energies are calculated in two steps: in the first step,
one electron molecular orbitals (MO) and MO energies are calculated by the
DV-X, molecular orbital method; in the second step, the many-electron Hamil-
tonian, in which the interactions between two electrons are exactly described,
is diagonalized within a subspace spanned by the Slater determinants made
up of the obtained one electron data. This method enables us to calculate
multiplet structures without any restrictions on the symmetry of the crystal.
It was revealed that the DV-ME method not only well reproduced the peak
positions in optical spectra from first principles, but was also useful for dis-
cussing the effect of covalency and trigonal distortion of impurity-state wave
functions on the multiplet structure. It was successfully applied to analyze
the multiplet structures of 3d> and 34° transition metals, f-d transitions of
heavy metal ions and rare-earth ions in solids (Ishii et al. 1999; Ishii et al.
2002).

245
Luminescence Decay

The mechanisms of luminescence decay from an optical center are of critical
importance. In particular we have to know if there are any processes internal
to the center or external to it, which reduce the luminescence efficiency. It
is possible to define two decay times, 7y, the true radiative decay time which
a transition would have in absence of all non-radiative processes, and z, the
actual observed decay time, which may be temperature dependent, as will usu-
ally occur when there are internal non-radiative channels, and which may also
be specimen dependent, as when there is energy transfer to other impurities
in the mineral. The quantum yield may be close to unity if the radiationless
decay rate is much smaller than the radiative decay.
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2.4.5.1
Radiative Decay

For allowed emission transitions the true lifetime is short, namely 1077-1078,
for strongly forbidden transitions in solids it is much longer, a few 1073 s. For
the two-level system (excited state and ground state) the population of the
excited state decreases according to

dN/df = =N, Peg . (2.22)

The value of N, gives the number of luminescent ions in the excited state
after an excitation pulse, ¢ the time, and Peg the probability for spontaneous
emission from the excited to the ground state. Integration yields

Ne (1) = Ne (0) 717, (2.23)

where 7 is the radiative decay time.

In the absence of non-radiative decay processes the experimentally observed
decay time equals the radiative decay time. When non-radiative processes are
present, the experimental value is reduced by a factor equal to the quantum
efficiency of the luminescence. There are many factors, which affect the decay
time. One is due to competing non-radiative processes, which shorten the
measured decay time. We will consider the latter first. The experimentally
observed decay time of the luminescence is given by

r=1/(ke + ki) (2.24)

where k; is the probability of radiative decay and kj the probability of non-
radiative decay processes from the same state. If k; is much large than k; not
only will decay time be shortened appreciably, but the luminescence intensity
will be very weak. Non-radiative deactivation within a center occurs by inter-
action with the vibrating lattice, which depends on temperature. Thus ki is
temperature dependent.

2.4.5.2
Non-Radiative Decay

Radiative return from the excited state to the ground state is not the only
possibility of completing the cycle. The alternative is nonradiative return, i.e.
areturn without emission of radiation. All the energy absorbed by the mineral,
which is not emitted as radiation is dissipated to the lattice (radiationless
process). Actually there are many centers, which do not emit at all. Absorption
and emission transitions are possible with Stokes shift. The relaxed excited state
may, however, reach the crossing point of the two parabolas if the temperature
is high enough and return to the ground state in a nonradiative manner. The
excitation energy is then completely given up as heat to the lattice. This model
accounts for the thermal quenching of luminescence.
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Another possibility to return to the ground state is by transfer of the exci-
tation energy from the excited center (S*) to another center (A). The energy
transfer may be followed by emission from A and species S is then said to
sensitize species A. However, A* may also decay nonradiatively and in this
case species A is said to be a quencher of the S emission. The most important
quenchers in minerals are Fe?*, Co?* and Ni**, which have intense charge-
transfer bands.

Lets consider two centers, S and A, separated in the mineral by distance R,
which is so short that the centers S and A have a non-vanishing interaction
with each other. If S is in the excited state and A in the ground state, the relaxed
excited state of S may transfer its energy to A. Energy transfer can occur only
if the energy differences between the ground and excited states of S and A are
equal (resonance condition) and if a suitable interaction between both systems
exists. The interaction may be either an exchange interaction (if we have wave
functions overlapping) or an electric or magnetic multipolar interaction. In
such cases, if the excitation spectrum of the A emission is measured, the
excitation bands of S will be found as well, since excitation of S yields emission
from A via energy transfer. If S is excited selectively, the luminescence of A also
presents. Finally, the decay time of the S emission should be shortened by the
presence of nonradiative energy transfer, since it shortens the life time of the
excited state S*.

If the spectral overlap consists of a considerable amount of overlap of an
emission band and an allowed absorption band, there can be a considerable
amount of radiative energy transfer: S* decays radiatively and the emission
band vanishes at the wavelengths where A absorbs strongly.

If we consider now transfer between two identical ions the same considera-
tions can be used. If transfer between S ions occurs at a high rate, in a lattice of
Sions there is no reason why the transfer should be restricted to one step. This
can bring the excitation energy far from the site where the absorption took
place. If in this way, the excitation energy reaches a site where it is lost nonradia-
tively (quenching site), the luminescence will be quenched. This phenomenon
is called concentration quenching.

An additional delay between excitation and emission is often introduced
by metastable electron states known as electron traps, which are filled during
excitation. Once an electron has become trapped in such a state it requires
certain energy to release it but this can be provided thermally. Emission,
which follows the emptying of such traps at a fixed temperature, is known as
phosphorescence.

2.4.5.3
Special Cases of Decay

The processes involved are stepwise energy transfer, cooperative sensitization
of luminescence and cooperative luminescence. As an example of stepwise
energy transfer a system containing Er’* and Yb>* may be considered. The
latter ion absorbs at 970 nm (10,300 cm™') and in phonon assisted an Er ion
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is excited to its 4111/2 state. Then a second photon is absorbed by another Yb

ion and produces *I;;,-*Fy, in the excited Er by resonance energy transfer.
This successive double energy transfer accounts for the fact that the excitation
spectrum of such a system agrees with the reflection spectrum of Yb*>* and that
the intensity of the resulting green emission 453/2—4115/2 (after radiationless
4F7/2—4S3/2) of erbium is proportional to the square of the flux of infra-red
photons. Two excited (2F5/2) Yb ions can cooperatively excite a third ion of
another rare-earth element, such as terbium, if the sum of the energies of
the donor system corresponds to the excited level of the acceptor system.
Cooperative luminescence is the opposite process of cooperative absorption
and can be described as two excited ions that simultaneously make transitions
downwards, emitting one photon having the sum of the two energy differences.
A similar case where an ion emits one photon and simultaneously exciting
another ion is also known.

A related phenomenon is the conversion of single visible photons with
the result the quantum efficiency can be higher than 100%. If, for example,
0.1% of Pr’* is incorporated in YF; and excited with the mercury spectral
line at 185 nm, the electron from 4f5d states decay non-radiatively to the 1S,
(4f?) state. This system is able to generate two visible photons by 1Sy-!Is,
followed by non-radiative decay to the closely adjacent 3Py and by transition
another photon is emitted by transitions to one of the six J-levels of °H or
3F. A condition for this cascade process is that the nephelauxetic effect for
inter-shell transitions is sufficiently weakly pronounced for the lowest 4f5d
state to be above 1S, (Reisfeld and Jorgensen 1977).

2.4.6
Luminescence in the Band Scheme

Atoms in minerals are very close and influence each other strongly. As a result
in certain minerals the energy levels of individual atoms are combined and
form the energy zones filled by electrons (Fig. 2.5). The inner atom orbitals of
the individual atoms form inner energy zones totally filled by electrons. The
outer atom orbitals form the outer energy zones filled by electrons. The last
filled zone is called the valence band (VB) because valence electrons take part
in its occupation. The higher energy zones, following the valence zone, are
empty because they are formed by empty electron orbitals. The lowest of these
zones is called the conductivity band (CB). The energy interval between the
valence zone and conductivity zone is called the forbidden zone and designated
as E,.

V\%ith small dimensions of the forbidden band the electron transfer of
the impurity or of the main substance to the conduction band may take
place. The most important luminescent minerals of this kind are ZnS and
silver bromides. With the interband spacing of 3-4 ¢V a UV irradiation with
a wavelength of less than 300 nm has enough energy to detach electrons
and transfer them from the filled valence band into an empty conduction
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band. Thus we have a free electron in the conduction band and a free hole
in the valence band. The certain defects may catch a free electron, forming
an electron center, or a free hole forming a hole center. Upon disappear-
ance of such centers, as a result of recombination with the opposite charge
carrier, recombination energy serves as the excitation source for the lumi-
nescence center and emission appears (Fig. 2.6). The following processes are
possible:

- “Intrinsic” luminescence where an electron is excited from the valence
band to the conduction band, so-called interband transition. Recombi-
nation of this electron with a hole in the valence band generates a pho-
ton, the energy of which corresponds to the energy difference of the band
gap (Fig. 2.6a);

— The excited electron may also recombine with an activator, with the follow-
ing luminescence, or a trap, with the following electron capturing, within
the forbidden gap. Traps and activator energy levels are caused by defects
in the crystal lattice (Fig. 2.6b).

-

(@) (b) (c) (d) (e)

activator

Fig.2.6. Simplified sketch of electron band structure of a semiconductor mineral, showing the
processes of excitation (energy absorption), non-radiative energy transfer and generation
of luminescence (after Nasdala et al. 2004)
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- Luminescence generation through direct recombination of electrons from
a trap with an activator (tunneling) or with a hole in the valence band
(Fig. 2.6¢);

- Stimulated release from an electron from the trap to the collection band,
followed by emissive recombination with an activator. This process is called
thermoluminescence (electron release stimulated by heating) and optically
stimulated luminescence (electron release stimulated by light) (Fig. 2.6d);

- “Extrinsic” luminescence, where after being excited, electrons of defect ions
recombine with the ground state with luminescence emission (Fig. 2.6e);



CHAPTER 3

Experimental Techniques

3.1
Lasers

When lasers first emerged from the laboratory and became commercially avail-
able in the late 1960s, they found application in diverse areas. Spectrometric
analysis was among the technology’s earliest applications. Unlike established
continuum sources, the monochromatic, coherent beams from lasers delivered
high energy density. The result was a quantum leap in spatial and temporal
resolution, sensitivity and speed of acquisition. For more than 40 years, spec-
trometric techniques implemented sources with narrower wavebands, shorter
pulses and tunable emission.

Thelasers are used in the luminescence of minerals for the following reasons:

- The concentration of luminescence centers is usually extremely low and we
need high-energy sources.

- Several luminescence centers often present simultaneously in one mineral
and we need selective monochromatic excitation in a broad spectral range.

- Decay time of many luminescence centers in minerals is extremely short and
for time-resolved spectroscopy we need the pulsed source with a very short
pulse width.

- For practical applications in remote sensing we need a highly directional,
very intense and powerful source.

The only source, which combines all those parameters, is the laser.

3.1.1
The Basic Theory of Laser Action

Einstein’s laws of absorption and emission describe the operation of lasers. The
luminescence of minerals, considered in this book, is a spontaneous emission
where the luminescence is independent of incident radiation. In a stimulated
emission the relaxation is accomplished by interaction with a photon of the
same energy as the relaxation energy. Thus the quantum state of the excited
species and the incident photon are intimately coupled. As a result the incident
and the emitted photons will have the same phase and propagation direction.
The emitted light of stimulated emission is therefore coherent as opposed to the
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random distribution of propagation direction and phase found in spontaneous
emission.

The energy level systems used in laser action contain at least three levels.
Population inversion is achieved by stimulated absorption through a spin
allowed transition from the ground state into a state with high energy, which
is then nonradiatively relaxed to a lower state, which has symmetry and spin
characteristics that hamper fast spontaneous decay to the ground state. It
is from this lower metastable state that the laser action occurs. Lasing is
accomplished by placing the laser material between two mirrors. It is initiated
either by a spontaneous transition from the metastable level or by an external
photon of the right energy. The beam thus created is passed back and forth
between the two mirrors, so that it on each pass through the laser media
initiates more stimulated emission and increases in power.

3.1.2
Short Description of the Lasers Used for Luminescence of Minerals Excitation

a. Argon ion CW laser is one of the earliest types of lasers. We used it in
steady-state spectroscopy. It consists of a capillary tube where an electrical
discharge generates a high current density plasma of argon. The argon ions
created in the discharge are the laser medium. The argon laser is capable of
emitting several different wavelengths, one at a time or even simultaneously,
such as 514.5, 496.5, 488.0, 476.5 and 457.9 nm.

b. Excimer lasers contain an excited complex consisting of two or more dif-
ferent atoms or molecules, which exists only in an excited state, while the
ground state is repulsive and after radiative de-excitation it falls apart again.
An electric pulsed discharge is used within the laser tube to supply the en-
ergy to the laser process. The gas filling consists of three major constituents:
rare gas (Ar, Kr, He), a halogen compound (F, Cl, Br) and a buffer gas (He,
Ne). Within the discharge the excited complexes are formed, e.g. XeCl.
Sometimes it is also possible to use nitrogen as laser gas. The major ad-
vantages of the excimer laser are high pulse energies, high repetition rates,
and direct generation of the UV light. Selecting the appropriate gas mixture
may choose several different wavelengths (ArF - 193 nm, KrCl - 222 nm,
KrF - 248 nm, XeCl - 308 nm, N - 337 nm). The main disadvantages are
poor beam quality, relatively long pulse durations and toxic gases.

c. Nd-YAG lasers (neodymium doped yttrium aluminum garnet) can work in
CW mode and in a pulsed version. In a first step electric energy is stored in
capacitors. This energy is discharged into flash lamps within approximately
100 ps. The emitted optical energy is subsequently stored in the laser crystal
and is opened by means of an electro-optical cell (Q-switch) as a single
pulse of 0.1 to 1] within approximately 6—10ns. The primary IR radiation
is at 1,064 nm, which may be frequency doubled to 532 nm. By additional
optically non-linear frequency conversion wavelengths of 355 and 266 nm
are attainable.

d. Thedyelaseristhebestlaser for spectroscopy because it may be tunable over
a comparatively large range of wavelengths. The laser media are molecules
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of an organic dye dissolved in a suitable solvent. A so-called pump laser, an
excimer laser in our case, provides the energy input.

e. OPO lasers (Optical Parametric Oscillator) are optical devices pumped by
a laser to produce two wavelengths, called the signal and idler, different
from those of the pump laser. They are more complicated than laser oscil-
lators due to the nonlinear nature of the gain medium. Within an optically
non-linear crystal an incoming photon is broken up into two photons, while
the cutting line between the two photon energies can be chosen arbitrar-
ily. OPOs can be used to shift the wavelength of fixed-frequency lasers to
a desired wavelength.

3.2
Steady-State Luminescence Spectroscopy

3.2
Experimental Apparatus

Firstly we shall consider the various forms of conventionally determined spec-
tra, as distinct from time-resolved spectra, which can be obtained using con-
tinuous excitation. The measurement of emission spectra enables parameters
such as the spectral position, spectral width, and spectral intensity to be deter-
mined. Moreover, the variation of these parameters with temperature is very
important in deciding the origin of spectral bands. Sometimes the lumines-
cence from single crystals is polarized and this can also give information as to
the nature of the center.

The traditional steady-state experimental setup has a UV lamp as the ex-
citation source. It is equipped with two monochromators to select both the
excitation and emission wavelengths. To record an excitation spectrum, the
emission monochromator is set at the desired wavelength, generally the emis-
sion maximum. The excitation monochromator is then scanned through the
excitation bands of the luminescence center. To improve the specificity of the
technique is to employ a tunable laser as the active component of the system.
In an ideal laser-based spectroscopic system the exciting wavelength would
be tunable through the large fraction of the ultraviolet and visible regions of
the electromagnetic spectrum. Emission spectra are recorded by choosing an
appropriate excitation wavelength and scanning wavelength with the emission
monochromator. The luminescence is quantified with the corresponding elec-
tronic devices. Band-pass excitation filters have to be used to remove second
order diffraction from the excitation source. Polarizers may be added to both
the excitation and emission paths. The sample holder usually contains cryostat
enabling spectral measurements at low temperatures.

The observed excitation spectrum is distorted because the light intensity
of the excitation source is a function of the wavelength and the transmission
efficiency of the excitation monochromator is a function of wavelength. The
emission spectra are distorted by the wavelength-dependent efficiency of the
emission monochromator and the photomultiplier (PMP) tubes. Thus both
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spectra have to be corrected for the system response. It is well known that
for gratings the maximum efficiency is controlled by the blaze applied during
manufacture of the grating. In the same way, PMP are strongly wavelength
dependent. Consequently, luminescence of a given apparatus represents biased
information about the original luminescence of the sample. The recorded signal
differs greatly from that of the original emission. Determination of the system
response is essential to correct spectra for discrepancies due to the method of
acquisition so that they may be compared among laboratories. The calibration
of wavelength and intensity may be achieved with reference lamps whose
emission spectra are known.

In our research the steady-state photoluminescence spectra in the UV-visible
range were investigated under UV lamps and lasers excitations and analyzed
by a grating monochromator equipped with continuous-flow helium cryostat
at temperatures from 20 to 300 K. The steady-state luminescence in the range
of 200-900 nm was measured by a photomultiplier tube and in the range of
900-1,600 nm was detected by a Ge-detector. The steady-state cathodolumi-
nescence (CL) spectra were recorded with a CL spectrometer on a Jeol JSM-840
scanning electron microscope. The recording system consists of a parabolic
mirror, a silica window allowing the passage of UV emission, a Jobin-Yvon H-10
spectrometer and a Hamamatsu R636 photomultiplier, which allows detection
from 200 to 900 nm. Steady-state spectroscopy has been combined with life-
time measurements. We used the time-domain technique, where the sample is
excited with a pulse of laser light, while the width of pulse is much shorter than
the measured decay time. The time-dependent intensity is measured following
the excitation pulse, and decay time is calculated from the slope of a plot of
log I(t) versus t, or from the time at which the intensity decreases to 1/e of
a value at t = 0. Decay information is extremely important, but if you found
several decay components at the same A, it is not possible to know if they are
connected with an individual luminescence center or with several ones.

3.2.2
Spectral Deconvolution

Natural minerals may contain simultaneously up to 20-25 luminescence cen-
ters, which are characterized by strongly different emission intensities. Usually
one or two centers dominate, while others are not detectable by steady-state
spectroscopy. In certain cases deconvolution of the luminescence spectra may
be useful, especially in the case of broad emission bands. It was demonstrated
that for deconvolution of luminescence bands into individual components,
spectra have to be plotted as a function of energy. This conversion needs
the transposition of the y-axis by a factor A%/hc (Townsend and Rawlands
2000). The intensity is then expressed in arbitrary units. Deconvolution is
made with a least squares fitting algorithm that minimizes the difference be-
tween the experimental spectrum and the sum of the Gaussian curves. Based
on the presumed band numbers and wavelengths, iterative calculations give
the band positions that correspond to the best fit between the spectrum and
the sum of calculated bands. The usual procedure is to start with one or
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two bands and to increase the band numbers until the deconvolution does
not significantly improve. Band positions can be constrained or assumed for
calculation. Such deconvolution can reveal different activators and establish
their relative importance, particularly where others overlap some lumines-
cence centers with broader or more intensive emission bands. Deconvolution
must be carried out with care and in any case not all bands present in the
steady-state spectrum may be assigned to a specific activator by deconvo-
lution into Gaussian curves. Our experience with deconvolution evidences
that it may be effective only when the exact number of the bands and lines
and their spectral positions are already known. In such cases the relative
intensity of each one may be evaluated. Deconvolution of the broad bands
of unknown origin for several components and their physical interpretation
may lead to mistakes, as occurred in our attempts with zircon and barite
emissions.

3.3
Time-Resolved Luminescence Spectroscopy

The different decay times of luminescence centers in minerals, changing from
ns to ms (Table 1.3), make time resolved spectroscopy possible and very ef-
fective. Let suppose that we have three different luminescence centers with
different decay times emitting on the same spectral range. In traditional spec-
tra, the time-integrated intensity is measured on each wavelength from all
three centers, namely the resulting signal will be the sum of the three areas
under decay curves. This procedure will be repeated on each wavelength with
certain steps and the resulting spectrum will be a complicated mixture of the
three overlapped spectral features.

Figure 3.1 schematically represents the time-resolved experimental setup
used in our experiments. The excitation sources were pulsed lasers, such as
excimer XeCl (308 nm), nitrogen (337 nm), three harmonics of Nd-YAG (266,
355 and 532 nm), and tunable dye and OPO, which deliver pulses of ~ 10ns
duration. The spectra observed at the geometry of 90° are analyzed by in-
tensified CCD matrix. Image intensifiers comprise three main components:
a photocathode, microchannel plate (MCP) and phosphor screen. The stan-
dard operation of these devices starts when the incident photons become
converted into electrons at the photocathode. The electrons then accelerated
towards the MCP where they are multiplied to an amount dependant on the
gain voltage across the MCP. After MCP multiplication, the electrons are accel-
erated further toward the phosphor screen where they are converted back into
photons ready for the CCD to detect. CCD is a two-dimensional array, which
comes in a semiconductor “chip” package. Each pixel is overlaid with a small
voltage-carrying element known as an electrode. During illumination of the
chip, charge accumulates in the pixel. To collect the data, a sequence of voltages
is applied across the electrodes to move the charge row by row down the ver-
tical dimension of the chip and into a shift register at the bottom of the array.
This charge is then moved similarly across the shift register to the output node
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Fig.3.1. Schematic experimental setup for time-resolved luminescence spectroscopy

where it converted to a digital form processing. The most significant benefit
of this readout mode is that the associated readout noise is very low. Typi-
cally, CCDs have sensitivity similar to a photomultiplier tube; however, unlike
the photomultiplier tube a CCD is not damaged by over-exposure to bright
lights. The second purpose of the image intensifier is electronic ultra-short
shutter function, which allows a so-called gated mode of operation crucial for
time-resolved spectroscopy.

In recent years the use of CMOS (complementary metal oxide semicon-
ductor) technology has received attention for the implementation of image
sensors, e.g. for general-purpose imagers and vision systems. CMOS imaging
systems have several advantages, which include a lower cost and higher frame
rate, which is important for signal/noise ratio when luminescence intensity is
very low.

Laser pulses synchronize iStar equipment (ANDOR V). It enables us to
accomplish spectral measurements in certain time windows, which are deter-
mined by delay time, namely the time between the end of the laser pulse and the
beginning of the measurement, and gate width, namely the time between the
beginning and the end of the measurement. Simply speaking, the detector is
closed during delay time and open during the gate width. After that the system
is waiting for other laser pulse and accomplishes the cycle one again. The num-
ber of pulses is determined according to the signal/noise ratio and depends on
luminescence intensity. Delay time and gate width may be changed from 1 ns
to 19 ms. Spectral resolution is determined by the number of measuring pixels
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and the monochromator gratings. We use 1,024 channels and gratings from
300 to 1,200 lines/mm. Gratings were of two kinds: ruled where grooves are
physically formed into a reflective surface with a diamond on a ruling machine
and holographic, produced from laser constructed interference patterns and
a photolithographic process.

For delivering the luminescence to the monochromator we used quartz
fiber optics, which enables the spectral measurement in the range from 200 to
900 nm. Thanks to the need for fiber optics in the communication technology,
low absorption silica fibers have been developed. Similar fibers can be used
as measurement fibers to transport light from the sample to the optical bench
of the spectrometer. The easy coupling of fibers allows a modular build-up
of a system that consists of light source, sampling accessories and fiber optic
spectrometer. Advantages of fiber optic spectroscopy are the modularity and
flexibility of the system.

The additional improvement used in the system compared to traditional
luminescence methods used in luminescence of minerals is the so-called mul-
tichannel advantage. Traditionally, spectroscopy has involved using a scanning
monochromator and a single element detector, for example a photomultiplier
tube, placed at the exit slit. In such a scanning system, a complete spectrum
is built up point by point, by moving the grating to select each wavelength.
By contrast, in multichannel spectroscopy the grating is fixed and the exit
slit and single detector are replaced with an array of detectors, each view-
ing a different wavelength. In our system 1,024 26-pm detectors are used, so
a complete spectrum is recorded in the same time it takes to record one wave-
length point with a scanning system. Array based spectrometers also have
potential for better stability and reproducibility since they have no moving
parts.

Now let suppose that three centers with similar spectral characteristics have
different decay times of 10 ns, 1 ps and 1 ms (Fig. 3.2). If we use a delay time
of 10 ps and a gate width of 19 ms, two centers with decay times of 10 ns and
1 ps will be already quenched, while the third one with the longest decay time
remains. The resulting spectrum will represent only emission of the long-lived
center. If we use a delay time of 1 ns and a gate width of 100 ns, only the first
center with the shortest decay time will be registered, while the other two are
still in the excited state during the measuring time and do not participate
in emission. If we use a delay time of 100 ns and a gate width of 10 ps the
first center will be already quenched before the beginning of the measuring
time, while the third one will be mainly still in the excited state during the
measuring time and the resulting spectrum represents only the second center
with intermediate decay time. If we use a delay time of 1 ns and a gate width
of 50ns, two long-lived centers will be still in the excited state during the
measuring time and the resulting spectrum represents only the first center
with the shortest decay time.

One example demonstrates the advantage of the time-resolved technique
compared to the steady-state technique. The time-integrated cathodolumines-
cence spectrum of apatite enables us to detect only two dominant luminescence
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centers, Mn2* and Ce3*. A laser-induced luminescence spectrum with a min-
imal delay time of several nanoseconds and a maximum gate width of several
milliseconds, which is practically steady-state spectroscopy, also demonstrates
the same centers, while their relative intensities are different (Figs. 3.3a,b).
After a short delay of 100 ns the second Ce** center is detected, which has
a slightly longer decay time compared to the first one (Fig. 3.3c). Using a delay
time of 500 ns in order to quench the short-lived Ce>* centers and a narrow
gate of 500 ns in order to quench long-lived centers the band of Eu** dominates
the spectrum (Fig. 3.3d). After a delay of 10 s when luminescence of Eu?* also
disappears, the lines of TR** with very long decay times, such as Tb*, Dy>*
and Eu®* are confidently detected (Fig. 3.3e), while changing excitation from
266 to 337 nm the second type of Eu>* luminescence center appears (Fig. 3.3f).
Excitations with 480 and 360 nm enable us to see luminescence lines of Pr3*,
Tm3*, Er** and Sm>* (Figs. 3.3g,h).

The optical setup for time-resolved micro-luminescence measurements is
based around an Axiotech 100 HD Zeiss microscope, modified to allow laser
injection and fluorescence collection. The sample is observed either under
transmission or reflection of polarized white light, or under UV illumination
(HBO lamp). A set-up consisting of a dichroic mirror, for the selection of
the excitation wavelength, and an objective (Epiplan Neofluar obj. > 350 nm;
Ealing/Coherent reflection obj. < 350 nm) is used to focus the laser beam
on the sample (spatial resolution over 5pm with a x50 objective). The lim-
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Fig.3.3. a-h: Cathodoluminescence (a) and laser-induced time-resolved luminescence (b-h)
spectra of the same apatite sample

itation of the spatial resolution is mainly caused by the divergence of the
laser beam. The same objective collects emitted fluorescence and feeds it
back in a pure silica glass fiber (transparent in the UV, visible and near IR
range) (Fig. 3.4).
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Fig.3.4. Laser-induced time-resolved micro-luminescence system

3.4
Other Laser Based Spectroscopic Techniques

The experimental setup represented on Fig. 3.1 may be easily transformed for
investigation of other spectroscopic properties under laser excitation, such as
laser-induced breakdown spectroscopy (LIBS) and Raman spectroscopy. For
the LIBS the focusing lens has to be added between the laser and the mineral
to create enough power to form plasma. For the Raman investigation a holo-
graphic Notch filter has to be added between the mineral and the monochroma-
tor. They are fabricated by recording interference patterns formed between two
mutually coherent laser beams unlike conventional interference filters, which
are made by vacuum evaporation techniques. Since all layers are recorded
simultaneously within a thick stack, the optical density of the notch filter is
high and its spectral bandwidth can be extremely narrow. Also, since the lay-
ering profile is sinusoidal instead of squarewave, holographic notch filters are
free from extraneous reflection bands and provide significantly higher laser
thresholds.



CHAPTER 4

Luminescent Minerals

Gorobets and Rogojine (2001) gave the general systematization of minerals
according to their luminescent properties (Table 4.1). In the case considered,
mineral groups comprise phases with similar luminescence properties deter-
mined by luminescence and quenching centers. At the first level, all minerals
are divided into dielectric, semiconductors, and metals together with inter-
metallic compounds. From the physical point of view, it means classification
by the energy band gap E,. Minerals with 0 < E, < 1 are incapable of lu-
minescence, because they are opaque to optic photons. Other minerals are
principally luminescent if they are not saturated with quenching centers.

At the second level, the type of chemical compounds subdivides lumines-
cent minerals: homoatomic compounds, sulfides, halides and oxygen-bearing
compounds. Such level is mainly important for recombination induced lumi-
nescence and practically is not considered in our book.

At the third level, the most detailed partition of luminescence minerals is
carried out on the basis of metals in the mineral formulae. In rare cases we
have minerals with host luminescence, such as uranyl minerals, Mn minerals,
scheelite, powellite, cassiterite and chlorargyrite. Much more often lumines-
cent elements are present as impurities substituting intrinsic cations if their
radii and charges are close enough. Thus, for example, Mn2* substitutes for
Ca?* and Mg?* in many calcium and magnesium minerals, REE** and REE**
substitutes for Ca?*, Cr¥*substitutes for AI>* in oxygen octahedra, Fe>* substi-
tutes for Si**in tetrahedra and so on. Luminescence centers presently known
in solid-state spectroscopy are summarized in Table 4.2 and their potential
substitutions in positions of intrinsic cations in minerals in Table 4.3.

Thus, for a mineral to be luminescent the following three conditions must
be satisfied at once: (1) a suitable type of crystal lattice favorable to forming
emission centers; (2) sufficient content of luminescence centers and (3) a small
amount of quenchers. We arrange the luminescent minerals in our book ac-
cording to the main major element, the substitution of which by luminescence
centers determines the emission properties of a mineral.

Besides luminescence properties, we also added the short data on color of
corresponding minerals, because, as was already mentioned, such information
is often useful for an understanding of luminescence nature. The data on
ionic radii of different elements and the main structural data are taken from
corresponding Internet sites.

The Figures contains the following symbols: [a.u.] - arbitrary units, D-delay,
G-gate.
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4.1
Calcium (Ca2*) Bearing Minerals

The main substituting luminescence centers are Mn?*, TR?* (Sm, Eu, Yb), and
TR3* (Ce, Pr, Nd, Sm, Eu, Gd, Tb, Er, Ho, Tm, Yb). Ionic radii of Ca%* are 1.14 A
in 6-coordinated form and 1.26 A in 8-coordinated form, while the ionic radius
of Mn?* is 0.97 A, ionic radii of Sm?*, Eu?* and Yb2* are 1.36 A, 1.31 A and
1.16 A, respectively, and the ionic radii of TR** change from 1.00 A to 1.15 A
for Ce to Yb, respectively.

4.1.1
Apatite Cas(P04)3(F, Cl, O, OH)

Ninety five percent of the phosphorus on Earth belongs to the minerals of
the apatite group. Apatites are inorganic constituents of bones and teeth of
vertebrate and man, as well as a basis of many pathologic solid formations.
Minerals of the apatite group are the main raw materials in the production
of phosphorus fertilizers, fodder and technical phosphates, elementary phos-
phorus, and phosphor-organic compounds. The mineral is sometimes substan-
tially enriched in rare-earth elements (REE) making their extraction possible
(Altshuller 1980).

There are apatites with violet, blue, green, yellow orange and brown colors.
The mostly abundant are blue and green and despite numerous investigations
the origin of these colors are ambiguous. According to the last investigation,
a violet-blue color is connected with the broad absorption band of the SO; -
radical, which is the result of incorporation of S and U(Th) in the apatite
structure. The reason of blue color is Mn>" incorporation substituting for P**.
The green color is mainly connected with the complex defect SO3-TR(Ce),
but the influence of Pr, Nd and also Cr and Fe is also possible (Gilinskaya and
Mashkovzev 1994; Gilinskaya and Mashkovzev 1995).

It has been known for a long time that natural apatite is fluorescent. Its
luminescent properties have found many applications, such as detection and
identification of mineral in rocks, ores, and outcroppings by luminescent Lidar.
The synthetic halo-apatite was one of the first phosphors applied for fluorescent
lamps. The fluorescence also permits the establishment of genetic relationships
between mineral samples and their source (mantle or Earth’s crust) and the
type of rock. An enrichment of apatite ores by luminescent sorting is possible
(Portnov and Gorobets 1969; Gorobets et al. 1997a; Gorobets and Rogojine
2001; Waychunas 2002). Synthetic apatite activated by Yb3* and Mn>* is used
as potential laser material (Payne et al. 1994; Moncorge et al. 1994).

Apatite is being considered as a barrier that will prevent the leakage of
radioactive nuclei from the radioactive waste storage. Because of the similarity
in the chemical and spectral features REE have been chosen as a model of the
fission products of the actinides. For this reason it is of importance to recognize
whether the elements are incorporated in the bulk of the barrier, or adsorbed
on the surface where they can be subjected to leaching out (Martin et al. 1996;
Martin et al. 1999a; Martin et al. 1999b).



Calcium (Ca%*) Bearing Minerals 51

The composition of the ideal fluor-apatite corresponds to the formula
Cajo(PO4)sF2. The structure of the apatite is hexagonal, with the symme-
try group P63m. There are two different sites for the Ca?* in this structure:
40% of Ca’* ions are associated with the Ca(I) sites and 60% are associated
with Ca(II) sites. The point group symmetry of the Ca(I) site is C3, with
each Ca having six oxygen nearest neighbors that form a distorted trian-
gular prism about the Ca2* ion. The Ca(Il) site has Cq symmetry with the
Ca?* ions sitting at the corners of equilateral triangles with an F~ ion in the
center.

Trivalent rare-earth (TR3') ions that have taken the Ca(II) position are
characterized by abnormally high values of Stark splitting. This permits an
easy separation of the spectra of these ions from those of TR** ions in Ca(I)
positions (Voronko et al. 1991). The luminescence of RE in synthetic artificially
activated apatites may be subdivided into two groups according to activation
conditions. A number of RE have been studied after activation in oxidative con-
ditions with the main type always in the low-symmetry Ca(II) site. In nature,
REE can easily substitute for Ca, becoming luminescence centers in a crystal-
lographic environment. Luminescence of natural apatites has been the subject
of numerous investigations. With steady-state luminescence spectroscopy it
was discovered that Eu?*, Ce’*, Mn?*, Dy>*, Nd**, Sm>* and Sm?* mainly de-
termine apatite luminescence. It was established that TR*>* has been detected
only in the high symmetry Ca(I) position (Gorobets 1968a; Portnov and Goro-
bets 1969; Tarashchan and Marfunin 1969; Tarashchan 1978; Gorobets and
Rogojine 2001; Waychunas 2002). Laser-induced luminescence of apatite was
investigated by nitrogen laser excitation with the main luminescence center
being Ce** with a decay time of ~ 20 ns accompanied by Mn?* with a decay
time of ~ 1.5 ms (Gaft 1989).

The natural fluor-apatites in our study consisted of 75 samples from a variety
of geologic environments. Concentrations of potential luminescence impuri-
ties in several samples are presented in Table 4.4.

For the correct interpretation of the luminescent bands, artificial apatite
standards have been investigated, as nominally pure, as activated by different
potential luminogen impurities. Natural carbonate-fluor-apatites not contain-
ing REE were heated with 1—-5 wt. % of oxides of Eu, Pr, Sm and Dy at 900°C
in air and in vacuum. By changing the activation conditions the differentiation
between isomorphous substitutions in different Ca-sites has been achieved.
Under vacuum the compensation of the excessive positive charge by substi-
tution of F~ by 0%~ is impossible and the luminescence centers in Ca(II)
sites may be less preferential. After heating at this temperature carbonate-
fluor-apatite loses its carbonate content and becomes very similar to natural
fluor-apatite.

Time-resolved luminescence spectra enable us to detect the following emis-
sion centers in natural apatite: Eu-Eu?* in the Ca(II) site, Eu*>* in Ca(I) and
Ca(Il) sites; Sm3* in Ca(I) and Ca(Il) sites; Ce** in Ca(I) and Ca(Il) sites;
Pr’* - in the Ca(I) site; Nd**, Dy>*, Tb>*, Er** and Tm>* in the Ca(l) site;
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Yb®* possibly in the Ca(II) site, Mn®* in the P>* site, Mn?* in Ca(I), Ca(II)
sites and adsorption on the carbonate-fluor-apatite surface; reabsorption lines
of molecular oxygen and water have been found and ascribed (Figs. 4.1-4.6).

Table 4.4. Concentrations of rare-earth elements and manganese (ppm) in several apatites
with different colors

Pr Sm Eu Nd Dy Tb
Red 156 134 37 583 72 23
Green 63 50 12 237 41 7
Blue 424 199 28 1,470 59 14
Florida 5 4 1 19 7 1
Ivory 0.03 0.07 0.1 0.18 0.3 0.07
Er Tm Ho Gd Ce Mn
Red 46 4 13 208 1,367
Green 24 4 9 40 519
Blue 25 3 11 133 4,052
Florida 6 1 2 6 45 130
Ivory 1.2 0.4 0.2 1.0 0.3 550
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Fig.4.1. a-f Laser-induced time-resolved luminescence spectra of apatite demonstrating two
Ce**, Tb**, Eu®* and Mn?" centers in Ca(I) and Ca(Il) structural positions. Besides that,
Eu?*, Sm?* and Dy’* are detected
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Fig.4.2. a-d Laser-induced time-resolved luminescence spectra of apatite demonstrating
Pr’*, Tm** and two Sm>" centers. Besides that Mn?* and Dy>* are detected

Fig.4.3. a-c Laser-induced time-
resolved IR luminescence spectra
of apatite demonstrating Nd>*,
Yb3* and Mn>* centers
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Fig.4.5. a-c Laser-induced time-
resolved luminescence spectra of
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4.1.2
Scheelite CaW04

Scheelite is a calcium tungstate, CaWOy,, with a tetragonal structure (I4,/a)
where irregular tetrahedra WO, share edges with CaOg polyhedra. It is an
ore mineral of W and a common accessory mineral in various kinds of rocks
and ore deposits. REE geochemistry of scheelite may give information about
the source of the ore matter, and about the physico-chemical conditions of ore
transport/or precipitation. In nature, REE can easily substitute Ca, and become
luminescent centers in such a crystallographic environment.

The method of luminescent spectroscopy is widely used to study the rare-
earth elements distribution in natural scheelite (Brugger et al. 2000). Compar-
isons with synthetic pure and doped phosphors showed that WO?~ is responsi-
ble for the blue emission in scheelite (Tiede and Schleede, quoted in Pringsheim
and Vogel 1946). Systematic spectroscopic investigation enabled to detect and
interpret trivalent rare-earth element emission (Gorobets and Kudina 1976;
Tarashchan 1978). Some regularity appears in the luminescence spectra of
scheelite. These regularities are related to the genetic type of mineralisation; in
particular, it is possible to recognize a scheelite from a skarn/calcsilicate rock,
from a molybdenite-vein, from a metamorphic deposit, from a hydrothermal
deposit or from an Au-deposit (Uspensky et al. 1989; Gorobets and Walker
1994). Nevertheless in many cases the possibilities of luminescence spec-
troscopy are limited because scheelite is characterized by broad luminescent
bands of intrinsic (WO4)-groups and impurity (MoO4)-groups (Tarashchan
1978; Blasse 1980; Gaft 1989). Such strong bands prevent in many cases the
detection of lines of rare-earth elements, especially Tm, Er and Ho, which have
weak luminescence in the corresponding spectral range. The thermal X-ray
excited luminescence enables to solve this problem in certain cases using the
fact that while the intensity of broad band luminescence quickly decreases with
increasing temperature, the intensities of the REE lines remains nearly constant
(Uspensky and Aleshin 1993). Nevertheless, the lines of certain REE may be
hidden by stronger luminescence of others REE. For example, luminescence of
Pr* is difficult to detect because its radiative transitions are hidden by the lines
of Sm**, Dy** and Nd>*, luminescence of Tm>* is concealed by Tb>* and so on.
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The natural scheelite in our study consisted of 90 samples from a variety of
geologic environments. Concentrations of potential luminescence impurities
in several samples are presented in Table 4.5.

For comparison, steady-state cathodoluminescence spectra (Fig. 4.7) are
presented from two scheelite samples with different rare-earth elements con-
centrations (Table 4.5). It is clearly seen that only broadband emissions are
detected, while the narrow lines of several rare-earth elements, mostly Sm3*
are extremely weak.

For the correct interpretation of the luminescent bands, artificial stan-
dards have been investigated, as nominally pure, as activated by different
potential luminogen impurities. Stoichiometric mixtures of Na;WO4.2H,0
and CaCl,, together with the REE chloride of interest, were kept for 2h at
900°C in open quartz test-tubes filled with molten NaCl, and then where
slowly cooled over 20 h. After washing with distilled water, the colorless crys-
tals of scheelite were obtained, 0.01-0.5 mm in size. By using laser-induced
time-resolved spectroscopy we were able to detect and ascribe various triva-
lent rare-earth impurities, such as Sm>*, Dy**, Eu’*, Pr’*, Er’*, Tm>*, Ho’",
Nd>* and Yb3* (Figs. 4.8-4.9).

Table 4.5. Concentrations of rare-earth elements in several scheelites (ppm)

Pr- Sm Eu Nd Dy Tb Er Tm Ho Gd Ce Yb
ZRK 129 134 11 589 41 9 20 2 8 72 832
FRS 11 10 35 42 13 2 8§ 1 2 11 100
BR7 20 120 75 160 120 25 25 2 15 175 8
I 522 CL Scheelitle ZRK
40x10° | 605
T 20x10f
0,0 1 1 1
400 600 800
T 510 T oL T
3x10° |- Scheelite SK
o 605
é Ezmo" - 650
x10*
0 1 1 1
Fig.4.7. Steady-state cathodoluminescence 400 600 800
spectra of scheelite samples nm
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413
Fluorite CaF,

Fluorite is calcium fluoride, CaF,, with a cubic face-centered lattice, while each
fluorine ion is at the center of one of the smaller cubes obtained by dividing
the unit cube into eight parts. Each Ca is coordinated by eight F ions and
each F is surrounded by four Ca ions arranged at the corners of a regular
tetrahedron.

All varieties of color are mainly connected with two main absorption bands
in the violet and yellow parts of the spectrum. The secondary bands are also
present — in blue and green diapasons. The main absorption bands are con-
nected with F and M-centers. The first one is anion vacancy, which traps
electrons and the second is two neighboring anion vacancies with two trapped
electrons. The short-wave band in fluorite is generated by mutual absorption
of F and M-centers, while the long-wave band is connected with M-center ab-
sorption only. In the green varieties the REE (Sm?*, Yb?* and Dy?") are also
appreciable. Besides that, the centers O, O3 and (Y, TR)O, sometimes have
influence with resulting yellow and pink colors (Platonov 1979; Krasilschikova
et al. 1986).

Fluorite was the first material where Stokes proved that the blue emis-
sion excited by UV light had a longer wavelength and was not diffuse light.
For this reason he called the blue light fluorescence (quoted in Pringsheim
and Vogel 1946). Fluorite is a reservoir for many of the rare earths and
their luminescence has been carefully studied (Haberland et al. 1934; Haber-
land et al. 1939; Tarashchan 1978; Krasilschikova et al. 1986; Kempe et al.
2002). Under UV excitation fluorite usually emits violet fluorescence, which
is connected with impurity of Eu?*. Such emission is extremely strong and
other centers are not detected. In very rare cases when Eu concentration
is unusually low, other centers dominate, for example, Dy3+ and emission
color becomes yellow (Aierken et al. 2003). Nevertheless, the decay time of
Eu?* is 600-800ns and a delay of 1-5ps makes it possible to quench it
and to see the characteristic lines of other rare-earth elements previously
undetected.

The fluorite in our study consisted of 40 samples from different environ-
ments. Concentrations of luminescence impurities in several samples are
given in Table 4.6. By using laser-induced time-resolved spectroscopy we
were able to detect and ascribe the following emission centers: Eu?t, Ce3*,
Gd**, Sm**, Dy**, Eu’t, Pr¥t, Er’t, Tm®t, Ho®*t, Nd**, Mn?" and the M-
center (Figs. 4.10-4.12).

4.1.4
Calcite and Aragonite CaCO3

Calcite is a calcium carbonate, CaCOs3, with a rhombohedral cell consisting
of the large planar CO3 groups, which contain a Ca ion at the center of an
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Table4.6. Concentrations of rare-earth elements in several fluorites (ppm)
Pr Sm Eu Dy Tb
Russia 0.3 0.3 0.3 1.0 0.4 0.1
DNT 5.0 12.0 6.5 26.0 27.0 4.0
FLS 57 200 28 350 55
UCB 0.1 0.3 - 0.5 0.3
Er Tm Ho Ce Yb
8 0.2 - 0.1 2.6
DNT 14.0 1.7 5.5 33
FLS 220 35 70 280 280 260
UCB 0.2 - 0.1 0.3 0.1
Eu* =337nm @ x10° | 73 =337 nm b |
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Fig.4.10. a-d Laser-induced time-resolved luminescence spectra of fluorite demonstrating
Ce®*, Eu?*, two types of Eu*t, Sm3*, Sm?* and Tb** centers

equilateral triangle of oxygens (symmetry 3 2/m). The structure of calcite is
analogous to that of halite NaCl if we consider the unit cube of halite to be
shortened along one trigonal axis.

The color of calcite can be due to its iron content, which is present as
Fe?*, to Mn2*, to radiation damage centers, which often involve rare earth
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Fig.4.11. a-d Laser-induced time-resolved luminescence spectra of fluorite demonstrating
Tm>*, Dy**, Nd**and M centers

Gd* _ a 2x10° - 5'88 ' ' 1
axto’{ | 310 A, =266 nm g ) =385 nm
D=1ms; G=1ms 4 D=4 ms G=9 ms
= o
S, by Dya*
- 478 o .| 576 Dy*
= 5 Dy 1x10° A J
7] 1x10° 573 673 765
o 6565
*_E 778
544
0= T 0 T i ? i
300 600 600 700 800 900
546 c py* 584( A _=355nm d
Ho® h.o=532 nm 4,0x10° 1 g 574 DZ1 00 ps G=9ms -
3x10° D=50 ns G=9 ms ’
=]
S,
2 2x10°
7]
5 2,0x10°
2
£ 10t
gg; 753
0 : — I 00 : :
600 700 800 900 500 600 700
nm nm
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or other elements, or occasionally to other elements such as Co?*. The color
of rhodochrosite is due to its Mn?** content. Most minerals with Mn?* in
six-coordination are pale pink. Because Mn2* does not absorb light strongly,
amineral must have a high Mn?* concentration to be strongly colored by Mn?*
(Platonov 1979).

In nature, RE and Mn?* can substitute for Ca, becoming luminescence
centers in the crystallographic environment. Most calcite luminescence is at-
tributed to Mn2*, while Mn?* hides rare earth emission, and so far their lu-
minescence in calcite is rather poorly characterized (Blasse and Aguilar 1984;
Pedone et al. 1990). Only recently the lines of Sm>* and Dy>* have been confi-
dently established using a hot cathode cathodoluminescence method (Haber-
man et al. 1996). Besides that, luminescence of Pb?* (Tarashchan 1978) and
radiation-induced CO3™ are known (Kasyanenko and Matveeva 1987). The
natural calcite in our study consisted of 30 samples from a variety of geologic
environments. Concentrations of potential luminescence impurities in several
samples are presented in Table 4.7. By using laser-induced time-resolved spec-
troscopy we were able to detect the following emission centers: Pb?*, Mn?*,
Ce*t, Sm**, Dy**, Eu’*, Tb>*, Tm3*, Nd** and a radiation-induced center
(Figs 4.13-4.14).

Table 4.7. Concentrations of rare-earth elements and manganese in calcites (ppm)

Pr Sm Eu Nd Dy Tb Er

ST1E 5 4 22 18 6 1 2

Franclin 3.3 3.9 0.7 15 7.8 1

Red 28 17 2.5 92 15 3 9
Tm Ho Gd Ce Mn Pb

ST1E 0.5 1 6 41 6,300

Franclin 0.7 2 6 22 6,700 450

Red 1.2 3 21 250 113 9.4

Aragonite is a polymorph of calcite, which means that it has the same
chemistry as calcite but it has a different structure, and more importantly,
different symmetry and crystal shapes. Aragonite’s more compact structure
is composed of triangular carbonate ion groups (CO3), with a carbon at the
center of the triangle and the three oxygens at each corner. Aragonite has an
orthorhombic symmetry (2/m 2[m 2[m) instead of calcite’s “higher” trigonal
(bar 3 2/m) symmetry.

The natural aragonite in our study consisted of 12 samples from a variety
of geologic environments. By using laser-induced time-resolved spectroscopy
we were able to detect the following emission centers: Mn?*, Sm>* and Dy>*.
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Fig.4.13. a-d Laser-induced time-resolved luminescence spectra of calcite demonstrating
Ce’*, Eu®t, Tm3*, Nd3* and Dy* centers

8.0x10°{ _a . ‘ | ‘
D=1ms G=9 ms 60410°]  pegms: Geo ms oo\ o b
2 6.0x10°
2 ';' 4.0x10° |
s 4.0x10°4
2s
- 2.0x10° 2.0x10°4
0.0 T T T 0.0 T T T
500 600 700 400 500 600 700
2+ T T T T T
) Pb D=25msG=10ps ¢ 1.0x10° oy [\ 570 d ]
- 6.0x10° g .
= —_ 2,355 nm 63
2 S5 4.0x10°] B D=1 s G=100 ps
(O 5.0x10°4 Mn? B
28 i 488
= 2.0x10°] g ,
T 507 ca9
453
ool : e
300 400 500 600 500 600 700
T T T T T
362 - » D=200ns G=9 ms
42' D=20 ns G=9 ms e f
K Ry 2x10°
c > o
. 5.0x10
L
e
- 1x10°
Mn**
Radiation-induced WW
0 , 00 , .
400 500 600 700 400 500 600 700
nm nm

Fig.4.14. a-f Laser-induced time-resolved luminescence spectra of calcite demonstrating
Mn?*, Pb2* and radiation-induced centers



Calcium (CaZ*) Bearing Minerals 63
41.5
Danburite CaB3(Si04)2

Danburite is calcium borosilicate with an orthorhombic structure (2/m2/
m2[m) and space group Pnam. The natural danburite in our study con-
sisted of five samples from a variety of geologic environments. Concentra-
tions of potential luminescence impurities in one sample are presented in
Table 4.8.

Table 4.8. Concentrations of rare-earth elements in danburite and datolite (ppm)

Prr- Sm Eu Nd Dy Tb Er Tm Ho Gd Ce
Danburite 0.3 0.2 1.0 1.0 01 - - - - 0.1 3
Datolite 3.0 20 05 11.0 1.0 02 0.7 01 02 17 220

The luminescence centers Eu?*, Yb?*, Ce3*, Dy>*, and Sm3* characterize
the steady-state spectra of danburite (Gaft et al. 1979; Gaft 1989). By using
laser-induced time-resolved spectroscopy we were able to detect the following
emission centers: Ce®*, Eu?*, Eu**, Sm3*, Dy>* (Fig. 4.15)
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Fig.4.15. a-d Laser-induced time-resolved luminescence spectra of danburite demonstrating
Ce**, Eu?*and Eu**
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4.1.6
Datolite CaB(Si04)(OH)

Datolite is calcium borosilicate with a monoclinic structure (2/m) and space
group P2/c. It consists of superimposed complex sheets of linked oxygen and
O, OH tetrahedra around silicon and boron atoms respectively: the SiO4 and
B(O,0H)4 tetrahedra alternate, forming rings of four and eight tetrahedra.
The natural datolite in our study consisted of seven samples from a variety of
geologic environments.Concentrations of potential luminescence impurities
in one sample are presented in Table 4.8.

Luminescence centers Eu?t, Yb?*, and Mn2*, characterize the steady-state
spectra of danburite. By using laser-induced time-resolved spectroscopy we
were able to detect the following emission centers: Mn?*, Ce3*, Eu?*, Eu’t,
Sm**, Dy>* (Fig. 4.16).
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Fig.4.16. a-d Laser-induced time-resolved luminescence spectra of datolite demonstrating
Mn?*, Ce**, Eu?*and Eu®* centers

41.7
Anhydrite CaS04

Anhydrite is a calcium sulfate, CaSO4, with an orthorhombic structure (mmm)
where sulfur atoms, which are at the centers of tetrahedra of oxygens, and
calcium atoms lie on the lines of intersection of mirror planes (100) and (010).
In nature, REE and Mn can easily substitute for Ca, becoming luminescence
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centers in such a crystallographic environment. X-ray excited and CL spec-
troscopies have established the luminescence of Gd**, Ce>*, Eu?*, Er**, Sm3*,
Pr3*, Tb3*, and Dy3+, while PL spectroscopy has established Sm?* (Tarashchan
1978; Baumer et al. 1997).

The natural anhydrite in our study consisted of five samples from a variety of
geologic environments. Concentrations of potential luminescence impurities
in one sample are presented in Table 4.9.

Table 4.9. Concentrations of rare-earth elements in anhydrite (ppm)
Pr Sm Eu Nd Dy Tb Er Tm Ho Gd Ce

03 06 03 1.7 07 02 04 01 02 08 23

By usinglaser-induced time-resolved spectroscopy we were able to detect the
following emission centers: Mn?*, Sm?*, Sm3*, Dy**, Eu?* and Eu®" (Figs. 4.17-
4.18).

41.8
Apophyllite CazKF(Sig020)x8H20

Apophyllite is an uncommon mineral, which is of interest largely because of
its unusual atomic structure: this bears some relationship to that of the micas
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Fig.4.17. a-d Laser-induced time-resolved luminescence spectra of anhydrite demonstrating
Gd**, Ce**, Eu?*, Eu®t, Pr®t, Tm3*, Tb* and Dy>* centers
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Fig.4.18. a-d Laser-induced time-resolved luminescence spectra of anhydrite demonstrating
Sm?* centers

since a basic part of it is a sheet of composition SigO,9. Instead of forming an
approximately hexagonal network, however, the (Si-O) tetrahedra are arranged
in four-fold and eight-fold rings, and alternate rings of four tetrahedra point in
opposite directions. Between the sheets of tetrahedra lie K, F, Ca ions and water
molecules. The structure is characterized by an eight-fold tetragonal-prismatic
potassium site and a seven-fold capped trigonal-prismatic calcium site.

Two different Mn?>* luminescence centers have been found in steady-state
spectra of apophyllite: in the Ca position with orange luminescence peak-
ing at 620nm and in the K position with green emission peaking at 500 nm
(Tarashchan 1978). The apophyllite in our study consisted of three samples
from different environments. The laser-induced time-resolved technique en-
ables us to detect the following emission centers: Ce>*, Mn?* with orange

emission and possibly (UO,)** (Fig. 4.19).

4.1.9
Hardystonite Ca;ZnSi>07

Hardystonite is a calcium zinc silicate of the melilite group. The crystal struc-
ture is tetragonal (P42;m) consisting of [Zn,Si;O7] sheets within which the
nature of the bonding is dominantly covalent, with the adjacent sheets being
held together by Ca?* ions. The melilite group is composed of minerals of the
general formula X;YZ,07 where X is Ca or Na, Y is Al or Mg and Z is Si. X is
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Fig.4.19. a-d Laser-induced time-resolved luminescence spectra of apophyllite demonstrat-
ing Ce®t, Mn?Tand (UO,)*" centers

a large 8-coordinated site. Luminescence properties of hardystonite have been
not studied. The natural hardystonite in our study consisted of three samples.
Concentrations of potential luminescence impurities in one sample are pre-
sented in Table 4.10. The laser-induced time-resolved technique enables us to
detect the following emission centers: Gd>*, Ce3*, Mn?*, Pb?*, Tb>*, Tm3* and
Dy>* (Fig. 4.20).

Table 4.10. Concentrations of rare-earth elements in hardystonite sample (ppm)

Pr- Sm Eu Nd Dy Tb Er Tm Ho Gd Ce Yb
NJ 97 92 13 435 75 14 25 02 01 11 55 0.8

41.10
Esperite Ca3PbZn,4(Si04)4

Esperite is a calcium lead zinc-silicate mineral. The crystal structure is mono-
clinic-prismatic (P21/m) with a B21/m group. Steady-state laser-induced lumi-
nescence of esperite was ascribed to Mn?* in Zn and Ca positions, accompanied
by Dy** and Sm>* lines. Besides that reabsorption lines of Nd** and U** have
been found (Gorobets and Rogojine 2001). The laser-induced time-resolved
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Fig.4.20. a-d Laser-induced time-resolved luminescence spectra of hardystonite demon-
strating Ce>*, Pb%*, Tm>*, Dy** and Mn?* centers
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technique enables us to detect Ce>* and a green band of Mn?* evidently in
a Zn position (Fig. 4.21).

4.1.11
Charoite K;NaCas(Si12030)Fx3H,0

The structure of charoite is monoclinic-prismatic (2/m) with space group
P*[4. Luminescence centers Ce>*, Eu?* and Mn?* characterize the steady-state
spectra of charoite (Gaft 1989; Gorobets and Rogojine 2001).

The natural charoite in our study consisted of one sample. The laser-induced
time-resolved technique enables us to detect the Ce® and Eu?* luminescence
centers (Fig. 4.22).
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Fig.4.22. a-d Laser-induced time-resolved luminescence spectra of charoite demonstrating
Ce®* and Eu®* centers

4.1.12
Prehnite CaAl>Si3019(0H),

Prehnite is sheet silicate with orthorhombic structure (mm2). Luminescence
properties of prehnite have not been studied. The natural prehnite in our study
consisted of two samples. The laser-induced time-resolved technique enables
us to detect emission center Pb?* (Fig. 4.23).
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Fig.4.23. a, c Laser-induced time-resolved luminescence spectra of Mn?* in pectolite and
Pb?* in prehnite. b, d Excitation spectra of pectolite demonstrating Mn?* and Pb>*

4.1.13
Pectolite NaCa,Siz0g(OH)

Pectolite is a hydrous pyroxenoid with a triclinic-pinacoidal structure and
space group P-1. The structure of pectolite is based on single Si-O chains in
a sequence of alternate single and double tetrahedral groups similar to that
found in wollastonite. The Ca atoms are coordinated by oxygen octahedra shar-
ing edges to form a lath-like strip, while the Na atoms have trigonal pyramidal
coordination and these pyramids also share edges with those of the Ca octahe-
dra. Luminescence center Mn?* characterizes steady-state spectra of pectolite
(Gorobets and Rogojine 2001). The natural pectolite in our study consisted of
one sample. The laser-induced time-resolved technique enables us to detect
a Mn?* emission center (Fig. 4.23).

4.1.14
Pyrochlore (Ca,Na)2Nb>04(0OH,F)

The structure of pyrochlore is considered to be an anion deficient derivative
of the fluorite structure type. Ca atoms are in eight-fold coordination, while
Nb atoms are in six-fold coordination. Steady-state luminescence spectra of
pyrochlore revealed emission of REE, such as trivalent Dy and Nd (Gorobets
and Rogojine 2001). The natural pyrochlore in our study consisted of four
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samples. The laser-induced time-resolved technique enables us to detect Sm>*,
Dy**, Tb**, Eu’* and Nd>* emission centers (Fig. 4.24).

4.1.15
Leucophane NaCaBe(Si>06)F

Leucophane is a relatively rare beryllium silicate. Of interest are the trace
amounts of rare earth elements in its chemistry, especially cerium which sub-
stitutes for some calcium. Its true symmetry is triclinic, pedion class which
is the lowest symmetry possible in a three dimensional system. The only
symmetry element is translational shift as it lacks any mirrors, rotations, or
even a center. The symmetry is noted by a 1. Ce**, Eu®*, Sm**, Dy**, Tb**,
Nd>* and Mn?* centers characterize steady-state luminescence spectra of leu-
cophane (Gorobets and Rogojine 2001). Time-resolved luminescence spectra
contain additionally Eu** and Tm>* centers (Fig. 4.25).

4.2
Lead (Pb2*) bearing minerals

Minerals of leads are principally capable of intrinsic luminescence. The main
substituting luminescence centers are TR** (Eu), TR** (Ce, Sm, Eu, Dy). Ionic
radii of Pb?* are 1.33 A in 6-coordinated form and 1.43 A in 8-coordinated
form, while the ignic radilnls of Eu?* is 1.31 A and the ionic radii of TR3*
change from 1.00 A to 1.13 A.
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Fig.4.25. a-f Laser-induced time-resolved luminescence spectra ofleucophane under 355 nm
(a-c)and 532 nm (d-f) excitations demonstrating Ce**, Eu?*, Eu*, Tm**, Dy**, Sm3* and Mn2*

4.2.1

Pyromorphite Pbs(P04)3Cl

Pyromorphite belongs to the apatite group. This group is divided into two
series, the apatite series and pyromorphite series. These minerals are isostruc-
tural, however the unit cell volume of pyromorphite is about one-fifth larger
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Fig.4.26. a-d Laser-induced time-resolved luminescence spectra of pyromorphite demon-
strating Ce>*, Eu*, Tb**, Sm3* and possibly Pb?* centers

than that of apatite. Luminescence centers O, (Tarashchan 1978) and evidently
(VO4)>~ (Gaft 1984; Gaft 1989) characterize steady-state spectra of pyromor-
phite. The natural pyromorphite in our study consisted of two samples. The
laser-induced time-resolved technique enables us to detect Ce>*, Eu®*, Sm>*
and Tb>* emission centers (Fig. 4.26).

43
Tin (Sn**) Bearing Minerals

Minerals of tin are capable of intrinsic luminescence, possibly connected with
defect centers containing Sn?*. The ionic radius of Sn*" is of 0.83 A and the
possible substituting luminescence center is Ti** with an ionic radius of 0.75 A.

43.1
Cassiterite Sn0>

The structure of cassiterite resembles that of rutile TiO,, each tin ion being
surrounded by six oxygen ions approximately at the corners of a regular oc-
tahedron, and each oxygen having three tin ions around it forming a nearly
equilateral triangle.

The considerable zonation was found in CL of cassiterite with respect to
W and Ti. It was concluded that W is responsible for blue luminescence,
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while Ti is responsible for yellow luminescence (Waychunas 1989). Steady-
state photoluminescence of natural cassiterite and artificial SnO, was also
studied. Under UV lamp excitation cassiterite samples are luminescent only at
low temperatures, starting from 77 K. The luminescence center was found to be
related to intrinsic centers, namely to Sn of diverse valence (Sn?*, Sn>*) (Gaft
and Vorontzova 1982; Gaft et al. 1982). Under powerful UV laser excitation
cassiterite has luminescence even at room temperature with a spectrum that is
similar to those at 77 K with lamp excitation. The decay time of luminescence
has two components, namely 100 ns and 280 ns (Gaft et al. 1988; Gaft 1989).

The natural cassiterite in our study consisted of six samples. The laser-
induced time-resolved technique enables us to detect emission centers similar
to those in the steady-state technique (Fig. 4.27).
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Fig.4.27. Laser-induced time-resolved luminescence spectra of cassiterite demonstrating
intrinsic, possibly Sn?* centers
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Fig.4.28. a,b Luminescence (right) and excitation (left) spectra of malayaite (a) and sorensen-
ite (b) (Gaft et al. 1982)
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Other tin minerals with luminescence are malayaite CaSn(SiOs) and sor-
ensenite NasSnBe;SisO;3x2H,0, where emission centers (Fig. 4.28) are evi-
dently Ti impurities (Gaft et al. 1982).

4.4
Barium (BaZ+) Bearing Minerals

Tonic radii of Ba®" are of 1.49A in 6-coordinated form and 1.56A in
8-coordinated form. The main substituting luminescence centers are Bi**
with an ionic radius of 1.49 A and 1.56 A in 6-coordinated and 8-coordinated
forms, respectively, Ag* with ionic radii of 1.29 A and 1.42 A in 6-coordinated
and 8-coordinated forms, respectively, Cu® with an ionic radius of 0.91 A in
6-coordinated form, Eu?* with an ionic radius of 1.31 A, Ce3* with an ionic
radius of 1.15 A and other TR3*.

4.4.1
Barite BaS04

Barite is a barium sulfate, BaSQO4, with orthorhombic structure (2/m2[m2[m)
where the sulfur is situated in tetrahedral coordination with oxygen, and bar-
ium in twelve-fold coordination with oxygen. The mineral barite is one of the
first luminescent materials from which the famous “Bologna stone” was ob-
tained. Nevertheless, up to today understanding of natural barite luminescence

Table 4.11. Concentrations of rare-earth elements in barite samples (ppm)

Origin Ag Bi Cu Ti Fe Mn
Spain — - 3.5 0.5 75 6.0
France 1 1.5 - 3.3 2.7 950 3.5
France 2 21 - 5.0 - 45 2.1
France 3 4 - 3.6 1.3 230 6.5
Romany 0.4 - 1.2 1.0 70 2.2
England 0.6 - 5.7 1.7 120 13.0
Origin Al Pb Sn U Sr

Spain 20 1.0 - 0.2 1,180
France 1 5.0 62 - 0.1 760
France 2 120 1.5 - — 685
France 3 60 0.8 — 0.2 590
Romany — 1.0 1.5 — 10,300

England 200 9,500 - 2.0 390
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is very scarce. It has been known for a long time that some specimens of barite
are fluorescent under UV exposure and emit white, yellow, green or orange
light. In steady-state luminescence spectra of barite different luminescence
bands from the UV to the red part of the spectrum have been detected. How-
ever,only UO3* and Eu?* luminescence centers have been confidently identified
(Tarashchan 1978; Gaft et al. 1985; Gaft 1989).

Barite that s colorless is pure, but radiation damage centers commonly cause
color. For example, O~ (in some blue crystals), SO; (in some honey-yellow
and blue crystals), and SO; (in yellow crystals) centers have been identified
in barite.

The natural barite in our study consisted of twenty-five samples of different
origin. Concentrations of potential luminescence impurities in several samples
are presented in Table 4.11. For the correct interpretation of the luminescent
bands, artificial barite standards have been investigated, as nominally pure,
and activated. The laser-induced time-resolved technique enables us to detect
Ag', Bi*t, Bi*t, Eu?t, Ce’*, Nd*', (UO,)*" and several still not identified
emission centers (Figs. 4.29-4.31).

4.5
Strontium (Sr>*) Bearing Minerals

The ionic radius of Sr** is 1.32 A in 6-coordinated form. The possible substi-
tuting elements are Eu?* with an ionic radius of 1.31 A and Ce>" with an ionic
radius of 1.15 A.
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Fig.431. a-d Laser-induced time-resolved luminescence spectra of barite demonstrating
Eu?*, Ce*" and possibly Nd>* centers

45.1

Celestine SrS04

The structure of celestine is similar to that of barites, with Sr taking the place
of Ba.
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Steady-state luminescence of celestine is characterized by broad bands,
which are associated with adsorption of water-organic complexes (Tarashchan
1978).The natural celestine in our study consisted of five samples. The laser-
induced time-resolved technique enables us to detect strong emission bands
but their interpretation is not finished yet (Fig. 4.32).
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Fig.4.32. a-d Laser-induced time-resolved luminescence spectra of celestine demonstrating
possibly Pb?* centers

4.6
Titanium (Ti**) Bearing Minerals

Minerals of Ti are capable of intrinsic luminescence, which is connected
with (TiOg)®~ groups and a Ti** center. The ionic radius of Ti** is 0.75 A in
6-coordinated form. The possible substituting element is Cr*>* with an ionic
radius of 0.76 A.

4.6.1
Titanite CaTiSiOs

Titanite (formerly called “sphene”) is an orthosilicate mineral with the chem-
ical formula CaTiOSiO4, where approximately 20% of the oxygens can be par-
tially replaced by OH (hydroxyl) and F. Titanite has a monoclinic symmetry
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with a space group P2;/a. It has an optically positive character with a =
1.84—-1.95, B = 1.87—-2.034, y = 1.943—2.11, very high refractive indices (1.843
to 1.950) and extreme birefringence (0.100 to 0.192). The structure of titanite
consists of chains of octahedral sites occupied by Ti**, cross-linked by iso-
lated SiOy4 tetrahedra. Large cavities in this structure provide the seven-fold
coordinated site occupied by Ca*.

Titanite may be a very interesting luminescent material. Potential lumines-
cent centers include intrinsic TiOg and Ti’* and different impurities such as
trivalent and divalent rare-earth elements (REE), Pb?* and Mn?" substitut-
ing for Ca?*, Cr®* and Mn** substituting for Ti**, and Cr**, Cr>* and Fe**
substituting for Si**. Besides that, titanite can incorporate minor amounts
of radioactive impurity components (particularly U and Th) that affect the
crystal structure through a- and -decay events. Thus radiation-induced lu-
minescence centers are also possible. Nevertheless, steady-state luminescent
spectroscopy of titanite under UV and X-ray excitations did not reveal char-
acteristic bands and lines (Gaft 1989; Gorobets and Rogojine 2001) and only
the ionoluminescence spectrum of titanite exhibits various narrow lines on the
broadband background. According to their spectral positions those lines have
been attributed to Sm>*, Eu** and Nd** (Yang 1995).

The natural titanite in our study consisted of nine samples. Concentrations
of potential luminescence impurities in one sample are presented in Table 4.12.
The laser-induced time-resolved technique enables us to detect Sm**, Nd**,
Tm3*, Pr3*, Er®*, Eu®* and Cr** emission centers (Figs. 4.33-4.34).
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Fig.4.33. a-d Laser-induced time-resolved luminescence spectra of titanite demonstrating
Cr**, Eu®! and Sm** centers
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Fig.4.34. a-f Laser-induced time-resolved luminescence spectra of titanite demonstrating
Cr¥*, Nd**, Tm3* and possibly Ti** centers

Table 4.12. Concentrations of rare-earth elements in titanite sample (ppm)

Pr Sm Eu Nd Dy Tb Er Tm Ho Gd Ce
Green 90 210 275 555 290 50 165 22 60 280 390

4.6.2
Benitoite BaTiSiz09

Benitoite belongs to the cyclosilicates subclass. It contains rings of linked SiO4
tetrahedra. The tetrahedra are linked in the same manner as in the single-chain
inosilicates, each SiO4 group sharing two oxygens with adjoining tetrahedra
on either side, giving the same overall formula (SiO;z)n. However, instead of
forming straight chains the tetrahedra are joined at angles, which result in the
formation of the rings. The minimum number of tetrahedra to form a ring is
three and a few three-member-ring minerals are known, the best known being
benitoite. It is the only known mineral to crystallize in the bar 6m2 class called
the ditrigonal-dipiramidal symmetry class.

Benitoite is a rare, strongly dichroic, blue mineral used as a gemstone. In
spite of much effort in its study, the origin of color in benitoite has not been
definitively established. Because traces of Fe are found, ideas proposed include
the Fe?"-Ti** or the Fe?*-Fe’" inter-valance charge transfer. While most ben-
itoite is colorless when viewed down the c-axis, there are a very small number
of exceedingly rare stones, which are pink in this direction (Rossman 1988).
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Benitoite is characterized by very intensive blue luminescence (White 1990).
Laser-induced time-resolved technique enables us to detect three broad bands
and one narrow line, connectet with TiOg, Ti>* and Cr>* or Mn**, luminescence
centers (Fig. 4.35).
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4.6.3
Other Titanium Bearing Minerals

Groups of Ti bearing minerals have been studied by Gaft et al. (1981) and the
broad bands in the blue-green part of the spectrum have been connected with
individual TiO¢ luminescence centers and their clusters, while the yellow band
was ascribed to a Ti>* center (Fig. 4.36).

4.7
Zinc (Zn?*) Bearing Minerals

Tonic radii of zinc are of 0.74A in 4-coordinated form and 0.88 A in 6-
coordinated form. The main substituting luminescence centers are Mn>* and
Pb%*.

471
Hydrozincite Zns(C03)2(0H)s

Hydrozincite is anhydrous carbonates. The crystalline system is monoclinic-
prismatic with the space group C2/m. The structure is composed of Zn in both
octahedral and tetrahedral coordination, in the ratio 3 : 2. The octahedral
Zn atoms form part of a C6 type sheet with holes. The octahedral Zn atoms
occur above and below these holes. The natural hydrozincite in our study
consisted of three samples. Concentrations of potential luminescent impurities
are presented in Table 4.13. The laser-induced time-resolved technique enables
us to detect Pb?* center (Fig. 4.37).

Table4.13. Concentrations of rare-earth elements and other potential luminescent impurities
in hydrozincite samples (ppm)

Prr- Sm Eu Nd Dy Tb Tm Ho Gd Ce Pb Mn

1 36 2 05 135 23 04 02 05 3 1 2,000 -
2 04 03 05 1.5 0.2 0.04 0.02 0.04 035 3.5 35 200
3 02 02 0006 1 045 006 0.06 012 03 0.5 600 10

4.7.2
Willemite Zn,Si04

Willemite is a trigonal silicate with well-known green luminescence. It is con-
nected with an Mn?* luminescence center (Tarashchan 1978). The natural
willemite in our study consisted of three samples. The laser-induced time-
resolved technique enables us to detect an Mn?* emission center (Fig. 4.37).
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Fig.4.37. a-d Laser-induced time-resolved luminescence and excitation spectra of hydroz-
incite (a, b) and luminescence of willemite (c, d) demonstrating Pb?* and Mn?* centers,
respectively

4.8
Zirconium (Zr%) Bearing Minerals

Ionic radii of zirconium are of 0.73 A in 4-coordinated form and 0.86 A in
6-coordinated form. The possible substituting luminescence centers are Ti**"
with an ionic radius of 0.75 A in 6-coordinated form, TR3*, Cr>*, Cr**, Mn2*,
and Fe’*. Impurities of U and Th are also possible, which may radiatively decay
with formation of radiation induced luminescence centers.

4.8.1
Zircon ZrSiO4

Zircon, is a zirconium silicate, ZrSiOy4, with a tetragonal structure (I4;/amd)
where in the unit cell there are four SiOﬁ_ and four ZrOéZ_ groups. In nature,
zircon is an accessory mineral almost always found in igneous, sedimentary
and metamorphic rocks. Zircon’s crystal chemistry strongly favors the incor-
poration of REE in the Zr#* site. The REE impurities become luminescent in
a crystallographic environment of the lattice. This property, coupled with the
ability to form waveguides in this material by the technique of ion implanta-
tion, makes zircon of interest as a potential host material for laser waveguide
cavities. Thus spectroscopic analysis of zircon is needed to identify possible
laser transitions.
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Zircon may show a large variety of colors, depending on the content of
transition metals and radiation-induced color centers. Reported colors range
for crystalline to moderately radiation-damaged zircons from colorless to pale
brown, olive, yellow, orange, green, and blue. The color in zircon comes from
both uranium ions and radiation damage. U** enters the zircon structure be-
cause, like Zr#*, it has a large ionic radius. U** substituting in zircon causes
the blue color of heat-treated zircon. Over geologic time, the uranium un-
dergoes radioactive decay and the resulting radiation damage centers cause
arange of red-brown and amber colors. Heat treatment removes the radiation
damage centers and restores the blue color with which zircon presumably orig-
inally crystallized. Green colors are associated with a mixture of the blue color
from uranium and red-brown color from radiation damage centers. Colorless
zircons have little uranium (Platonov et al. 1984). Chromium activated zircon
exhibited bluish to greenish color, which was originally interpreted on the basis
of local D,; symmetry for Cr** substituting for Si** (Beletti et al. 1995). An al-
ternative explanation was double substitution Cr’*-Cr>* within two Zr**-Si**
neighbors of the zircon lattice (Gaft et al. 2000b). Synthetic zircon doped with
vanadium exhibits a blue color, which was attributed to V** substituting for
Zr**. The red color of zircon was attributed to Nb** substituting for Zr**.

X-ray fluorescence spectrometry and inductively coupled plasma analysis
reveal the presence in the zircons of all existing REE. The steady-state lumi-
nescence in natural zircons is dominated by a broad emission arising from
radiation-induced centers and narrow emission lines of Dy3’r (Trofimov 1962;
Tarashchan 1978). These emissions obscure the spectra of other REE. The ther-
mal treatment enables us to solve this problem in certain cases using the fact
that the intensity of broad band luminescence quickly decreases after heating
at 700-800 °C, while the intensities of the REE lines remain nearly constant
(Shinno 1986; Shinno 1987). Even after heating the samples not all the REE
can be identified by steady-state spectroscopy since the weaker luminescence
lines of certain REE are obscured by the stronger luminescence of others.
For example, luminescence of Pr3* is difficult to detect because the lines of
Sm**, Dy’* and Nd>* hide its radiative transitions. In turn, Tb>* conceals the
luminescence of Tm** and so on.

Besides REE, broad spectral bands characterize the luminescence of zircon.
They are structureless down to 4.6 K, which makes difficult the correct inter-
pretation of the nature of the luminescent centers. Different suppositions are
made in previous studies and even the question about a yellow luminescence
connection with intrinsic or impurity defect remains open. For example, the
yellow band (“C-band”) was ascribed to SiO} -defects (Votyakov et al. 1993;
Krasnobayev et al. 1988) while the same emission (“band VII”) was explained
by impurity luminescence, namely by Yb?* created by radioactive reduction
of Yb3* (Kempe et al. 2000).

It was proposed that yellow zircon luminescence is connected not with one,
but with many centers, which have similar luminescence and excitation spectra,
but different decay times and thermal stability (Gaft et al. 1986; Shinno 1987;



Zirconium (Zr**) Bearing Minerals

Intensity
[a.u]

Intensity
[a.u] [a.u]

Intensity

Intensity
[a.u]

85

= 604
0 486 2, =3850M o ms Gog ms 615 %,397.5m
582 1.0x10° b o D=4 ms G=9ms
. a Sm
210 Dy 566
, 500" 651
110 o o
o 00
400 500 600 700 600 700 800
1.5x10"
. 620 D=1ms G=9 ms 59 i, =385 m
R 590 D=4ms G=9ms
1.0x10" 2
1.0010° Eu®
50x10" 50010°
00 00
500 600 700 600 700 800
D=50 ns G=50 us 885
e 210"
1.0x10° 817 X
Nd™
50x10" 0
600 700 800 900
40a0° a7
355 D=5 ps: G = 500ps o W
Agx = 266 nm ' ™
ce™ 9 D=20 ns; G=50 ns X h !
. 20010
20010 3
™ o+
. a7
o Gd
280 a13
00 00
400 500 600 700 300 350 400 450
nm nm

Fig.4.38. a-h Laser-induced time-resolved luminescence spectra of zircon demonstrating
Dy**, Sm*t, Eu*, Pr3*, Tm®*, Er®*, Ce3* and Nd3* centers

Intensity
[a.u]

Intensity
[au]

Fig.4.39. a-d Laser-induced time-resolved luminescence

s

1,5x10°

1,0x10°

5,0x10°4

=337 nm
300 K

a

Radiation-induced

1,5x10 °

1,0x10 °

5,010 ° 4

A =337 nm
77K

Radiation induced

T
700

T
700

3x10°

2x10°

1x10°4

T T
500 600
L L
d A, =337 nm
78N 30K
4,0x10° Fe
2,0x10° 4
T T T 0,0 T T
500 600 700 700 800 900
nm nm

intrinsic radiation induced, uranyl and Fe3* center

spectra of zircon demonstrating



86 Luminescent Minerals

Gaft 1992; Gaft et al. 2002b; Nasdala et al. 2003). For these reasons spectroscopic
methods alone are not enough for the separation of the broad spectra into
individual bands.

It is interesting that yellow zircon luminescence is very specific and differ-
ent from other Zr-bearing minerals such as catapleite, keldyshite, vlasovite,
khibinskite and others, which are usually characterized by blue luminescence
evidently connected with titanium impurity, namely TiOg¢ complexes (Gaft
et al. 1981).

Approximately 50 natural zircons have been investigated together with syn-
thesized analogs, as nominally pure and activated by potential luminogens.
Concentrations of potential impurities in several zircxon samples are pre-
sented in Tables 4.14-4.15 The laser-induced time-resolved technique enables
us to detect the following emission centers: radiation induced; trivalent rare-
earth elements such as Gd>*, Ce**, Tb**, Tm>*, Er**, Ho**, Dy’*, Eu’*, Sm?*,
Yb>* and Nd3*; (UO,)?*; Fe’* and Cr®* (Figs. 4.38-4.40).

(L4 exc337 L3 | exc337)
‘ N’ Vb
| | |
| .
| |
| | |
9 10 A,100nm 10,0 10,5 A,100nm

Fig.4.40. Luminescence of zircon in IR demonstrating Nd3* and Yb3* centers (N - 77 K)

4.8.2
Baddeleyite Zr0,

Baddeleyite has a monoclinic structure with space group P21/c. The Zr** ion
has seven-fold coordination, while the idealized ZrO7 polyhedron is close to
tetrahedral orientation, where one angle in the structure is different signif-
icantly from the tetrahedral value. Natural baddeleyite is a raw material for
zirconium. In industry ZrO;, named usually zirconia, is important in areas
such as surface chemistry, where its activity as a red ox material and its acid-
based functions are important. As a ceramic material, zirconia can resist very
high temperatures and its stabilized form, yttrium-stabilized zirconium, shows
remarkable mechanical properties.

Baddeleyite is characterized by bright green-blue luminescence (Fig. 4.41)
with a decay time of 0.7-2.0 ps under laser excitation (Gaft 1989). It was con-
cluded that such an emission is connected with Ti impurity. Besides that, emis-
sion lines of trivalent Dy and Sm have been found in baddeleyite (Eremenko
and Khrenov 1982).
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Fig.4.41. a—c Laser-induced luminescence of baddeleyite (a, b) (Gaft 1980) and photolumi-
nescence of baddeleyite with REE emission (c) (Eremenko and Khrenov 1982) (N - 77 K;
R - 300 K)

49
Silicon (Si**) Bearing Minerals

The ionic radius of silicon in tetrahedral coordination is 0.4 A. The main substi-
tuting luminescence center is Fe>*with an ionic radius of 0.63 A in tetrahedral
coordination.

4.9.1
Wollastonite CaSiO3

Wollastonite is calcium silicate with a triclinic crystal system (P21). It has
infinite-chain structure, with three tetrahedra per unit cell arranged parallel
to y, this repeat unit consists of a pair of tetrahedra joined apex to apex as in
the [SiO7] group, alternating with a single tetrahedron with one edge parallel
to the chain direction. Steady-state luminescence of wollastonite has been
previously studied and luminescence of Mn?*, Fe’* and supposedly Cr*>* has
been proposed (Min’ko et al. 1978).

The natural wollastonite in our study consisted of three samples. The laser-
induced time-resolved technique enables us to detect Mn?*, Fe** and possibly
Cr3* emission centers (Fig. 4.42).
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Fig.4.42. a-d Laser-induced time-resolved luminescence spectra of wollastonite demonstrat-
ing Mn?", Fe** and possibly Cr>* centers

4.9.2
Feldspars

Feldspars are mainly MT4Ag alumosilicates whose structures are composed
of corner-sharing AlO4 and SiOy4 tetrahedra (T sites) linked in an infinite
three-dimensional array. Charge compensating cations (K*, Na*, Ca?*, Ba?*)
occupy large, irregular cavities in the tetrahedral framework (M sites). Most
natural feldspars occur in the K-Na-Ca ternary diagram - orthoclase-albite-
anorthite). In general, feldspars have a disordered structure with respect to
Al and Si at high temperatures and ordered structures at low temperatures.
Monoclinic sanidine is the most disordered K-feldspar polymorph. If the rocks
are annealed over geologic times at lower temperatures, Al migrates and mon-
oclinic orthoclase and ordered triclinic microcline are formed. In K-feldspars
large cations enter the M-sites, whereas the number of substituents in plagio-
clases is limited because of the smaller cations in the M site. Small cations are
incorporated into the tetrahedral T sites. Some of these substituting elements
in natural feldspars can act as luminescence centers.

The pale yellow color in feldspar is due to Fe>* in a tetrahedral Si/Al site. This
color is often masked by the pervasive turbidity of common feldspars. A smoky
color, theresult of radiation damage from the decay of K-40, is also common but
often masked. The blue color in the amazonite variety of potassium feldspar
(and pale-blue albite) is from the interaction of trace amounts of Pb%* in
the feldspar with ionizing radiation. Lead-containing feldspars with a higher
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degree of Al/Sidisorder than occurs in microcline become green from radiation
damage. There are also rare varieties of plagioclase feldspar colored green and
red from Cu ions (Platonov 1979).

Steady-state luminescence of feldspars is well studied. The following impu-
rity centers have been found: TI*, Pb*, Pb%*, TR3* (Ce, Dy, Sm, Tb, Nd), Eu?*,
Mn?*, Fe3*, Cr3* (Tarashchan 1978; Walker 1985; Bakhtin and Moroshkin
1986; White et al. 1986; Kuznetsov and Tarashchan 1988; Waychunas 1989;
Gotse 2000; Correcher and Garcia-Guinea 2001; Gorobets and Rogojine 2001;
Krbetschek et al. 2002).

The natural feldspars in our study consisted of twelve samples. Concen-
trations of rare-earth elements in one of them are presented in Table 4.16.
The laser-induced time-resolved technique enables us to detect Pb>*, Gd**,
Ce*t, Eu?*, Eu*t, Tb**, Er®t, Dy>*, Sm3*, Nd3*, Mn?*, Fe** and possibly Cr>*
emission (Figs. 4.43-4.45).

Table 4.16. Concentrations of rare-earth elements (ppm) in feldspar samples

Pr- Sm Eu Nd Dy Tb Er Tm Ho Gd Ce

50 90 03 300 110 19 64 08 34 140 32.0
1.1 33 14 7.0 40 08 1.8 03 0.6 4.5 6.2
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Fig.4.43. a-d Laser-induced time-resolved luminescence spectra of feldspars demonstrating
Mn?*, Fe3* and Cr3* centers
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49.3
Obsidian Si0,

Silica makes up 12.6 mass-% of the Earth’s crust as crystalline and amorphous
forms. It was found that both modifications show similar main luminescence
bands, namely a blue one centered at 450 nm ascribed to A3* which substitutes
for Si**, red centered at 650 nm linked with non-bridge O*, and dark-red at
700-730 nm linked with Fe**. Time-resolved luminescence of hydrous volcanic
glasses with different colors and different Fe, Mn, and H,O contents were
measured and interpreted (Zotov et al. 2002). The blue band with a short decay
time of 40 ns was connected with 4T, (*D)-%A,(°S) and *A; (*G)-%A,(6S) ligand
field transitions of Fe>*, the green band with a decay time of approximately
250 ps with a 477 (*G)-%A; (°S) transition in tetrahedrally coordinated Mn?*,
while the red band with a much longer decay time of several ms with 4T3 (4G)-
6A1(®S) transitions in tetrahedrally coordinated Fe>*. We detected Fe>* in the
time-resolved luminescence spectrum of black obsidian glass (Fig. 4.43d).

4.10
Aluminum (AI?*) Bearing Minerals

The ionic radius of aluminum in octahedral coordination is of 0.67 A. The main
substituting luminescence centers are Cr>* with an ionic radius of 0.75 A in
octahedral coordination, Mn?* and Mn** with ionic radii of 0.81 and 0.67 A
in octahedral coordination and VZ*, V3* and V** with ionic radii of 0.93, 0.78
and 0.72 A in octahedral coordination correspondingly.

4.10.1
Kyanite and Sillimanite Al;0[Si04]

Kyanite has a structure in which the oxygen atoms are arranged in a slightly dis-
torted close-packed cubic array. There are chains of Al-O octahedral and these
chains are linked together by the remaining Si, Al and O ions, Si being coordi-
nated by 4 oxygen ions, and Al by 6 oxygen ions. The Silying between 4 oxygens
thus gives a structure with independent SiO4 tetrahedra. Four crystallograph-
ically different octahedral sites present in kyanite structure, with mean Al-O
distances ranging from 1.896 to 1.919 A. Steady-state luminescent properties
of kyanite are connected with several Cr>* centers (Tarashchan 1978; Platonov
et al. 1998; Wojtovicz 1991), and possibly Ti** (Gaft 1989). The natural kyanite
in our study consisted of three samples with Cr concentrations from 70 to
100 ppm. The laser-induced time-resolved technique enables us to detect three
different Cr>* emission centers (Fig. 4.46).

Sillimanite is polymorph of kyanite. It has an orthorhombic symmetry with
a space group Pbnm. The structure contains edge-sharing, strictly centrosym-
metric octahedra (Al sites) arranged in straight chains parallel to [001] and
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alternating corner-sharing tetrahedra (Al and Si sites). The broadband lumi-
nescence with a relatively long decay time of 160 ps peaking at 790 nm was
detected in sillimanite (Wojtowicz and Lempicki 1988). The emission has been
ascribed to Cr impurities (Fig. 4.47).
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Fig.4.46. a-d Laser-induced time-resolved luminescence spectra of kyanite demonstrating
different Cr®* centers
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4.10.2
Topaz Al,Si04F>

A chain like structure of connected irregular octahedrons controls topaz struc-
ture. These octahedrons have Al in the middle surrounded by four O atoms.
Above and below the Al are the (OH) or F ions. The chains of octahedrons are
held together by individual Si tetrahedrons. The crystal system is orthorhombic
(2/m2[m2[m).

The colors are clear, yellow, orange, red, blue and green, while the main color
centers are radiation induced. Violet and violet-red colors in Cr-containing
topaz are generated by two absorption bands in the visible part of the spectrum,
which are connected with Cr** substituting for AI**. Yellow topaz besides Cr>*

Table 4.17. Concentrations of Mn, Fe, Cr, V and Ti (ppm) in topaz samples

Mn \% Cr Ti

Yellow <10 25 25 160
Yellow <10 20 55 130
Yellow <10 25 180 110
Yellow <10 30 60 90
Red 125 30 500 130
684 '
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Fig.4.48. a-f Laser-induced time-resolved luminescence spectra of topaz demonstrating
different Cr** and possibly Mn** centers



Aluminum (AP) Bearing Minerals 95

contains a radiation-induced O~ hole-center (0>~ with a trapped hole) with
a corresponding strong ultra-violet absorption. Orange-red topaz besides Cr>*
contains a F-center (F-vacancy with a trapped electron) with strong absorption
in the violet part of the spectrum. The origin of the color in topaz without Cr
is radiation induced. The yellow color is connected with absorption in the
blue-violet part of the spectrum generated by the F-center. The red-brown
color is connected with absorption in the blue part of the spectrum created by
the combination of a F-center and O™ -center. A blue color is connected with
abroad absorption band in the red part of the spectrum generated by so-called
R-centers (two F-vacancies with two trapped electrons) (Platonov et al. 1984;
Schott et al. 2003).

Steady-state luminescence of topaz has been studied in (Tarashchan 1978).
At 77 K narrow lines at 680, 696, 712 and 730 nm have been ascribed to sin-
gle Cr’* (R-lines) and Cr>*-pairs. The presence of at least three different types
of Cr** luminescence centers have been proposed, which most probably differ
by ligand surroundings, such as O4F;, O4F(OH) and O4(OH);. It was con-
cluded based on R-emission line behavior as result of heating. Its fine structure
is changed as result of annealing, namely in the spectrum of the sample an-
nealed at 1,150 °C during 1.5 h the side two lines at 678 and 684 nm practically
disappear, whereas the central line at 682.5 nm significantly increases (Taran
et al. 2003).

The natural topaz in our study consisted of seven samples. Concentrations
of several potential impurities (luminogens) are presented in Table 4.17. The
laser-induced time-resolved technique enables us to detect three different Cr>*
and possibly Mn** and (TiO4) emission centers (Figs. 4.48-4.49).
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4.10.3

Corundum Al,03

Corundum has a trigonal structure. The oxygen ions are arranged in approx-
imately hexagonal closed packing. Between the oxygen layers there are sites
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for cations octahedrally coordinated by six oxygen ions, but in corundum only
two-thirds of the available positions are filled. Groups of three oxygen ions
form a common face of two neighboring octahedra and thus the groups are
linked to a pair of Al ions.

The main colored varieties are ruby (red) and sapphire (blue). The corre-
sponding color centers may present in different quantitative and qualitative
proportions with resulting varieties of colors (up to 2,000 different tints). The
main color center in ruby is an impurity of Cr (up to 4%). Theion Cr>* generates
two strong absorption bands in the visible part of the spectrum, which explain
the red color. Different tints of red, which influence the commercial value
strongly, are connected with impurities of Fe3* and V3*. Under UV excitation,
ruby may exhibit the red luminescence of Cr’*, which makes the red color
of ruby stronger under sun illumination. The main color centers in sapphire
are impurities of Fe and Ti. Strong absorption bands in the green-blue sap-
phires are connected with Fe?* and Fe>*. Usually the Fe absorption is relatively
weak, but in sapphire the cations Fe?* and Fe** are structurally paired and ex-
change interaction between ions provides mechanisms by which the intensity
of absorption increases dramatically. Absorption bands of blue sapphire are
connected with Ti**-Fe?* and Fe?* -Fe3" structural pairs (Platonov et al. 1984).

Steady-state luminescent properties of natural corundum Al,03 were care-
fully investigated. Strong well-known 2E —* A, lines of Cr>* with a long decay
time characterize their photoluminescence spectra. Besides that, much weaker
narrow lines present, which are connected with Cr-pairs and more compli-
cated complexes (so called N-lines) (Tarashchan 1978). A broad blue band of
CL peaking at approximately 480 nm of undetermined origin (Ponahlo 2000)
and a broad red band peaking at 690 nm preliminarily ascribed to Ti** (Goro-
bets and Rogojine 2001) have been also detected. The natural corundum in our
study consisted of four samples. The laser-induced time-resolved technique
enables us to detect Cr’* and possibly Fe*>* emission centers (Fig. 4.50).

4.10.4
Spinel MgAl; 04

The spinel structure is a cubic close packing of anions bound together by in-
terstitial cations. The lattice is a face-centered cubic, space group Fd3m, with
eight MgAl,O4 formula units per face-centered cell. One of the peculiarities
of spinel is the cation inversion responsible for its disordered structure. There
are two cation positions in the spinel lattice, one tetrahedrally coordinated and
one with octahedral coordination. Among them, two kinds of cations A% and
B** are distributed. The so-called normal spinel is described by the formula
A4B2{610,, where A is in tetrahedral and B in octahedral coordination. In
the diverse spinel, the divalent cations A are placed in the octahedral positions
B (AB){®0,. Thus in a normal spinel, the AI** ions are in octahedral coordi-
nation with local symmetry D34, while the Mg?* ions are in regular tetrahedral
coordination, with point symmetry Ty.
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The colored varieties are red, pink-red, orange-red and violet-red. The
main color centers are Cr>*, Fet, Co?* and Fe®*, which give all tints of color
from violet to red. The mutual feature of pink and red spinel is two broad
absorption bands in the visible part of the spectrum, which are connected
with Cr3* substituting for AI**. The set of the narrow absorption bands, which
give the violet color are connected with a Fe?* impurity substituting for Mg?*.
Absorption spectra of blue spinel is similar to those of the violet ones, but
the absorption in the red and violet parts of the spectrum are higher. This is
connected with the additional influence of Fe** and Co?* substituting for AI**
and Mg?*, correspondingly. Though mostly clear, the coloring action of these
impurities is seen in green and blue spinels (Platonov et al. 1984).

The emission of natural spinel exhibits a great deal of fine structure, which
was ascribed to Cr>* luminescence (Tarashchan 1978; Mohler and White 1995).
The natural spinel in our study consisted of three samples. The laser-induced
time-resolved technique enables us to detect Cr’* and possibly Mn?* emission
centers (Fig. 4.51).

4.10.5
Beryl and Emerald Be3Al;SigO1g

The dominant features in the structure are the hexagonal rings of six Si-O tetra-
hedra, these rings forming hollow columns parallel to the z-axis. Within the
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rings two of the oxygen atoms in each SiO4 group are shared by SiO4 groups on
either side, thus giving the meta-silicate ratio. Between the rings lie the Al and
Be atoms, each Al coordinated with an octahedral group of six oxygen atoms,
and each Be surrounded by four oxygen atoms on a distorted tetrahedron.
The main colored varieties are emerald (green), heliodor (yellow) and aqua-
marine (blue). The main color center in emerald is Cr>* substituting for AI’*,
which generates two strong absorption bands in the visible part of the spec-
trum. Additional impurities which also influence the color are Fe?* in two
different structural positions: instead of Be and instead of Al. They generate
absorption bands in the red and near IR parts of the spectrum and give the
yellowish tints to the color. Green beryl is known which does not contain Cr*.
The corresponding absorption bands are connected with V>* substituting for
AIP* and the name emerald is controversial in this case. Two different color
centers are known in heliodor, both connected with Fe3* impurities, but in
different structural positions: instead of Be?* (yellow-green color) and instead
of AIP* (yellow-orange color). In both cases the corresponding absorption
bands are connected with charge transfer electron transitions in the O~ -Fe>*
centers. Three different color centers are known in aquamarine, all connected
with Fe impurities. The first type of absorption bands is connected with elec-
tronic transitions inside Fe?* substituting for AI>*. The second color center
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is connected with a double substitution: two Al** are substituted by Fe?* on
the place of AI’* and Fe’* in an interstitial position (between two positions of
AIP*). The corresponding absorption bands are connected with charge trans-
fer electronic transitions between Fe?* and Fe>*. The last color center has the
same nature as the previous one, but Fe** substitutes for the Al** position
(Platonov et al. 1984).

The steady-state emission of beryl has been previously studied. The broad
band at 720 nm is connected with Fe3*, while the relatively narrow bands at 480
and 570 nm are ascribed to Mn2* in tetrahedral and octahedral coordination,
respectively. Cr’* emission was connected with narrow R-lines at 680 and
682 nm (Tarashchan 1978; Kuznetsov and Tarashchan 1988).

The natural beryl and emerald in our study consisted of seven samples.
The laser-induced time-resolved technique enables us to detect Cr3*, Fe3t and
possibly Mn** emission centers (Figs. 4.52-4.53).

4.10.6
Chrysoberyl and Alexandrite BeAl;04

The host crystal of chrysoberyl has a hexagonal-close-packed structure. The
space group is orthorhombic Pnma with four molecules per unit cell. The AI**
ions are octahedrally coordinated by the oxygen ions and occur in two not
equivalent crystal field sites in the lattice. The AI’* sites lying in the mirror-
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Fig.4.52. a-d Laser-induced time-resolved luminescence spectra of beryl demonstrating
different Cr3*, Fe’* and possibly Mg**, V** and VO, centers
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Fig.4.53. a-d Laser-induced time-resolved luminescence spectra of emerald demonstrating
Cr3* center

symmetry planes of the lattice have the site symmetry of the Cs point group,
while the other AI’* sites possess inversion symmetry and belong to the C;
point group. The Cr>* ions enter the crystal substitutionally for the AI** ions,
78% replacing AI’* ions in the mirror sites and the rest going into the inversion
sites. Alexandrite is a green variety of chrysoberyl. Its main feature is the so-
called alexandrite effect, which is manifested as a change in the color of the
crystal from bluish-green in sunlight to magenta-red on illumination by an
incandescent lamp. It is assumed that responsible for all these effects are the
centers, which are formed by the impurity Cr>* (Powell et al. 1985).

Two types of Cr>* luminescence centers have been found in steady-state
natural alexandrite, characterized by R-lines at approximately 680 and 692 nm,
accompanied by very many N-lines of Cr-Cr pairs (Tarashchan 1978). Those
centers have been identified as connected with substitutions of AI** in different
structural sites. It was found that natural alexandrites with very rare exceptions
are characterized by very low CL intensities (Ponahlo 2000). Pulse CL study
revealed that the spectrum consists of a relatively broad red band peaking at
685-695 nm, accompanied by narrow lines with the strongest one at 679 nm
and the weaker ones at 650, 655, 664, 700, 707 and 716 nm. All lines and bands
have been ascribed to several Cr>* centers (Solomonov et al. 2002). The natural
chrysoberyl and alexandrite in our study consisted of six samples. The laser-
induced time-resolved technique enables us to detect two different Cr>* and
possibly Mn** and V** emission centers (Figs. 4.54-4.55).
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4.10.7
Garnet: Pyrope Mg3Al>(Si04)3 and Grossular CasAl,(Si0,4);

The unit cell of garnet contains eight formula units. It’s silicon-oxygen tetra-
hedra exist as independent groups linked to octahedral of the trivalent ions,
while the divalent metal ions are situated in the interstices within the Si-Al
network, each divalent ion being surrounded by eight oxygen atoms.

The main color center is Cr>* substituting for AI’*. It generates two ab-
sorption bands in the visible part of the spectrum with resulting red color.
The larger intensity of the ultra-violet absorption, resulting in the red tint
increasing, is connected with the presence of Fe** impurity. Besides that, the
orange-red color of pyrope may be connected with Fe?* and Ti** impurities.
Rodolite has a complex pyrope-almandine composition and its red color is
connected with a Fe?* center. The main color centers in spessartite are Mn?*
and Fe?*. Mn?* generates absorption bands in the violet part of the spectrum
with corresponding yellow and orange tints. The green color of grossular is
mainly connected with Fe3* impurity substituting for AI**. The orange color
is connected with additional absorption in the violet part of the spectrum.
The reason is the influence of Fe’* impurities substituting for Si**. Another
reason for the green color may be V** impurity with two absorption bands in
the visible part of the spectrum (Platonov et al. 1984).

Steady-state photoluminescence spectra of natural garnet were connected
with a Cr** broad emission band peaking at 880 nm (Tarashchan 1978). Two
strong bands, one in the yellow, and the other in the red characterize CL
spectra of natural hydrogrossular. The first band at 590 nm was ascribed to
Mn?* substituting for Ca?*. The red one extends into the NIR and has narrow
peaks at 689, 701 and 717 nm and was not interpreted (Ponahlo 2000).

The grossular is the very rare specie of the six common anhydrous minerals
of the garnet group. Its luminescence has been connected with Cr** centers,
which substitute for the Al** and occupy a site of the distorted octahedral
symmetry, which in fact is trigonal Cs;. Trivalent chromium in grossular oc-
cupies a high crystal field position, the vibronic T, level is found at energies
higher than the 2E, state. The emission can occur from both levels at room
and liquid helium temperatures. Based on optical absorption spectra, spectral
field strength D, and Racah parameters B and C have been calculated: 10D, =
17,460 cm™!, B = 670 cm™! and C/B = 4.78. The luminescence spectra of Cr’* in
grossular at room temperature contain a strong broad band peaking at 720 nm
and three sharp lines centered at 697, 700 and 701 nm. The decay times of both
R-lines were found to be equal within the experimental error for the whole
range of temperatures as expected in the case of two thermalized levels. This
indicates that the nonradiative transitions between them are much faster than
any other radiative transitions in the system (Czaja and Mazurakb 1994).

The natural garnetin our study consisted of ten samples with different colors.
The laser-induced time-resolved technique enables us to detect trivalent rare-
earth elements, Mn?* and possibly Mn** emission centers (Figs. 4.56-4.57).
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Fig.4.56. a—d Laser-induced steady-state luminescence spectra of garnet demonstrating Cr>*,
Mn?*, and possibly Mn*" and V?* centers
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4.10.8
Tourmaline (Na,Ca)(Mg,Al,Li)3Algx(B03)3Sig0180H

Tourmaline has a rhombohedral unit cell. The six silicon atoms are each sur-
rounded tetrahedrally by four oxygen atoms, each tetrahedron sharing two
of its oxygens with the neighboring tetrahedra to form a six-member ring of
composition SigO1s: the Al ions are coordinated to six oxygen atoms in a very
distorted octahedron.

Under lamp excitation tourmaline is practically non-luminescent, while un-
der X-ray excitation it exhibits impurity luminescence from Fe®* centered at
700-750 nm and Mn?* centered at 560-570 nm (Kusnetsov and Tarashchan
1988). The natural tourmaline in our study consisted of four samples. The
laser-induced time-resolved technique enables us to detect Cr>* emission cen-
ters (Fig. 4.58).
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Fig.4.58. a—f Laser-induced time-resolved luminescence spectra of tourmaline demonstrat-
ing Cr**, and Fe** centers

4.10.9
Epidote (Zoisite) CazAlAl;0(0H)(Si207)(Si04)

Epidote is the group name for a family of minerals of the general composition
Cay(Fe’*, Al, Mn3*)Al,0[Si04][Si,0]-(OH). Epidote (octahedral Fe**) and
clinozoisite (Al) represent the most common compositions among the epidote
group. Zoisite is equivalent to clinozoisite, but it has a different crystalline
system. Rare epidote-clinozoisites abundant in Cr, V, and Pb also exist. The
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epidote structure consists of chains of octahedra (M sites) elongated parallel
to the y crystallographic axis and cross-linked by the silicate groups SiO4 and
Si;O7. There are three distinct kinds of octahedra (M1, M2, and M3) arrayed
along two types of chains. One chain type consists entirely of edge-sharing
octahedra (M2), whereas the other contains M1 octahedra alternating with M3
octahedra along its length. The resulting framework structure contains large
cavities (A sites) where the Ca* cations are housed in 9-10-fold coordination.
Like the chains of octahedra, epidote crystals themselves are also elongated
parallel to the y-axis. In typical epidote-clinozoisites, Fe* and Mn>* substitute
for Al principally in M3 sites; M2 sites house only Al. M1 sites are usually
dominated by A1 but may contain Mn>*. The explanation for the preference of
these cations for the M3 site is twofold. First, both cations are larger than ARt
and the M3 octahedron is the largest in the structure. Second, the M3 sites are
relatively distorted, and this characteristic may permit Mn>* to gain additional
stabilization energy here, over the other M sites.

The optical absorption and luminescence properties of zoisite have been
studied (Koziarsca et al. 1994). It was found that the strong absorption bands
around 750 and 585 nm are connected with transitions between the ground 3T}
state and the first excited state 3T, of V3* ions at Al(II) and Al(I) sites, re-
spectively. The band peaking at 545nm was associated with the transition
from the T} ground state to the 1A states for both of these crystallographic
sites. The possible presence of V2* ions was also proposed. The strong line
at 709 nm in the low-temperature luminescence spectra has been assigned to
transitions between the ground and the lower component of the first excited
level 2E (R;-line) in the 3d® shell. The line at 692 nm, observed in the lumi-
nescence at higher temperatures was associated with luminescence from the
upper component (R; line) of the 2E level. At room temperature the lumi-
nescence from 2E level overlaps with a broad band of vibronic origin. The
other line at 704 nm was also observed and connected to a vibronic origin.
The decay time of those lines at room temperature was 260 ps. The possible
ions with 3d° shell were supposed as Cr>* and V2", The weak low-temperature
IR emission band was connected with V>* luminescence. The natural zoisite
in our study consisted of one sample. The laser-induced time-resolved tech-
nique enables us to detect Eu?*, Dy>*, Tb3*, Sm3* and possibly V?* emission
centers (Fig. 4.59).

4.10.10
Eosphorite AIPO4Mn(OH),H,0

Mineral eosphorite has been studied by Vergara et al. (1990). The crystal struc-
ture of eosphorite contains two kind of octahedra. One of these is composed of
MnO4(OH); sharing opposite O-O edges and the other of Al0,(OH),(H;0)
sharing opposite H,O corners. Absorption spectra are characterized by a num-
ber of bands, which have been associated with transitions of Mn%*. All photo-
luminescence was connected with Cr’* ions (Fig. 4.60).
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zoisite demonstrating Cr**, Eu?*, Tb**, Dy** and possibly V2* centers
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4.10.11
Spodumen LiAlSi>0g

Spodumen is a monoclinic pyroxene, space group Cgh(CZ/c), with two not
equivalent metal cation sites M1 and M2. The aluminum occupies the smaller
M1 site, which is approximately octahedral (actual symmetry C,) with an
average metal-oxygen distance of 1.92 A. The M2 site, occupied by Lj, is also
six-fold coordinated with an average metal-oxygen distance of 2.23 A. Both Al
and Li sites may be substitutionally replaced by ions of the transitional metals
in various proportions. Both Mn?* and Cr** centers have been identified in
luminescence spectra by steady-state spectroscopy (Tarashchan 1978; Walker
et al. 1997). At room and lower temperatures only one emission band of Mn?*
occurs and the excitation spectra taken for the different wavelengths of the
luminescence bands are always the same. So it is very probable that Mn?* ions
in the spodumen matrix present only in one site. The calculated values of 10D,
and B are consistent with the occupation of larger M2(Li) weak-field site. Mn?*
is mainly in Li-sites rather than Al-sites.

The color of spodumen can vary from pale pink for the kunzite variety
to a deep green for the hiddenite variety, but colorless crystals also exist. The
green color of hiddenite is connected with Cr** substituting for AI**, while V3*
also takes part in optical absorption spectrum formation. The green-yellow
color of spodumen is connected with Fe>* in the M1 position and Fe?* in
the M2 position. Pink color of kunzite is connected with Mn** impurities in
different structural positions M1 and M2 (Platonov et al. 1984).

a /’\ -
D=4 ms G=9ms
556
? -3
IES‘ 4010
>
i
g
£ 2
2.0x10°- Mn**
690
~_
500 700
nm
L2,3/\em430 /\exc308 c 5 jor™
b g
7 S\ ;::E'
SANY
TiOg | o
1 1 1 | I
3 4 A,100nm 4 5 6 2,100 nm

Fig.4.61. Laser-induced time-resolved (a) and steady state (b,c; Gorobets and Rogojine 2001)
spectra of spodumen demonstrating Mn?*, Cr3* and possibly TiOg centers
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The natural spodumen in our study consisted of three samples. The laser-
induced time-resolved technique enables us to detect Mn?* and Cr>* emission
centers (Fig. 4.61).

4.10.12
Boehmite and Diaspor AIOOH

The structure of boehmite contains double sheets of octahedra with Al ions at
their centers, and the sheets themselves are composed of chains of octahedra.
In diaspor the oxygens are in a hexagonal close packed layer; those within
the double octahedral layers in boehmite are in a cubic packing relationship.
Luminescence center Cr>* characterizes steady-state spectra (Solomonov et al.
1994; Shoval et al. 1999). The natural boehmite and diaspor in our study con-
sisted of twelve samples. The laser-induced time-resolved technique enables
us to detect Cr’* emission centers (Figs. 4.62-4.63).

4.10.13
Chlorite (Mg,Al,Fe)12[(Si,Al)g020](0H)1¢

The chlorites are a group of minerals with a layered structure, which in many
respects resemble the micas. The monoclinic structure of chlorite is one of
regularly alternating talc-like Y¢Z3O29(OH)4 and brucite-like Ys(OH); sheets.
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Fig.4.64. Laser-induced luminescence of chlorite with Cr>* emission (Czaja 1999)

For chromium containing lilac chlorite two types of luminescence were ob-
served at 15 K: phosphorescence at 14,518 and 1,547 cm™! with a decay time of
60 ps and a fluorescence band at about 13,850-13,500 cm™! with a decay time
of several microseconds. For green chlorite weak fluorescence at 13,900 cm™!
and phosphorescence at 14,320 and 14,665 cm™! were observed at room tem-
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perature. At low temperature phosphorescence lines at 14,580 and 14,676 cm™!
were observed on the short wave range of the vibronic band (Fig. 4.64). Such
emission has been connected with Cr** present in different sites in the brucite-
like layers (Czaja 1999). It is very interesting that iron ions (1.54 wt. %) did not
quench Cr*' emission. The same was detected in iron containing chlorites
under X-ray excitation (Kusnetsov et al. 1991).

4.11
Sodium (Na*) Bearing Minerals

The main substituting luminescence center is Mn?* (ionic radius of Na* =
1.16 A). It is interesting to note that Na bearing minerals are very often char-
acterized by luminescence connected with S; and O; impurities.

4111
Sodalite Nag[AlgSig024]Cl>

The alumosilicates framework is formed by the linkage of SiO4 and AlO4
tetrahedra in approximately equal numbers, each corner oxygen being shared
by two tetrahedra. In sodalite, cage-like cubo-octohedral units are formed
bounded by six rings of four tetrahedra and eight rings of six tetrahedra,
which are differently oriented. The six-member rings define a set of channels,
which intersect to form large cavities. The cavities are occupied by chlorine
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ions and these are tetrahedrally coordinated by sodium ions. In sodalite the
emission is related to the presence of molecular ions S, with a unique emission
profile. Similar emission was found also in hackmanite, scapolite and others
(Tarashchan 1978).

The natural sodalite in our study consisted of two samples. The laser-
induced time-resolved technique enables us to detect the S; emission center
(Fig. 4.65).

4.12
Silver (Ag*) Minerals

Silver halides are capable of intrinsic luminescence.

4,121
Chlorargyrite AgCl and Embolite Ag(Cl,Br)

It was found by steady-state luminescence spectroscopy that silver halides, such
as chlorargyrite and embolite, formed in oxidized zones of silver ores demon-
strate luminescence at low temperatures. Such emissions were explained in
a energy band scheme by donor-acceptor recombination. By analogy with
synthetic AgCl and AgBr samples the determined bands have been connected
in the energy bands scheme with a recombination of electrons with auto-
localized holes and holes associated with metal-vacancy complexes. Under
powerful laser excitation such luminescence was detected even at room tem-
perature. The spectra (Fig. 4.66a—c) are evidently connected with the same
luminescence centers (Gaft et al. 1989b). The laser-induced time-resolved lu-
minescence spectrum of chlorargyrite demonstrates a relatively narrow green
band with a short decay time of ~2—3 ps, which is especially strong in spectra
with narrow gate (Fig. 4.66d).

4.13
Manganese (Mn2*) Bearing Minerals

Minerals of manganese are capable of intrinsic luminescence.

4.13.1
Rhodonite CaMn4Si5015 and Rhodochrosite MnCO5

It was established by steady-state luminescence spectroscopy that minerals
of Mn, such as rhodonite, rhodochrosite, helvine, triplite, Mn-apatite, Mn-
milarite and others, show dark red luminescence, mainly at 77 K, which is
uncommon to impurity Mn?*. The excitation center proved to be regular
Mn2*, while the emission center is Mn2*, situated near some lattice defect
(Gorobets et al. 1978; Gaft et al. 1981).
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The natural Mn minerals in our study consisted of four samples. The laser-
induced time-resolved technique enables us to detect impurity and intrinsic
luminescence of Mn?* and Nd>* (Fig. 4.67).

4.14
Uranium (U%+) Bearing Minerals

Minerals of uranium are capable of intrinsic luminescence, which is connected
with uranyl emission. It is well known that certain minerals, which contain
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Fig.4.67. a-d Laser-induced time-resolved luminescence spectra of rhodonite and

rhodochrosite demonstrating Mn?* and Nd>* centers

uranium as the uranyl ion UO3", exhibit fluorescence with distinctive spec-
tral and temporal characteristics. The photoluminescence of nearly 40 uranyl
minerals was investigated at 300 and 77 K, mainly under UV lamps, but also
under UV lasers excitation. The highly fluorescent uranyl ion may also be
present in other geologic materials, such as siliceous matrices, calcites and
barites (Gororbets and Sidorenko 1974; Tarashchan 1978; Kasdan et al. 1981;
Gorobets and Rogojine 2001). This luminescence is effectively excited only by
the short UV and its decay time is in the several hundreds of ps range. Three
different models of uranyl ion interrelation with host mineral were proposed:
surface films of uranyl-containing minerals; presence in the host matrices that
are relatively transparent at the excitation and luminescence wavelength of
UO3*. Uranium mineralisation was the first object for luminescence LIDAR.
Representative time-resolved luminescence spectrum is given in Fig. 4.68.

4.15
Magnesium (Mg?*) Bearing Minerals

Mn?* is the mostly probable luminescence center suitable for substitution for
Mg?* in the natural process of crystallization because of their close ionic radii
and charges. The next possible candidates are Cr** replacing Mg?* and Cr**
replacing Si**.
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Fig.4.68. Laser-induced time-resolved luminescence spectra of uranyl minerals
4.15.1

Forsterite Mg;Si04

Forsterite belongs to the minerals of the olivine group, which all possess
orthorhombic symmetry and a structure consisting of independent SiOy4 tetra-
hedra linked by divalent atoms in octahedral coordination. Forsterite has
space group Pnma. The oxygens are arranged in approximately hexagonal
packing and lie in sheets parallel with the (100) plane. The SiO4 tetrahedra
point alternatively either way in both the x and y direction; half the (Mg,
Fe) atoms are located at centers of symmetry and half on reflection planes.
Natural forsterite demonstrates luminescence of Mn?* with a very long decay
time of 12-15ms and Fe** (Tarashchan 1978). Laser-induced time-resolved
luminescence spectra demonstrate emission of Mn?* with very long decay
time (Fig. 4.69).

4.16
Rare-Earth Bearing Minerals

The mineral matrix is formed chiefly by La*>* or Ce*. The last one is widely
regarded as the luminescence impurity center, but in rare-earth bearing min-
erals it is subjected to concentration quenching because of strong exchange
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Fig.4.69. Laser-induced time-resolved luminescence spectra of Mn?* in forsterite

interaction of outer 5d orbitals of neighboring Ce** ions. Hereby its lumines-
cence is not observed in REE minerals. From the other side, other trivalent
REE can achieve some concentrations without quenching of luminescence,
because outer electron shells, such as 55> and 5p°, shield their inner 4f-4f
transitions.

4.16.1
Monazite (Ce,La)POg4

The monazite structure consists of distorted PO, tetrahedra with each metal
atom roughly equidistant from nine oxygen atoms. Minor amounts of other
rare-earth elements may occur. Steady-state luminescence under X-ray excita-
tion of monazite revealed emission of Gd*>*, Tb3*, Dy>* and Sm>* (Gorobets
and Rogojine 2001). Laser-induced time-resolved luminescence enables us to
detect Sm>*, Eu** and Nd** emission centers (Fig. 4.70).

4.16.2
Thorite ThSiO4

Thorite and orangite (orange thorite) have a tetragonal structure and are
isostructural with zircon. Steady-state spectra under X-ray and laser (337 nm)
excitations are connected with REE**, namely Sm**, Tb**, Dy** and Eu®*.
Reabsorption lines of Nd** have been also detected (Gorobets and Rogojine
2001). Laser-induced time-resolved luminescence enables us to detect Eu**
and uranyl emission centers (Fig. 4.70).
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Fig.4.70. Laser-induced steady-state luminescence spectra of thorite (a) and monazite (b-d)
natural and heated demonstrating uranyl, Eu**, Sm** and Nd>* centers. Straight line-
vertical polarization, dashed line-horizontal polarization

4.17
Carbon Bearing Minerals

4171
Diamond C

A unique situation exists in the case of diamonds, where the detailed spectro-
scopic descriptions of the centers are detected, but models are only proposed
for a few of these. From more then 100 detected centers models are only de-
termined for seven, mainly based on EPR interpretations. The model includes
identification of the impurity, vacancy, interstitial atom, their aggregations and
their crystallochemical position together with quantum-chemical and spectro-
scopic description.

The luminescence of diamonds is related to various defects in its structure.
Almost always, luminescence centers in diamonds are related to N atoms. It is
logical, because the atomic radii of C and N are nearly equal (approximately
0.77 A). Luminescence spectroscopy has proven to be the most widely used
method in studies of diamonds even in comparison with optical absorption,
ESR, IR and Raman spectroscopies. Hundreds of spectra have been obtained,
fluorescence characteristics enter into diamond quality gemological certifi-
cates, a wide range of electronic and laser applications are based on diamond
optical properties in excited states; nitrogen center aggregation is controlled
by the residence time of diamond in the mantle, distinction between natural
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and synthetic, irradiated, and enhanced diamonds and identification of any
particular diamond can be made by detailed luminescence studies; CL topog-
raphy reflects growth parameters (Walker, 1979; Bokii et al. 1986; Plotnikova
1990; Tarashchan and Lupashko 1999; Collins 2000).

Determination of tint is the essential and the most intricate aspect in di-
amonds evaluation and may be useful for luminescence interpretation. The
coloration of diamond is a reflection of its complex structural peculiarity. To
describe a slight shade of color, one has to use a lot of physics, crystallography
and analytical tools. The following types of diamond coloration are generally
distinguished.

Colorless to yellowish: a common color of diamonds of gem quality given to
the crystal by nitrogen impurity and certain types of nitrogen centers. Brown
to yellow Australian (Argail) colors called Cognac and Champagne are due to
dislocation related centers. In rare blue diamonds the color is connected with
boron impurity. In green diamonds the color is radiation induced (resulting
from either natural or artificial irradiation) and is connected with vacancies
(vacancies formation is possible not only after irradiation, but during growth
and as a result of certain transformations in the solid state). Rare Australian
rose or purple colors are connected with dislocation related centers of a differ-
ent nature compared with the centers of brown and yellow colors. Yellow color
is where individual nitrogen atoms substitute for carbon. Black and ink violet
colors are from epigenetic finely dispersed carbon. Certain raw diamonds ac-
quire or change colors when subjected to radiation and further change color
when heated. This dynamic is traced to the earlier part of the crystal’s history.
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Fig.4.71. a-d Laser-induced time-resolved luminescence spectra of diamonds demonstrating
N3, A, and H3 centers
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Fig.4.72. a-f Laser-induced steady state luminescence spectra of diamonds demonstrating
$3, S2, H3, GR1, 700, 788 and possibly 640 nm

As much as the diamonds colors are extraordinary their absorption spectra
are monotonous. Their absorption curve bends slightly from IR to UV.

Ten specimens have been chosen from the collection of approximately
200 characteristic crystals taken from some thousands of Yakutian diamonds.
Representative time-resolved luminescence spectra are given in Figs. 4.71-4.72.



CHAPTER 5

Interpretation of Luminescence Centers

The interpretation of luminescence in minerals begins with the characteriza-
tion of the luminescence centers, including the identity of the ions involved,
their locations in the crystal structure, their energetic interactions, and their
modes of energy transfer with each other, with other ions in the structure, or
with vibrational states.

5.1
Rare-Earth Elements (REE)

The geochemical rare-earth (RE) data provide major evidence to test, sup-
port, and constrain various theories and processes proposed for the origin
of the major rock groups in the Earth. Our understanding of the various
rock-forming processes and geochemical evolution of the Earth has been con-
siderably aided by data provided by the geochemical studies of the rare-earth
elements. Neutron-activation analysis, isotope dilution mass spectrometry,
inductive coupled plasma spectrometry, optical emission spectrometry, and
X-ray fluorescence spectrometry are used to determine the RE contents in ge-
ological materials. The naturally occurring members of the lanthanide series
make up a significant class of activator ions in minerals. The most common
oxidation state for lanthanide ions is trivalent, but several members are known
to exist in the divalent state. The optical properties of rare earths in minerals
may be analyzed in a manner similar to that of impurities in crystals.

5.1.1
The Classical Treatment of Optical Properties of Trivalent REE

The optical transitions typical of RE ions in glasses, crystals and solutions
correspond mainly to intra fV transitions of predominantly electric dipole
character. For a free ion, electric dipole transitions between states of the same
configuration are strictly parity forbidden and the observed spectra of glasses,
crystals, or solutions result from non-centrosymmetric interactions that lead
to a mixing of states of opposite parity. The full description of the various
mechanisms of mixing is thoroughly discussed. One of the most important
mechanisms responsible for the mixing is the coupling of states of opposite
parity by way of the odd terms in the crystal field expansion of the perturbation
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potential V, provided by the crystal environment about the ion of interest.
The expansion is done in terms of spherical harmonics or tensor operators
that transform like spherical harmonics. This can be formulated in a general
equation:

v=Y 8 (C’;)i (5.1)

k,q,i

where the summation involving i is over all the electrons in question, k is the
rank of the tensoral operator C, g is the relevant component of that operator
(=k < g < k) and Bis the expansion coefficient. The first term in the expansion
has k = g = 0 and is spherically symmetric. This term gives the shift of spectral
bands to the longer wavelength, as its influence on the upper levels is stronger
than itis on the lower, more shielded levels. When only f electrons are involved,
the terms in the expansion with k < 6 are nonzero. In addition, all terms with
odd kvanish; henceitis the even terms in the expansion that reflect the splitting.
B can be regarded as the coefficient of expansion to be determined empirically
from AE,the magnitude of the splitting. A comparison of the spectra of the
REE and the transition metal ions reveals that the crystal field splitting is of
about 100-300 cm™! in the former compared to several thousands cm™! in the
latter. The number of levels into which a single level can be split is determined
by the site symmetry.

The crystal field model may also provide a calculation scheme for the tran-
sition probabilities between levels perturbed by the crystal field. It is so called
weak crystal field approximation. In this case the crystal field has little effect
on the total Hamiltonian and it is regarded as a perturbation of the energy
levels of the free ion. Judd and Ofelt, who showed that the odd terms in the
crystal field expansion might connect the 4f configuration with the 5d and 5¢
configurations, made such calculations. The result of the calculation for the
oscillator strength, due to a forced electric dipole transition between the two
states makes it possible to calculate the intensities of the lines due to forced
electric dipole transitions.

fo=0 Y T(haio) (lNaSL]]Z Uk ‘ INglsp!)! ]Zl)z (5.2)

Aq

while for rare earth, A = 2,4, 6.
T, are components of a tensor operator, the explicit expression for them
being

2 2 22
T/l:ZST[ mc (n + ) 2 (/\) 0 (3) (53)

where n is the refractive index of the medium. Other constants have their usual



Rare-Earth Elements (REE) 121

meaning and:

Y(Mqie) = e Z( Dg+e(21+1) (5.4)

T R A N
x(@ (-o+a) q)x<1 k k”)
x<lHC l/><l/ CkHZ>B’;e/Rn1ar/l/dr

Eqy is the average energy difference between the configuration IV and the
perturbing configuration N=! [ (I = 5d or 5g). The quantities Bz are the odd
parity terms in the static crystal field expansion, where k = 1,3,5 and 7, g are
the components of k and depend on the symmetry of the medium, g refers to
the expansion of the dipole moment and determines the polarization of the
transition

- ¢ = 0: o components of the transition

- ¢ = %1 : m component of the transition

R, R, are the radial parts of the wave function in the IN and IV~
tion, respectively.

In theoretical calculations of the oscillator strengths the free ion-reduced
matrix elements U~ are used and the coefficients T) are treated as adjustable
parameters. Later the parameters Tj were exchanged by Q,. All attempts
to derive the value B ~ from micro-crystalline parameters of the lattice
using the electrostatic point charge approximation theory have been thus
far, unsuccessful. This is probably due to the extreme sensitivity of B ~
to the exact positions of the ions, the exact form on the radial part of the
wave functions and to the percentage of covalence of the bond. It is clear
that a molecular orbital treatment should be applied in such cases. The ex-
istence of the nephelauxetic effect clearly indicates the overlapping of the
charge clouds of the central ion and its ligand as a result of participation
of f-orbitals in the chemical bonding of rare earth complexes. The obser-
vation of hypersensitive transitions obeying the selection rule, A] = =2,
emphasize the influence of the ligand on spectral levels of the rare earth
ion.

configura-

5.1.2
Theory of Optical Transitions in Trivalent REE

The characteristic absorption and emission spectra of lanthanide compounds
in the visible, near ultra-violet and infra-red is attributed to transitions between
4f levels due to the fact that they present a sharp line with oscillators strengths
typically of the order of 107°. These transitions are electric dipole forbidden
but became allowed as forced electric dipole transitions.
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The forced electric dipole mechanism was treated in detail for the first
time by Judd (1962) through the powerful technique of irreducible tensor
operators. Two years later it was proposed by Jergensen and Judd (1964) that an
additional mechanism of 4f-4f transitions, originally referred to as the pseudo-
quadrupolar mechanism due to inhomogeneities of the dielectric constant,
could be as operative as, or, for some transitions, even more relevant than, the
forced electric dipole one.

In the standard theory the integrated coefficient of spontaneous emission
of a transition between two manifolds ] and ]’ is given by

Ay =

4l | n(n? +2)28
3h¢3 9

ed T n’ Smdi| (5.5)

where w is a regular frequency of the transition, e is the electronic charge, c is
the velocity of light, 7 is Planck’s constant and # is the refractive index of the
medium. The electric and magnetic dipole strengths, respectively, Seq and Syq
(in units of ¢?), are given by

gw H 0(]>2 (5.6)

1 14 d4
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where the quantities (2 are the Judd-Ofelt intensity parameters as described
before

2

1
L] I +28] a)) (5.7)

S
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and m is the electron mass. The reduced matrix elements are evaluated in the
intermediate coupling scheme, and the angular momentum operators L and S
are in the units of /. The corresponding expression for the oscillator strength
may be obtained from the relation

2] +1 mc?

- , 5.8
2 +12022n2 (58

Pryr

The intensity parameters 2, depends on both the chemical environment
and the lanthanide ion, and theoretically they are given by

2
B
Q=02a+1))) L:f‘l (5.9)
L.p

where By, depends on the radial wave function, and the odd crystal parameters
and energy difference between the 4f and next excited configuration of the
opposite parity.
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Here we are discussing only the static model and omit the vibronic interac-
tion.

(/1+1)(2/1+3)}1/2
(22 +1)

X <r’1> (l - 0/1) (3 H C(A/H 3>1"§, Ot A+1

2
Birp=_ (rt+1)0(t,A) ¢yt —
P TAE (), (5.10)

where AE is the energy difference between the barycenters of the excited
4fN-1 54 and ground 4fN configurations, (r*) is a radial expectation value,

0(t, A) is a numerical factor, o) is a screening factor, CW is a Racah tensor
operator of rank A and &; 1+ is the Kronecker delta function. The first term
in the right-hand-side of Eq. 5.9 corresponds to the forced electric dipole
mechanism, as expressed by the average energy denominator method, and
the second term corresponds to the dynamic coupling mechanism within
the point dipole isotropic ligand polarizability approximation (not discussed
here).

5.1.3
Relaxation Processes in Trivalent REE

The luminescence intensity of emission depends on a given level on the ra-
diative and nonradiative probabilities. The quantum yield is expressed as
follows:

> Ar

Y =
Q > Ar+Wnr

(5.11)

where Ar are the radiative transition probabilities and Wnr are the nonradiative
ones.

These include ion-ion energy transfer, which can give rise to concentration
quenching and non-exponential decay and relaxation by multiphonon emis-
sion, which is usually essential for completing the overall scheme, and can
affect the quantum efficiency. For low concentration of rare earth dopant ions
the principle nonradiative decay mechanism is a multiphonon emission.

The ab initio calculation of the transition rate between two electronic states
with the emission of p phonons involves a very complicated sum over phonon
modes and intermediate states. Due to this complexity, these sums are ex-
tremely difficult to compute; however, it is just this complexity, which permits
a very simple phenomenological theory to be used. There are an extremely
large number of ways in which p phonons can be emitted and the sums over
phonon modes and intermediate states are essentially a statistical average of
matrix elements. In the phenomenological approach it is assumed that the ratio
of the p-th and (p — 1)-th processes will be given by a coupling constant char-
acteristic of the matrix in which the rare earth is situated and not depending
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on the rare-earth electronic states. For a given lattice at low temperature the
spontaneous relaxation rate is given by

W(0) = Be*AF (5.12)

where B and « are characteristic of the host («a is negative). Thus, the graph of
the spontaneous rate versus energy gap will be a straight line in a case when
this approach is valid. Experimental data have shown that the approach is very
good for a large variety of hosts. In this way, all multiphonon rates can be
inferred from a few measured rates.

The dominant emission process is the one, which requires the least number
of phonons to be emitted. The minimum number of phonons required for
a transition between states separated by an energy gap AE is given by

AE

= (5.13)
h cmax

p

where fiwmax is the maximum energy of optical phonons. With increased
temperature, stimulated emission of phonons by thermal phonons increases
the relaxation rate W according to

W (T) = W(O) (1 + ft (liomag))"

(5.14)
where 7 is the average occupation number of phonons at energy fiwmax.

The non-radiative relaxation in the rare earth ions are related to their ex-
cited state population and are governed by the energy difference between the
emitting level and the next lower level, separated by the number of phonons
of the host. In the weak-coupling case for the rare-earth ions the temperature
dependence of the nonradiative rate is given by:

W (T) = B exp [~ (AE = 2hvmax) a ([exp (hv[kT) - 1]_1 + 1)p (5.15)

where p = AE[hv, AE the energy difference between the levels involved, a
and B constants, and v,y the highest available vibrational frequency of the
surroundings of the rare-earth ion. For example, the Eu** may not only emit
from Dy (red), but also from °>D; (green) and >D, (blue). The Tb** ion may not
only emit from °D, (green), but also from °Dj (blue). However, this depends
critically upon the host lattice.

5.14
Energy Transfer to the Trivalent REE

As already mentioned the population density of the luminescent levels is gen-
erally weak because of the low transition probabilities. However there are
other possibilities to increase the luminescence mainly by creating strongly
absorbing species that will transfer the energy to the R.E. ion.



Rare-Earth Elements (REE) 125

The two main ways of such excitation in minerals are:

1. Exciting closed shell transition metal complexes such as tungstates, molyb-
dates, vanadates, titanites etc. This way of excitation and its transfer to the
rare-earth elements has been known since the late fifties.

2. Energy transfer from strongly absorbing R.E. due to f-d, or charge transfer
band.

The energy levels scheme of trivalent REE may be seen in Fig. 5.1 and excitation
spectra in Fig. 5.2.
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Fig.5.1. Energy levels scheme of trivalent rare-earth elements
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Fig.5.2. Excitation spectra of trivalent REE (from Shinoya and Yen 1999)

5.1.5

The Treatment of Optical Properties of Divalent REE

Two specific features determine the similarity and difference of energylevels in
di- and trivalent ions of rare-earth elements. First, isoelectronic configurations
of TR?* and TR of the next elements in the periodic system determines
a qualitatively similar pattern of terms and multiplet levels, namely for TR?* the
order of the 4fX-configuration levels and of excited 4f "' 5d-configuration levels
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is the same as for trivalent ions isoelectronic to them. Second, the difference in
the charge of the nuclei in isoelectronic TR2* and TR3" ions, on the one hand,
in an essential but relatively small and approximately equal fall of energies of
alllevels derived from 4f° k-conﬁguration and, on the other hand, it brings about
asharp drop in the energy of levels derived from mixed 4f*~!5d-configurations.
It is just this fall of the 4f*"'5d levels that causes a sharp difference in the
absorption and luminescence spectra of the TR** and TR** ions (Marfunin
1979).

Transitions onto the levels of mixed 4f*"!5d-configuration result in the ap-
pearance of broad intensive absorption bands. These specific features are due,
first, to the fact that the said transitions occur between states with dissimilar
electron configurations and, therefore, are parity-allowed. In these transitions
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Fig.5.3. The energy levels scheme of the free divalent lanthanides. The solid curve (a)
connects the locations of the first 4f"~15d level (Dorenbos 2003)
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the oscillator strength is by 3-4 orders higher than for the forbidden f-f tran-
sitions and characterized by much shorter emission lifetimes. Second, in these
transitions d-electrons are involved, unshielded against interactions with the
lattice, which makes for greater splitting by the crystal field, greater half-width
of the lines and greater shifting of these bands in different crystals (Blasse and
Grabmaier 1994).

A relative ratio between the 4f* and 4f*~154-configuration levels energies
specifies a sharply distinctive position of broad bands in the spectra of trivalent
and divalent rare-earth ions. In the TR3* spectra, with the exception of ce’t,
broad bands fall into a relatively far UV region and they yield only line spectra
in the visible and adjacent regions. In the TR?* spectra broad bands fall into
the visible and near-UV regions. Thus in the case of TR?** the f-d and f-f
transitions lie close to each other and overlap. Three individual cases are
distinguished in the TR?" luminescence spectra, namely broad bands due to
d-f transitions, line IR spectra and a combination of bands and lines.

Emission of d-f type in the divalent lanthanides is usually quenched by mul-
tiphonon relaxation from the 5d level to levels of the 4f” configuration. There
are a few exceptions. When the red shift and Stokes shift place the 54 level of
Sm?* near to or below the Dy state (Fig. 5.3) - df emission may occur. The
same applies for Eu>* when the level is shifted to near to or below 6P7/2. When

for Tm** the 5d level is not shifted too much towards the 2Fs, level, df emis-

Energy (eV)

oL

Fig.5.4. The configuration diagram illustrating normal df emissions and anomalous emission
(energy values realistic for SrF, and BaF,, Dorenbos 2003)
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sion can also be observed. Finally, for Yb?* there is no multiphonon relaxation
path and df emission cannot be quenched in that way. Figure 5.4 illustrates
different emission mechanisms with a configuration coordinate diagram. Ini-
tially the system is in the 4f” configuration state, indicated by point A on
parabola a. After excitation to the 5d level, point B on parabola b is reached.
Subsequent lattice relaxation brings the system to point C and several routes
can be followed from here. The usual possibility is normal df emission (arrow
CD) with a small Stokes shift. Nevertheless, for example, the system may relax
to the impurity-trapped exciton state indicated by point E on parabola d. From
here anomalous emission (arrow EF) takes place with high a Stokes-shifted
emission band. Another possibility is relaxation to point G on parabola e with
the following anomalous emission (arrow GF). Parabola c represents an ex-
cited state of the 4f” configuration. Via the crossing point with parabola d, the
anomalous emission is quenched and the excited 4f" state becomes populated.
The existence of the ”Fs and *Fs, levels in Sm** and Tm** is very likely the rea-
son that anomalous emission has never been observed for these lanthanides.
It has only been detected for Eu?* and Yb?*, precisely those lanthanides where
excited 4f" levels, that may quench anomalous emission, are absent (Dorenbos
2003).

5.2
Rare-Earth Elements Luminescence in Minerals

The promise of luminescent methodology is based on many types of informa-
tion that can be derived from mineralogical samples. These include RE from Ce
to Yb, identities down to the ppb range, the valence states of the RE, the nature
of the sites at which RE reside and the ways of compensating the charge, and
features related to the presence of other ions (donors, activators). All this in-
formation can be used to determine the chemical, thermal, and deformational
history of the material.

5.2.1
ce3+

In minerals cerium can occurin a trivalent state, i.e. bylosing its two 6selectrons
and one of its 4f electrons. When cerium enters a solid, the expansion of the
electron shells decreases the electrostatic interaction between the electrons
resulting in a reduction of the energy of the excited states from their free ion
values. This nephelauxetic shift increases with the degree of covalence of the
cerium-anion bond. The spin-orbit interaction splits the 2f ground into two
] states separated by ~ 2,200 cm™!. The (2] + I)-fold degeneracy of these states
is reduced by the ligand field. Because the 4f electron is shielded from the
ligand field by the closed 5s and 5p electron shells, the overall splitting of the
2] states is small, typically only a few hundred cm™!. When the 4f electron is
excited to the outer 5d state, however, it is subjected to the effect of the ligands.
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Depending upon the site symmetry, the degeneracy of the 5d state is partially
or completely removed. The overall splitting of the 54 manifold is typically in
the order of 5,000-10,000 cm™".

Electric-dipole transitions between the 4f ground state and the 5d excited
state of Ce>™ are parity and spin allowed and have a large oscillator strength
and very short decay time. Contrary to alonglived emission of many 4f4j-levels
of several lanthanides in glasses and crystals, corresponding to very low (1075)
oscillator strength, Ce** is the only trivalent lanthanide which in the UV spec-
trum region shows high oscillator strength (0.01 to 0.1). Due to configurational
admixing, normally forbidden transitions to the 6s state can also be observed
in wide band gap materials. Optical excitation in the Ce-containing materials
is normally performed in the range between 300 and 350 nm. The excitation
arises from optical inter-shell Ridberg transitions between 4s and 5d levels.

5.2.1.1
Apatite

Two types of Ce>* centers have been found in apatite by steady-state spec-
troscopy, connected with substitution in two different Ca sites (Tarashchan
1978). Both centers are well detected by time-resolved spectroscopy (Fig. 4.1a).
The narrow UV band with two shoulders at 340 and 360 nm in apatite is con-
nected with 2D—2F3/2, 5/2 electron transitions in Ce®* in the higher symmetry
Ca(I) position. The very short decay time of this band of 25 ns is typical for
Ce**. An additional band peaking at 430 nm is also characterized by a short
decay time, only slightly longer compared to the former one. It is consider-
ably shifted to the long wavelength side from excitation bands, and two bands
corresponding to transitions from the excited state to two levels of the ground
multiplet are absent. This luminescence is connected with Ce3* in the Ca(II)
site. Since the 4f electron is shielded from the ligand field by the closed 5s and
5p electron shells, the overall splitting of the 2F) states is small. This is due to
spin-orbit coupling, which may be lower in the Ca(II) position, leading to the
absence of the double-band shape. When the 4f electron is excited to the outer
5d state, however, it experiences the full effect of the ligands. Depending upon
the site symmetry, the degeneracy of the 5d state is partially or completely
removed. The overall splitting of the 54 manifold is much larger in the Ca(II)
site, which explains the larger Stokes shift. The longer decay time is consistent
with the fact that for Ce>* the decay time is longer if the emission is at longer
wavelength (Blasse and Grabmaier 1994).

5.2.1.2
Barite and Anhydrite

A narrow band with a main shoulder at 302 nm with a very short decay time
of ~ 25ns, and another with shoulders at 330 and 360 nm with a longer
decay of ~ 75 ns (Fig. 4.31¢,d) in time-resolved spectra have spectral-kinetic
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parameters suitable for Ce®*. It is known that narrow bands near 300 nm
are especially strong in (Ba,Sr)SO4 (baritocelestine), while in barite they are
situated at a longer wavelength (Gaft et al. 1985). The ionic radius of Ce>*
is 128 pm and a possible accommodation is isomorphic substitution for Ba**
(156 pm) or Sr** (140 pm). Thus, two types of Ce*>* centers may be connected
with Sr impurity, the presence of which in barite samples is confirmed by
ICP analysis (450-720 ppm). Luminescence of Ce** in anhydrite is seen under
excitation at 266 nm (Fig. 4.17b) and it disappears after a delay of 75-100 ns
because of its short decay time (Gaft et al. 1985; Baumer et al. 1997).

5.2.1.3
Calcite

Two types of Ce>* centers in calcite were detected by steady-state spectroscopy
(Kasyanenko and Matveeva 1987). The first one has two bands at 340 and
370 nm and is connected with electron-hole pair Ce**-CO3~. The second one
has a maximum at 380 nm and was ascribed to a complex center with Ce>*
and OH™ or H;0 as charge compensators. Such a center becomes stronger
after ionizing irradiation and disappears after thermal treatment. The typical
example of Ce> luminescence in the time-resolved luminescence of calcite
consists of a narrow band at 357 nm with very short decay time of 30 ns, which
is very characteristic for Ce>* (Fig. 4.13a). It was found that Ce>* excitation
bands occurs also in the Mn?* excitation spectrum, demonstrating that energy
transfer from Ce>* to Mn?* occurs (Blasse and Aguilar 1984).

5.2.1.4
Feldspars

Narrow bands at 320-335 nm with very short decay time of 20-30 ns may be
confidently ascribed to Ce>* luminescence (Fig. 4.44). In steady-state spectra
different bands in this spectral range without decay time analyses, especially
under X-ray and electron beam excitations may be mistakenly considered as
Ce3* emissions (Gétze 2000).

5.2.1.5
Danburite and Datolite

Steady state luminescence of Ce** in danburite and datolite was found under
X-ray and UV laser excitations (Gaft et al. 1979; Gaft 1989). The narrow band
with two maxims at 346 and 367 nm in danburite (Fig. 4.15a), with a short decay
time component of 30 ns is evidently connected with Ce>*. After a long delay,
the luminescence of Ce** becomes dominant (Fig. 4.15b), showing the presence
of a long decay-time component. The change in the lifetime is unambiguously
indicative of a resonance radiationless mechanism of the energy transfer. The
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possible mechanism is Gd*>*-Ce>* energy migration, because the emission of
Gd**®P;),-887), in the UV region coincides with excitation of Ce**.

The narrow band with two maxims at 335 and 360 nm in time-resolved
emission spectra of datolite (Fig. 4.16a), with a short decay time of 30 ns is
connected with Ce>*.

5.2.1.6
Pyromorphite

At Aex = 266 nm excitation, with a 10 ns delay and 9 ms gate (practically steady
state), there is a UV band with two maxims at 350 and 375 nm in the emission
spectrum (Fig. 4.26a). This band looks exactly like a Ce*>* center. However,
its luminescence is not quenched after a delay of 100 ns, which would be
typical for Ce3*, or aftera delay of 1 ms, when even luminescence of Eu3* with
forbidden f-f transitions starts to reduce its intensity (Fig. 4.26b). In addition,
the intensity of the maximum at 375 nm decreases with increasing delay time
more quickly than that at 350 nm, thus indicating a somewhat shorter decay
time. This behavior is not consistent with the existence of two transitions
from one excited state into split 2f ground states of Ce>*, and rather confirms
the presence of two different luminescence centers, or two excited states. At
Aex = 355 nm excitation, the band with two maxims at 380 and 439 nm in the
spectrum with 10 ns delay also resembles a Ce>" (Fig. 4.26¢). It has a short
decay component of approximately 67 ns and a much longer one of several
ms (Fig. 4.26d). The presence of a long component in the Ce®>* decay may
be connected with energy migration from the long-lived centers, for example
Pb?* or Gd**.

5.2.1.7
Esperite

The narrow band with two maxims at 378 and 400 nm (Fig. 4.21c), with a de-
cay time of 300 ns is evidently connected with Ce®*, while the decay time is
unusually long for this center. The excitation spectrum (Fig. 4.21d) exhibits
a short-waved band at 280 nm, which may be connected with Pb2* excitation
with the following energy migration from Pb to Ce. It may be the reason for
the relatively long decay component in Ce** luminescence.

5.2.1.8
Other Minerals

Luminescence of Ce®* is clearly seen under excitation at 266 nm in apophyl-
lite (Fig. 4.19a), charoite (Fig. 4.22a,c), fluorite (Fig. 4.10a), leucophane
(Fig. 4.25a) and hardystonite (Fig. 4.20a).
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5.2.2
Pr3+

Luminescence of Pr** consists of many multiplets as follows: 480-500 (*>Po-
3H,), 650-670 (3Py->F,), 750-770 (*Py—>E,), 610-630 (! D,->Hg), 400-410
(1So-I¢), and UV (5d-4f) transitions. The emission color of pPr3t depends
strongly on the host mineral lattice. The radiative decay time of the > Py->H; or
3F; emissions is approximately 10-5 ps, which is the shortest lifetime observed
in 4f-4f transitions. The short decay time of Pr’* is ascribed to the spin-
allowed character of the transition. It also may be explained by nonradiative
relaxation due to the presence of high frequency vibrations in the lattice. And
another possible reason is that the 4f orbitals are probably more spread out
in the lighter rare earths (with lower nuclear charge), facilitating the mixing
with opposite-parity states (Blasse and Grabmaier 1994; Reisfeld and Jorgensen
1977).

The steady-state luminescence of Pr** in minerals was found only in scheel-
ite, where the line near 480 nm has been ascribed to this center (Gorobets
and Kudrina 1976) and possibly in fluorite (Krasilschikova et al. 1986). The
luminescence of Pr’* in minerals is difficult to detect because its radiative
transitions are hidden by the stronger lines of Sm>* in the orange range of
600-650 nm, Dy>* in the blue range of 470-490 nm and Nd>* in the near IR
(870-900 nm). In order to extract the hidden Pr3* lines time-resolved lumi-
nescence was applied. The fact was used that Pr** usually has a relatively short
decay time compared to its competitors Dy>*, Sm** and Nd**, especially from
the 3P, level. In order to correct identification of Pr3* lines in minerals several
of them were synthesized and artificially activated by Pr (Fig. 5.5). Besides,
comparison has been made with CL spectra of synthetic minerals artificially
activated by Pr (Blank et al. 2000).

5.2.2.1
Magmatic Apatite

The presence of Pr in apatite samples, up to 424.4 ppm in the blue apatite
sample, was confirmed by induced-coupled plasma analysis (Table 1.3). The
luminescence spectrum of apatite with a broad gate width of 9 ms is shown in
Fig.4.2a where the delay time of 500 nsis used in order to quench the short-lived
luminescence of Ce** and Eu?*. The broad yellow band is connected with Mn?*
luminescence, while the narrow lines at 485 and 579 nm are usually ascribed
to Dy3Jr and the lines at 604 and 652 nm, to Sm>". Only those luminescence
centers are detected by steady-state spectroscopy. Nevertheless, with a shorter
gate width of 100 ps, when the relative contribution of the short lived centers is
larger, the characteristic lines of Sm>* at 652 nm and Dy>* at 579 nm disappear
while the lines at 485 and 607 nm remain (Fig. 4.2b). It is known that such
luminescence is characteristic of Pr’>* in apatite, which was proved by the
study of synthetic apatite artificially activated by Pr (Gaft et al. 1997a; Gaft
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Fig.5.5. a—f Laser-induced time-resolved luminescence spectra of synthesized apatite, zircon
and scheelite artificially activated by Pr

et al. 1999a). The connection with Pr’* was confirmed by strong emission
at 485 and 607 nm under Ay = 462 nm, which is suitable for 3H, — 3P,
transition in Pr®*. The lines at 485 and 607 nm have different decay times.
After delay of 2 ps the first of the lines disappears indicating that they are
connected with transitions from different levels. The line at 485 nm belongs
to the Py — 3Hj transition. The short decay of the blue line is connected
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with nonradiative relaxation between 3P; and ! D, levels due to the presence of
high frequency vibrations of (PO4)-groups in the apatite lattice at 1,040 cm™!.
The line at 607 nm belongs to the ! D; level, which is confirmed by its effective
excitation at 570 nm, the energy of which is much lower then the energy of >P,
level.

The luminescence of Pr’* described above is also detected under excitations,
which do not coincide with transitions inside this center. It may be ascribed to
energy transfer from Eu?* or Ce**, which have luminescence in the blue range.

5.2.22
Sedimentary Apatite

In sedimentary apatites, which are formed in marine conditions at ambient
temperature, after high temperature treatment a set of very intensive and
narrow luminescence lines appears with strongest maxims at 594, 619, 626,
634 and 645nm (Fig. 4.5a), these are related to REE3* luminescence which
was not observed in the unheated samples. The lines at 634 and 645 nm are
characterized by a decay time of 0.5ms and the line at 619nm has a de-
cay time of 0.1 ms. At 77K new lines appear with maxims at 603, 651, 653
and 656 nm and decay times of 0.6 ms, and at 615 nm with a decay time of
0.2 ms. The spectral form and long decay times of the sharp lines are sure
indicators that this luminescence is connected with f-f transitions in REE**.
For the correct interpretation of the luminescent lines, artificial activation
of natural francolite by different REE was accomplished by heating the cor-
responding mixtures at 1,200K in air. It was found that all lines might be
connected mainly with the luminescence of Pr3* (Gaft et al. 1996a; Gaft et al.
1996b; Gaft et al. 1997a). The strongest lines at 619, 634 and 645 nm may be
ascribed to the *Py—>F, and ! D,-?Hj; transitions in Pr’*. The luminescence
of REE*' is well known in magmatic apatites, but the spectral positions of
the lines are significantly different. In apatite the calcium ions are located in
two crystallographically distinct sites, labeled Ca?*(I) and Ca?*(II). The lu-
minescence of trivalent REE in magmatic apatites is due to their substitute in
the Ca(I) position. The luminescence properties of magmatic apatites do not
change after heating to temperatures up to 1,200 K, but after thermal activa-
tion with REE, they enter the Ca*(II) position and the luminescence spectra
change (Gorobets 1968; Tarashchan and Marfunin 1969; Tarashchan 1978).
The spectral properties of the trivalent REE which substitute for Ca II in mag-
matic apatite are very similar to those obtained from the apatite of fossil fish
teeth after heating, indicating that luminescence of Pr** on the Ca II posi-
tion takes place in this case. Luminescence of trivalent REE is more intensive
when the site symmetry is lower and the parity inhibition is partially lifted.
The Ca%*(Il) site in the apatite lattice has a lower symmetry then Ca%*(I),
and REE in site II may have parity forbidden electron transitions. This ex-
plains the great intensity of trivalent REE luminescence in heated sedimentary
apatites.
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Two possibilities exist which allow explanation of the different lumines-
cence of the REE in magmatic and sedimentary apatites. It is possible that
in sedimentary ones REE are incorporated in the Ca II position, but lu-
minescence is not detected because of quenching by the components with
high-energy phonons (water and organic matter). The latter are removed
during heating with resulting luminescence. Nevertheless, francolite is dif-
ferent from the magmatic apatite due to crystallization at low temperature,
while activation by REE results in luminescence in the Ca?*(I) position.
Thus another explanation may be needed. It is possible that francolite ac-
commodates, at least partly, REE in concentrated form (e.g. free minerals),
which is usually not suitable for registration by luminescence due to con-
centration quenching. As a result of high temperature heating, thermal dif-
fusion of REE in the apatite lattice takes place. These changes initiate lumi-
nescence. The similarity with luminescence spectra of the francolite, which
was artificially activated by the thermal diffusion of the REE, supports this
interpretation.

It is interesting to note, that pr3t spectra obtained under Aexy = 308 nm
excitation do not resemble the shape and the lifetimes of those obtained under
direct excitation to the Pr3* levels. They exhibit the lines at 619, 634 and
645 nm with the same long decay time components of ~ 750 ps (Fig. 4.5b).
The excitation at 308 nm does not correspond for transitions inside Pr*. It
was firstly supposed that an effective non-radiative energy transfer from the
first excited state of uranyl to the levels 3P] (J =0,1,2) and I of Pr3* may be
responsible for the excitation, especially because the energy transfer between
donor uranyl ion to Pr’>* was earlier demonstrated to take place in phosphate
glasses (Reisfeld and Jorgensen 1977). Uranyl is present in natural sedimentary
apatite and has strong green luminescence at 530 nm after heating (Fig. 4.5¢).
We studied artificial oxyapatite activated by Pr’*, which does not contain
uranyl impurity. In accordance with our model, this sample does not exhibit
Pr3* luminescence under excitation at 308 nm, while characteristic Pr3* lines
under 462 and 570 nm excitations exist. Nevertheless, the relatively short decay
time of 100 ps for uranyl at negligible concentration of Pr** does not enable to
explain the verylong decay of Pr** of 650750 ps. Besides that, excitation by UV
longer then 308 nm with A = 337—360 nm leads to strong uranyl luminescence
but the lines of Pr’* are absent (Fig. 4.5c).

The very long decay time of Pr** of 650750 ps which is obtained only at
308 nm excitation in the presence of uranyl can be explained by energy transfer
from excited uranyl ion to one of the *P states and followed by excited state
absorption to 15, level due to short UV laser excitation. The 1S, level serves
as storage of an excited state of Pr’*, which is slowly decaying to the lower
lying > Py level. As a result, a strong emission signal from *P; is observed in the
visible domain. Such a kind of photon-cascade emission with high quantum
efficiency under V-UV excitation is well known for Pr3* in oxide matrix.

The active participation of the 1Sy level is indirectly accredited by the si-
multaneous observation of UV and visible emission in cathodoluminescence
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and synchrotron excited spectra (Fig. 5.6) Excitation into the 4f5d and higher
lying bands evidently decays to the 'Sy level located at 46,300 cm™! which ex-
hibits luminescence in wide band-gap hosts due to radiative de-excitation to
the lower lying levels of Pr’*. The 1Sy — 3Fj transition at 246 nm is especially
strong in oxyapatite. In F-apatite only the line at 269 nm is present. It may be
explained by the relatively long-waved absorption edge in fluorapatite, which
is at about 300 nm (Morozov et al. 1970).
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Fig.5.6. a-d Cathodoluminescence and synchrotron excited spectra of Pr activated apatite

5.2.2.3
Scheelite

Luminescence spectrum of scheelite with a broad gate width of 9 ms is shown
in Fig. 4.9d. The narrow lines at 490 and 572 nm are usually ascribed to Dy>*
and the lines at 607 and 647 nm to Sm3*. Nevertheless, the relative intensity
of the line at 607 nm compared to the line at 647 nm is lower at longer delay
times (Fig. 4.9¢,f). Besides that with a shorter gate width of 1 ps, when the
relative contribution of the short lived centers is bigger, the characteristic lines
of Sm>* at 647 nm and Dy>* at 575 nm disappear while the lines at 488 and
607 nm remain. Such luminescence is characteristic of Pr3*, which was con-
firmed by a time-resolved luminescence study of scheelite artificially activated
by Pr** and Sm** (Fig. 5.5). Unlike in apatite, the phenomenon exists not
only under 308 nm, but also under 337 nm excitation due to the higher energy
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of intrinsic WO4 luminescence compared with UO,. The active participation
of blue intrinsic scheelite luminescence is confirmed by the reabsorption line
at 448 nm (Gaft et al. 1999a), which corresponds to 3Hy — 3P, transition
inside Pr3*.

Luminescence of Pr’* in the red and IR parts of the spectrum was also
found (Fig. 5.5). According to the energy levels scheme of Pr’* the following
interpretation is possible: 840 nm - 'D, — 3F,, 886nm - *P; — !G4 and
1,070 nm - 1G4 — 3H4.

5.2.24
Anhydrite

Ultra-violet X-ray excited luminescence of Pr’* was first observed in minerals
in anhydrite, but have been mistakenly ascribed to transitions from 617/2 and
6D5/2 levels in Gd*>* (Gaft et al. 1985). According to CL spectra of anhydrite
artificially activated by Pr’* (Baumer et al. 1997; Blank et al. 2000) the emission
lines at 228, 239, 258 and 268 nm (Fig. 4.17a) belong to Pr’* and may be
connected with 1Sy — 3Hs, 1Sy — 3Hg and 'Sy — Gy transitions. The lines
of Pr** in the visible range are much weaker.

5225
Zircon

Luminescence of Pr** in zircon is very difficult to detect under UV excitation
even by time-resolved spectroscopy. The reason is that it has a relatively short
decay time similar to those of radiation-induced centers. Visible excitation,
which is not effective for broadband luminescence, allows the revealing of
Pr’* luminescence lines, using high-resolution steady-state spectroscopy. Un-
der such experimental conditions each element has individual lines, enabling
confident identification of the spectrum to be possible (Gaft et al. 2000a). Only
if radiation-induced luminescence in zircon is relatively weak, the lines of Pr3t
may be detected by UV excitation (Fig. 4.38¢).

5.2.2.6
Titanite

The group of visible lines at 478, 487, 497 and 613 nm (Fig. 4.33d) with a short
decay time of 20 pis may be ascribed to the Pr** center. Because all lines have
the same decay time it may be concluded that they belong to one 3P excited
state. In such a way, the triplet at 478, 487 and 497 nm belongs to the 3py-3H,
transition, the line at 613 nm to the >Py—->F, transition.
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5.23
Nd3+

Nd>* energylevels arise from the 4f> electronic configuration. The 4f25d higher
lying states are almost always completely in the UV range. Some transitions
among 4/ levels of Nd** ion are spin-allowed, such as *Io;,—*Fs)5, *Fsp2, *Fyps,
*Fop2, *Gypp or *F3-*G7pp, “D3pp and so on, but this is not valid for the remaining
ones. Neodymium has been recognized as one of the most efficient rare-earth
luminescence centers in minerals, while its emission has been found only in
the IR part of the spectrum. Nevertheless it is well known that Nd>* may also
generate UV-visible luminescence in certain matrixes, for example in YAG-Nd
(Marech et al. 1989; Balda et al. 2001). The Nd*>* UV and visible luminescence
spectra consists of many narrow lines whose half-widths reach only several
cm™L. It was found that the Nd** UV and visible luminescence depend on the
excitation wavelength. Most narrow luminescence lines together with slightly
broader peaks were observed for Aex = 355nm where there is strong Nd3*
absorption. Nearly 140 lines have been found under this excitation. The mostly
important lines detected at room temperature are near 396, 401, 435, 461, 488,
500, 524, 550, 588, 609, 617, 620, 629, 638, 663, 712 nm. The measurements of
luminescence decay times revealed that several various lifetimes are observed
ranging from 3 to 300 ps. The observed Nd** UV and visible luminescence
spectra were interpreted in the following way: the most intense lines originates
from the UV lying Nd** level *Fs,: to *Fsp, *Ho, (lines around 400 nm), to
4F9/2 (lines around 435 nm), 2H11/2 (lines in the range 450-464 nm), to 4G5/2
(lines around 480 nm) and to 2G7/2 (lines around 488 nm). In minerals such
luminescence is mixed with other REE lines and not detected by steady-state
spectroscopy.

5.2.3.1
Apatite

Neodymium in natural and artificial apatite is characterized by anomalous
distribution of luminescence intensity in the groups at 1.06 and 1.3 pm. In
each of these spectral groups there is one line whose intensity exceeds many
times the intensity of the remaining lines of said group (Morozov et al. 1970).
In laser-induced luminescence of natural apatites we also found somewhat
different luminescence spectra (Fig. 4.3). Decay times of these lines are rather
close and it is possible to suppose that all Nd** occupy the Ca(I) sites with
different charge compensations.

5.2.3.2
Scheelite

Figure 4.8a represents scheelite luminescence in the near IR ranges of the
spectrum. The usual characteristic lines of Nd>* are detected in the spectral
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range up to 1.6 pm. Strong reabsorption lines of Nd>* are characteristic for the
luminescence of many minerals, but were first detected in scheelite (Gorobets
1975).

Unusual behavior of the luminescence line at 417 nm has been detected by
time-resolved spectroscopy. It is usually ascribed to Tb>*, but sometimes in
spectra with a narrow gate this line remains strong, while other lines of Tb3*
disappear (Fig. 4.8b,c). The supposition that those lines are connected with
Nd3* was confirmed by our study of CaWO,:Nd, where, besides the known IR,
the group of UV and violet lines with short decay times are detected, while in
CaWO4:Tb such lines are absent (Fig. 5.7).
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Fig.5.7. a-d Laser-induced time-resolved luminescence spectra of synthetic CaWOy artifi-
cially activated by Nd and Tb

5.2.3.3
Garnet

Narrow lines at 462, 476, 482, 501 and 590 nm in the luminescence spectrum
of the Ca-variety of garnet (grossular) with a relatively short decay time are
not typical for “traditional” trivalent REE in minerals. Evidently they may
be connected to visible emission of Nd3* (Fig. 4.57c,d), but this has to be
checked.
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5234
Fluorite

IR luminescence lines with relatively short decay times connected with Nd>*
are very strong in the fluorite emission spectrum (Fig. 4.11c,d). Besides that,
UV and violet lines with a short decay time appear, which are ascribed to
Nd>* (Fig. 4.11a,b).

5.2.3.5
Barite

Figures 4.31a,b represent narrow luminescence lines detected in barite by time-
resolved spectroscopy. Much weaker lines at 446 and 672 nm accompany the
strongest one at 588 nm. They have a relatively short decay time of 5 ps and
emphasized in the spectrum with short gate. Such a combination of spectral
and kinetic properties is not suitable for any trivalent REE besides 2P, 2= 419/2
(446 nm), 4G7/2 — 4111/2 (588 nm) and 4G7/2 — 4112/2 (672 nm) transitions in
Nd**.

5.2.3.6
Titanite

Figures 4.34a,b demonstrate the emission lines of titanite, which according to
their spectral positions may be confidently connected with Nd*>*. The lumi-
nescence spectrum in the 860-940 nm spectral range, corresponding to the
4F3/2—419/2 transition, contains six peaks at 860, 878, 888, 906, 930 and 942 nm,
while around 1,089 nm corresponding to 4F3/2 41, |2 transition it contains five
peaks at 1,047, 1,071, 1,089, 1,115 and 1,131 nm. The decay time of IR lumines-
cence of Nd>* equal to approximately 30 ps in titanite is evidently the shortest
one in the known systems activated by Nd**. The typical radiative lifetime
of this level depends on the properties of the solid matrix and varies from
approximately 100 ps to 600 ps (Kaminskii 1996). To explain the fast decay
time of Nd>* in titanite, the energy level quenching by the host matrix may be
considered.

Another group of lines is detected in the titanite luminescence spectrum,
which may be considered as connected with the Nd** emission. Those lines
at 589, 658, 743 and 846 nm are especially strong in the luminescence spectra
with a narrow gate excited by Aexy = 532 nm (Fig. 4.34b). Such a combination
of emission lines with relatively short decay times is very unusual for minerals
and may not be easily connected to any rare-earth element traditional for lu-
minescence in the visible range. If we were to consider the possible connection
with the visible emission of Nd**, the detected lines correspond very well, for
example, to electron transitions from Gy, level to *Iops, *I11)2, *I132 and *I;spy
levels.
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5.2.3.7
Zircon, Anhydrite, Calcite, Rhodonite, Feldspars

Infrared luminescence lines of Nd3* are detected also near 817 and 885 nm in
zircon (Fig. 4.38¢), 892 and 899 nm in anhydrite (Fig. 4.18c), 817 and 889 nm in
calcite (Fig. 4.13b), 815, 875 and 890 nm in rhodonite (Fig. 4.67b), and 895 nm
in feldspars (Fig. 4.45¢).

5.24
Sm3+, Sm2+

Trivalent samarium activated minerals usually display an intense luminescence
spectrum with a distinct line structure in the red-orange part of the spectrum.

The radiating term 4G5/2 is separated from the nearest lower level 6F11/2 by an

energy interval of ~ 7,500 cm™!. This distance is too large compared to the
energy of phonons capable to accomplish an effective non-radiative relaxation
of excited levels and these processes do not significantly affect the nature of
their spectra in minerals. Thus all detected lines of the Sm** luminescence
take place from one excited level and usually are characterized by a long decay
time.

An important feature of the electronic structure of Sm?* is the low energy of
the 4f°-5d" excited electronic configurations. As a result, the 4f°-5d; configu-
rations interact significantly with the >Dj levels of the 4f ground configuration
and exert a strong influence on the optical properties of Sm?*. Sometimes the
4f55d1 level of Sm2* is located below its 4f levels, for example, in fluorite,
resulting in band luminescence due to the 5d-4f transition with a decay time
of several ps. On the other hand in different hosts a line spectrum due to the
4f -4f>Dy-"F) transitions has been observed (Tarashchan 1978).

5.2.4.1
Apatite

In apatite two kinds of Sm*>* luminescence are detected connected with substi-
tution in different Ca sites (Fig. 4.2¢), while the substitution in the Ca(I) site is
much more widespread. Artificial activation by Sm in vacuum is characterized
by the lines at 465, 598 and 645 nm with a decay of ~ 2 ms. After activation in
air the lines at 607 and 654 nm appear with a different excitation spectrum and
a shorter decay of ~ 1.6 ms (Tarashchan 1978; Gaft et al. 1997a). It is possible
to suppose that the first group of lines appearing in vacuum may be ascribed to
substitution on Ca(I) while the second one appearing in the air - on the Ca(II)
site. The splitting of the lines indicating the removal of the degeneracy is better
seen in the case of activation in air. It is consistent with the lower symmetry of
the Ca(II) site.

Sm?* luminescence is detected only at low temperatures, where the strongest
line at 734 nm, connected with the °*Dy-’F, electron transition, is clearly
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seen (Fig. 4.1d). Such an emission was found very rarely, but the presence
of Sm?* in natural apatite may be seen in an indirect way after oxidizing heat-
ing, where the luminescence intensity of Sm** becomes enhanced evidently as
a result of Sm?*-Sm>* transformation.

5.2.4.2
Fluorite

The lines of Sm3* connected with several types of centers are well stud-
ied in fluorite by steady-state luminescence spectroscopy (Tarashchan 1978;
Krasilschikova et al. 1986). In time-resolved spectra it is mostly prominent
after long delay times and is mainly characterized by the lines at 562, 595 and
651 nm (Fig. 4.10d).

Together with Sm>* another group of lines is often detected with the main
line at 685 nm, which also has a very long decay time of several ms (Fig. 4.10d).
It is very close to the known resonance line of Sm?*. Under low power UV
lamp excitation, the luminescence of Sm2* in fluorite is known only at low
temperatures, starting from approximately 77 K, and is composed of narrow
f—f transition lines and a broad band of 4f-5d transitions (Tarashchan 1978;
Krasilschikova et al. 1986). Evidently, under strong laser excitation, lumines-
cence of Sm?* may be seen even at room temperature, where 4f-5d lumines-
cence is usually quenched because of radiationless transition.

5.2.4.3
Anhydrite

The Sm?* ion (4f%) demonstrates 5d-4f broad emission together with intra-
configurational 4f® line emission (Fig. 4.18). It is worth noting that, despite
their different origins, the broad band and narrow lines have a similar decay
time. The possible reason is a thermally stimulated electron exchange between
the lower 4f and higher 5d excited states. It ceases at 77K and the 5d-4f
broad emission is absent. Using different excitations several types of Sm** are
detected in anhydrite.

5.2.4.4
Titanite

The line at approximately 600 nm has a long decay time of 1ms. It is the
strongest one in the titanite luminescence spectrum under 266, 355 and
532 nm (Fig. 4.33b,c), but its relative intensity is much lower under 514 nm
excitation (Gaft et al. 2003b). It appears that from all lines found in titanite
luminescence spectra only two weaker ones at 563 and 646 nm have similar ki-
netic and excitation characteristics with the line at 600 nm. Such a combination
of luminescence lines is very typical for Sm®*. Thus the emission spectrum
of Sm>* in titanite exhibits three peaks corresponding to 4G5/2—6H5/2, 6H7/2
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and 6H9/2. The intensity of the 4G5/2—6H7/2 transition is much stronger than

the other emission transitions, which is in accordance with Sm3* behavior in
glasses (Javasankar and Babu 2000). The little difference in spectral position
and half-width of the line at 600 nm under different excitations evidences that
several Sm>* centers may present. The presence of relatively high Sm concen-
trationin titanite is confirmed by absorption spectrum and ICP data (Table 4.7).

5.2.4.5
Calcite, Feldspars, Hardystonite, Pyromorphite, Scheelite, Zircon, Baddeleyite

Narrow lines with long decay time characteristic for Sm>* are also detected at
601, 614, 650 and 710 nm in calcite (Fig. 4.13b), at 603 and 645 nm in feldspars
(Fig. 4.45b), 601 nm in hardystonite (Fig. 4.20c), 566, 603, 652 and 714 nm in
pyromorphite (Fig. 4.26d), 601, 609 and 647 nm in scheelite (Fig. 4.9f), 566,
604, 615 and 651 nm in zircon (Fig. 4.38b), 549 nm in baddeleyite (Fig. 4.41)
and 603 nm in leucophane (Fig. 4.25c).

5.2.5
Eu3+, Eu2+

Eu3+

Trivalent europium is an excellent ionic probe for materials and its lumines-
cence properties are extensively studied. Eu is one of the mostly informative
elements in mineralogy, especially when the ratio Eu?*/[Eu** may be assessed.
Both oxidation states are luminescent, but the lines of Eu>* in minerals are usu-
ally very weak and concealed by other centers. By steady state luminescence
spectroscopy its luminescence has been confidently detected only in scheelite
and anhydrite (Tarashchan 1978; Gorobets and Rogojine 2001).

The energy levels of Eu** arise from the 4f" configuration. In a configuration
coordinate diagram these levels appear as parallel parabolas (AR = 0), because
the 4f electrons are well shielded by the 5525p° outer shells and the crystal field
influence is weak.The emissions arising from f-f transitions yield sharp lines
in the spectra. Because the transitions occur between states of the same parity,
the lifetime of the excited state is long. The emission in Eu** corresponds to
transitions from the excited °Dy level to the ’F; (J = 0,1,2,3,4,5,6) levels of
the 4f° configuration. Because the >Dj level is not split by the crystal field
(because J = 0), the splitting of the emission transition lines yields the crystal
field splitting of the 7F; levels (Fig. 5.8). If Eu®* occupies a crystal lattice site
with inversion symmetry, optical transitions between levels of the 4f" config-
uration are strictly forbidden as electric-dipole transitions (parity selection
rule). They can only occur as the much weaker magnetic-dipole transitions
which obey the selection rule A] = 0, £1 (but J = 0 is forbidden) or as vibronic
electric-dipole transitions. If there is no inversion symmetry at the site of
Eu®*, the uneven crystal field components can mix opposite-parity states into
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Fig.5.8. Energy levels scheme of Eu**

4f"-configurational levels. The electric dipole-transitions are now no longer
strictly forbidden and appear as weak lines in the spectra, the so-called forced
electric-dipole transitions. Some-transitions, viz. with A] = %2, +4, are hy-
persensitive to this effect. Even for small deviations from inversion symmetry,
they appear dominantly in the spectrum (Blasse and Grabmaier 1994; Reisfeld
and Jorgensen 1977; Reisfeld 1973). Intensity ratio analysis of the °>Dy — ”F;
and °Dy — ’F, transition allows approaching the symmetry of the involved
europium site. It is then possible to define the asymmetry ratio R:

1(°Dy — "F,)
R= 5.16
1(°Dy — "Fy) (5.16)

The asymmetry ratio R follows the evolution of the Dy — ’F, transition
especially sensible to the crystal field. Parameter R increases when the covalent
bonds with the neighbors are reinforced and when the symmetry of the site
decreases.

Crystal field theory enables us to define certain parameters in order to

characterize and distinguish the different europium site configurations. Crystal
field parameter calculation involves several steps:

1. Site selective excitation in the ’F; — >Dy absorption band;
2. Deconvolution of the Dy — ’F; transition for each excitation;
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3. Determination of the three contributions, which are the three states of the
crystal field for each environment. The contributions are labeled from the
highest energy to the lowest one: g, e- and &, respectively. The g line is
the thinnest and the most sensible to the excitation energy;

4. Determination of the energy of the Stark sub-level triplet (one triplet per
site);

5. Representation of the Stark sub-level position in energy (cm™!) for each site
according to the excitation energy (cm™');

6. Calculation of the By and By, crystal field parameters using the three
following equations:

E (S()) =E (7F1) + 320/5 (5.17)
E(es) = E(F1) = (Bao + 6" - Baz) 10 (5.18)
E(e-) = E('F1) = (Bao— 67 - B ) 10 (5.19)

where E(gg), E(e+), E(¢_) represent the energy in wave number (cm™') of
the three composants and E(’F)) the barycenter of the ’F multiplet. The
Byo and By, parameters characterized the spitting of the ’F level, which
depends of the neighbor cation surrounding the luminescent ion and thus
the environment of the rare earth element.

7. Calculation of the standardized B, parameter as followed:

ap)
)

By = ((Bzo)2 +2(Byy)? (5.20)

8. Representation of the evolution of the B, parameter in function of the
excitation energy (cm™!).

Eu2+

The absorption and emission spectra of divalent europium are due to electronic
transitions between the 4f’* and 4f%5d! electronic configurations (Fig. 5.9).
An approximate energy level scheme was proposed (Blasse et al. 1968) for the
electronic transitions in Eu?* by using strong field formalism to describe the 54
levels and the weak field formalism to describe the 4f orbitals. The ground state
of Eu** is S;), because of the 4f” electronic configuration. In the configuration
454", one electron occupies a 5d orbital which is split into two orbital sets,
t,g and e,, by a cubic crystal field. Thus the energy terms are 2E, and *T5, in
full cubic symmetry.

In the group of divalent RE luminescence centers Eu?* is the most well
known in minerals. It shows a 5d-4f emission, which varies usually from UV
to blue. The host lattice dependence of the emission color of the Eu?* is mainly
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Fig.5.9. Energy levels scheme of Eu**

connected with covalence (the nephelauxetic effect), which will reduce the
energy difference between the 4f and 5d configurations, crystal field splitting
of the 5d configuration and the Stokes shift (Blasse and Grabmaier 1994).
Nevertheless, in certain cases anomalous luminescence may be possible,
identification of which may be based on the following aspects: an abnormally
large Stokes shift and width of the emission band; a wavelength of emission
that is not consistent with the wavelength anticipated from the properties of the
compound; an anomalous decay time and thermal behavior (Dorenbos 2003).
Suchluminescence may be red, for example at 600 nm in BaF,, with a decay time
of about 600-800 ns. This is due to the fact that the emitting level contains spin
octets and sextets, whereas the ground state level is an octet, so that the optical
transition rate is slower because of spin selection rule (Dorenbos et al. 2003).

5.2.5.1
Apatite

5.2.5.1.1

Eu2+

Divalent europium is detected in apatite as a shoulder of Ce** luminescence
when studied by steady-state spectroscopy (Tarashchan and Marfunin 1969;
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Gorobets 1968). The reason is that Eu?* and Ce®' emit in the same spec-
tral range, but the Eu concentration in all investigated samples is very low
compared to that of Ce. Besides that, since the 5d-4f transitions in Ce®* is
parity allowed and spin selection is not appropriate, the emission transition
is a fully allowed one and luminescence intensity is very strong. Thus Ce>*
makes Eu?* luminescence detection hardly possible (Fig. 4.1a). However, be-
cause Eu?* has a much longer decay time, time-resolved spectroscopy enables
the isolation of the Eu** luminescence in pure form. After a delay of 500 ns
and with a gate width of 500 ns, the short-lived luminescence of Ce3tis already
quenched and the long-lived luminescence of other trivalent RE and Mn?" is
not detected yet. At such conditions the blue, relatively narrow band peaking
at 450 nm appears with an intermediate decay time of ~ 400 ns (Fig. 4.1b).
Such an emission band is known in natural and in synthetic artificially acti-
vated apatite and is connected with Eu?*. On excitation with UV, two types of
lowest excited states are possible, namely °Pj (f-f) or 4f®5d (f-d), depending
on the host matrix. The nature of Eu?t emission, namely either an intra-
configurational (f-f) line or inter-configurational (f — d) band emission in
a given host, is mainly decided by the effect of the ligand field on the Eu**
energy levels. In the apatite case, the anions constituted by the PO}~ network
produce a strong nephelauxetic effect and hence the 4f°5d level is the lowest
excited state, leading to band emission. It was found that in calcium fluor-
apatite there is only one emission band. The emission maximum dependence
on the halogen type confirms that this band can be assigned to the Ca(II) sites
(Kottaisamy et al. 1994).

5.2.5.1.2

Eu3+

After a delay of several ps, the luminescence of Eu?* is already very weak, and
narrow long-lived lines of trivalent RE dominate in the spectrum. The lines
at 589, 617, 651, and 695 nm (Fig. 4.1c) have never been detected in natural
apatite by steady-state spectroscopy. According to their spectral position they
may be ascribed to Eu®*, but they are different from known lines in synthetic
apatites activated by Eu (Jagannathan and Kottaosamy 1995; Morozov et al.
1970; Piriou et al. 1987; Piriou et al. 2001; Voronko et al. 1991). In order to
clarify this problem we studied artificially activated samples by laser-induced
time-resolved luminescence spectroscopy.

Fluorapatite activated by Eu in air and in vacuum has been studied (Gaft
etal. 1997b). Two main centers appear after activation in air both characterized
by the abnormal relative intensity of the ° Dy~ Fy transition at 574 and 579 nm.
Activation in a vacuum leads to prominent changes. New lines at 590, 618 and
700 nm appear which dominate at Aexy = 384 nm (Fig. 5.10).

Thus different luminescence takes place after activation in air and in vac-
uum. As was already mentioned, in the apatite structure Cas(PO4)sF there
are two types of Ca site: Ca(I) with C3 symmetry and Ca(II) with C; sym-
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Fig.5.10. a-d Laser-induced luminescence and excitation spectra of synthetic apatite artifi-
cially activated by Eu in vacuum (a) and in air (b)

metry. The >Do-’Fy transition has been reported to exist in cases where the
site symmetry allows an electric dipole process: Cs, C;, Cpy. This is consistent
with the conclusion that the centers with the main line at 574 nm belongs to
the Ca(II) site with Cs symmetry, while the asymmetry of the crystal field is
lower for the center with the main line at 618 nm. The ratio between >Dg-
’Fo and °Dy-"F, which are forced electric dipoles to °>Do-’F; which is mag-
netic dipole tells us about the symmetry of the site in which Eu’* is situated
(Blasse and Grabmaier 1994; Reisfeld 1973). In fluor-apatite activated in air
the ratio is higher meaning a lower symmetry Ca(II) site, while in natural
fluorapatite or a synthetic one activated in a vacuum the ratio is lower indi-
cating a high symmetry Ca(I) site. The decay of the corresponding transitions
is longer for the center with the main line at 618 nm indicating the higher
symmetry.

The excitation spectra of the line at 573 nm after activation in air and the
line at 618 nm after activation in a vacuum are totally different (Fig. 5.10). The
excitation bands of the line at 618 nm have the higher energies. They are con-
nected with a charge transfer which occurs by an electron jumping from one of
the highest filled molecular orbitals of the ligand to the partly filled shell of the
central atom (Reisfeld 1973). The higher energy of the charge transfer bands
indicates the larger Eu*-0?" distance corresponding to the Ca(I) position. For
the samples activated in a vacuum by Eu and Na it was indeed found that Eu>*
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luminescence in the higher symmetry Ca(I) position is the only one and corre-
sponds exactly to Eu>* luminescence in natural fluorapatite (Gaft et al. 1997b).
Under laser excitation, Eu®*(I) is especially prominent under Aey = 266 nm
and it is the main form of Eu®* in natural apatites. Extremely rare, 337 and
355 nm excitations lead to the appearance of the new lines at 574, 623, 630 and
711 nm (Fig. 4.1d), which are similar to those received as a result of activation
in air. Thus they are connected with Eu®* in the low symmetry Ca(II) site.
Because of the lower symmetry its luminescence has a relatively short decay
time and is more prominent in the spectrum with a narrower gate width. This
center is especially strong at liquid nitrogen temperature where the prominent
>Dy-’Fy line at 574 nm can bee seen, unhidden by Dy>* luminescence.

5.2.5.2
Fluorite CaF,

5.2.5.2.1

Eu2+

The luminescence center of divalent europium in fluorite is well known (Haber-
land et al. 1934; Tarashchan 1978; Krasilschikova et al. 1986; Barbin et al. 1996).
It is clearly seen in laser-induced time-resolved luminescence spectra with
a decay time of 600-800ns (Fig. 4.10a). In several samples the band with
a spectrum similar to those of Eu?* has a very long decay time and remains
even after a delay of several ms. Principally it may be connected with energy
migration from a UV emitting center with along decay time, for example, Gd**.

5.2.5.2.2

Eu3+

The luminescence of Eu® has not been detected in natural samples using
steady-state spectroscopy, because it is obscured by the strong emission band
of Eu?* and other centers. Because the decay time of Eu?* is in the range of
600-800 ns, it is already quenched after a delay of 10 us and only the long-
lived luminescence of RE** is detected. Two groups of lines appear which
may be ascribed to Eu*. The first is especially strong under excitation of
266 nm with the main line at 573 nm (Fig. 4.10b). The second type is also
especially strong under excitation of 266 nm with the main lines at 595, 622,
645 and 700 nm (Fig. 4.10c). Two types of RE luminescence centers are well
known in synthetic artificially activated fluorite (Stepanov and Feofilov 1956).
Eu®* may be located in the CaF, lattice in several non-equivalent positions
with cubical, tetragonal, trigonal and rhombic symmetries. Decay times of the
first group of luminescence lines are extremely long, possibly indicating high
symmetry cubic symmetry. Another group of Eu>* lines with a shorter decay
time is connected with a Eu* site of lower symmetry in the fluorite lattice.
The Eu®* line at 574 nm belongs to the >Dy-’F, transition which exists only
in cases where the site symmetry allows an electric dipole process: Cs, Cy, Cyy
(Reisfeld 1973).
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5.2.5.3
Zircon

Time-resolved luminescence spectroscopy of zircon revealed luminescence
lines, which may be confidentially ascribed to a Eu>* center (Fig. 4.38d). Usually
they are hidden by a broad band yellow emission of zircon and may be detected
only with along delay time using its much longer decay time compared to yellow
luminescence.

In order to interpret those lines detected time-resolved luminescence of
synthetic ZrSiO4 activated by Eu was studied (Gaft et al. 2000c) (Fig. 5.11).
Time-resolved luminescence spectroscopy enabled us to detect at least two
Eu®* centers with different decay times: a main line at 616 nm and much
weaker lines at 593 and 702 nm with a relatively short decay time, and main
lines at 596 and 707 nm and a weaker line at 616 nm with a long decay time.
The shorter decay and the higher ratio of forced electric dipole >Dy-"F, to
magnetic dipole >Dy-’F transition indicate the lower local symmetry of the
Eu-I center as it is normally observed. The relatively high intensity of the
>Dy-’F, transition in Eu-I may be connected with the absence of inversion
symmetry on the site. This is consistent with the behavior of hypersensitive
transitions with |[AJ| = 2 (Blasse and Grabmaier 1994). In the Eu-II center the
magnetic dipole transition >Dy-’F; is dominant indicating a higher symmetry
site. The determined difference in the excitation into charge transfer spectra
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Fig.5.11. Laser-induced time-resolved luminescence spectra of synthetic zircon artificially
activated by Eu (a, b) and excitation spectra of different Eu3* centers (c, d)
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of the two emissions at 596 and 616 nm confirms the existence of two sites
with different symmetry, one associated mainly with a single charge transfer
band at 205 nm, another associated with two charge transfer bands at 207 and
268 nm. Charge transfer occurs by electron jumping from one of the highest
filled molecular orbitals of the ligand to the partly filled shell of the central
atom. The higher energy of the charge transfer bands indicates the larger Eu>* -
0%~ distance. The line at 596 nm belongs to the Eu-II center, which has only
one type of the oxygen sites in coordination polyhedron having the highest
symmetry and the longest decay of up to 1.8 ms. The line at 616 nm belongs to
the Eu-I center, which has a big difference between the largest and the shortest
Eu-O distances having the lowest symmetry and the shortest decay of 125 ps.

Zircon belongs to the tetragonal system and is a positive uniaxial. The typical
form shows the {111} and the {110} planes. The two orientations selected for
luminescence polarization study were the (110) plane, parallel to the basal
section and the [100] row. In such cases the axis perpendicular to the (110)
plane will be called X. The orientation notation is made according to the so-
called Porto notation (Porto et al. 1956). The X;(ZX;,)X; orientation means
that the laser light entered parallel to the X; axis of the crystal and is polarized
in the Z direction, while the emission is collected along the X; axis with X,
polarization. By polarization spectroscopy with a high spectral resolution (less
then 0.1 nm) six lines are observed for the > Dy-’ F; transition of the Eu-II center
instead of the maximum three allowed for an unique site (Fig. 5.12). In Z(XX)Z
geometry which corresponds to observation of o-polarized luminescence we
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see a relatively strong °>Do~’F; line. It may be explained by a splitting scheme
where >Dy-’F, transition has four lines with o-polarization while the other
three are forbidden both as electric and magnetic dipole transitions (Dicke
1968). In such cases the *Dy-’F; transition has two lines at 596 and 598 nm
with 7-polarization and one line at 597 nm with o-polarization. The °Dy-"F,
transition has four pure resolved lines at 708 nm with o-polarization and three
pure resolved lines at 701 nm with 7m-polarization while other lines are very
weak. It is confirmed by observation in Y(ZZ)Y geometry which corresponds
to observation of m-polarized luminescence where we see the strongest line
at 597 nm in the °Dy-’F; transition and at 707 nm in the >Dy-’F4 transition,
while the >Dy-’F, transition is practically absent. It is important to note that the
>Do-” F, transition is the strongest one in such cases, which is first observed for
Eu’* luminescence. In the case of a Y(XX)Y geometry which also corresponds
to observation of o-polarized luminescence we see the three strongest lines of
the °Dy-"F; transition at 591, 592 and 593 nm and much weaker lines of the
°>Dy-’F, transition at 614 and 627 nm and of the > Dy’ F, transition at 707 nm.

Thus at least three Eu®* centers take place in zircon, which have been char-
acterized in Table 5.1 by the main transitions, polarizations and decay times of
each emitted level. These centers may be reasonably connected with Zr** cation
substitution within a tetragonal ZrSiO4 structure with space group I4;/amd

Table 5.1. Different Eu>* luminescence centers in artificially activated zircon

Center A (nm) I 7 (ps) Transition
polarization
Eu®*-I 587, 593 20 125 >Do-"F,
616, 630 100 125 >Dy-"F,
653 5 125 >Dy-"F3
702 10 125 >Do-"Fy
Eut-II 596, 598 15 1,600 ’Do-"F; T
597 15 1,600 >Do-"F; o
614, 628 10 1,600 Do-"F,  ©
653 1 1,600 ’Do-"F3  ©
701 100 1,600 >Do-"Fy o
708 100 1,600 >Do-"Fy ™
Eu®*-1II 591, 593 100 1,800 >Do-"F, i
592 100 1,800 >Do-"F, o
614, 628 5 1,800 Do-"F,  ©
653 1 1,800 ’Do-"F3  ©
701 10 1,800 >Do-"Fy o

707 10 1,800 5Dy-"Fy4 ™
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for two main reasons: the ionic radius of Eu* is 0.99 A while of Zr** is 0.79 A
compared with 0.42 A of Si**, and in addition, the eight oxygen atoms coor-
dinated to the Zr** cation, instead of four for Si**, which corresponds to the
usual one for the Eu®* ion. In fact the ZrSiO4 unit cell contains four ZrOg
groups, which are equivalent in the sense that they have the same geometry
but different orientation. The possible reason for several Eu>* centers could be
the association with local charge compensation by way of electron-hole cen-
ters. The following schemes may be considered: i) Substitution of Eu** -Zr**
leads to the formation of the hole center on the oxygen, as in the case of the
substitution Y>* -Zr** when O~ center SiO;~ forms (Marfunin 1979b); ii) Zr**
centers are known in zircon at the expense of an adjacent oxygen vacancy or
an interstitial alkali metal ion (Marfunin 1979a). It may be substituted by Eu**
for two reasons: the ionic radius of Zr** has to be between 0.79 A for Zr** and
0.109 A for Zr*, so even closer to the radius of Eu®*, and in addition, it has the
same charge.

5254
Baddeleyite

Luminescence of Eu** has not been detected in natural samples yet, but is
well studied in artificially activated ZrO, (Gutzov et al. 1998; Gedanken et al.
2000; Reisfeld et al. 2000). The main emission occurs between the >Dy level
to the ’F; multiplet with a decay time of approximately 0.5 ms (Fig. 5.13). The
luminescence intensity is relatively weak, but may be substantially increased by
co-doping with nanoparticles of semiconductors, such as CdS. The origin of the
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intensification could be explained by the following reasoning. CdS nanopar-
ticles have intensive absorption bands, while the formation of electron-hole
pairs is not followed by radiation at room temperature. The energy from non-
radiative recombination can be transferred to the high lying energy levels of the
Eu®*. These excited levels once again non-radiatively decay to the long-lived
>Dy level. Such a mechanism will increase the population of the emitting level,
but not their emission probability to the ground level, which was confirmed
by the unchanged decay time of Eu’*.

5.2.5.5
Scheelite

Figures 5.14a,b represent luminescence spectra of scheelite enriched by Eu.
Luminescence of Eu** is well known in steady-state spectra of scheelite (Tarash-
chan 1978; Gorobets and Kudrina 1980). In time-resolved spectroscopy its
relative intensity is stronger after a long delay time, which is explained by the
longest decay time of Eu®" in scheelite compared to other REE.

The possible luminescence of Eu?* in scheelite is a very interesting prob-
lem. It was not detected by steady-state luminescence spectroscopy. The pos-
sible reason is that the very strong intrinsic luminescence of scheelite is sit-
uated in the same spectral range, which covers the weaker emission of Eu?*.
We tried to solve this problem by the time-resolved method using differ-
ent decay times for intrinsic and Eu?* bands. Time-resolved spectroscopy
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Fig.5.14. a-d Laser-induced time-resolved luminescence spectra of scheelite with elevated
concentration of Eu (a, b) and synthetic scheelite artificially activated by Eu (c, d)
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of synthetic CaWO4:Eu (Fig. 5.14c,d) revealed the blue band peaking in the
same spectral region, but with a narrower bandwidth compared to intrinsic
scheelite emission. Thus it may be supposed, that the blue emission consists
of several luminescence bands and the participation of Eu?* is principally
possible.

5.2.5.6
Barite and Anhydrite

The spectral-kinetic parameters of the narrow band at 375 nm enable its con-
fident identification as Eu** luminescence, which is confirmed by emission
of synthetic BaSOy artificially activated by Eu (Fig. 5.15a). Such emission was
also detected and interpreted by steady-state spectroscopy (Tarashchan 1978).
It is interesting to note that very often such a band is absent in natural barite
and appears only after heating in air at 600-700 °C (Fig. 4.31b). Such a trans-
formation is reversible, at least partly. Under X-ray excitation the intensity of
the UV band diminishes, and a new blue-green emission appears (Fig. 5.16).
This shows some kind of transformation, which takes place in the barite lattice
under these conditions. Several possibilities exist. It is possible that in barite
the luminescence is quenched by the components with high-energy phonons.
The water and organic matter may represent the latter. They are removed after
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Fig.5.15. a-d Laser-induced time-resolved luminescence spectra of Ba(Sr)SO4:Eu
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Fig.5.16. Laser-induced luminescence I
of barite: 1 - after heating at 600 °C
while violet luminescence of evi-
dently Eu?* appears; 2 - after X-ray
irradiation of the heated sample
where blue shoulder appears, suppos-
edly connected with Eu* (Gaft and
Rudenkova 1993)
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heating and luminescence becomes visible. Another possibility is that barite
accommodates RE in concentrated adsorbed form, which is not suitable for
detection by luminescence due to concentration quenching. As a result of high
temperature heating, thermal diffusion of Eu in the lattice takes place with
resulting luminescence. The isomorphic substitution in Eu** form is easy be-
cause its ionic radius (139 pm) is close to that of Ba?* and Sr’* (Gaft and
Rudenkova 1993).

The other model is also principally possible. Europium initially enters the
barite lattice as Eu*, which oxidizes to Eu?* at 700°C. The relatively small
difference between the Ba** and the Eu™ ionic radii (1.5 and 1.7 A) makes
this substitution possible. The luminescence of Eu* was still not observed in
minerals, butis known in luminofors (Gorobets et al. 1968). Eu* has 6s! electron
configuration and the mostly probable are electric-dipole electron transitions
6s'-6p!, taking place between uneven ’S; °Sy and even 7P 3 4 °Ps, 4 5 terms.
It usually generates the broadband luminescence in the UV-green part of the
spectrum.

Luminescence of trivalent Eu was not detected in natural barite yet, but the
possible emission may be seen on artificially activated BaSOy (Fig. 5.15). The Sr
addition generates the appearance of an additional Eu** luminescence center
compared with BaSOy4. The luminescence of Eu** and Eu?* is well known in
anhydrite (Tarashchan 1978; Gaft et al. 1985; Baumer et al. 1997). They are also
found in time-resolved spectra under excitation at 266 nm (Fig. 4.17).

5.2.5.7
Calcite

Steady-state luminescence of Eu** was found in CL spectra (Haberman et al.
1996). Figure 4.13c represents laser-induced time-resolved luminescence of

calcite under 266 nm. Luminescence lines of Eu** are seen. Hypersensitive
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>Dy-"F, (618 nm) emission dominates Eu** luminescence, showing local co-
ordination without inversion symmetry. Another type of Eu®* is characterized
by a strong > Do-’ Fy line at 575 nm.

5.2.5.8
Danburite and Datolite

The narrow band at 437 nm with a decay time of 650 ns in the danburite
luminescence spectrum belongs to Eu?* luminescence (Fig. 4.15a), which was
also detected by steady-state spectroscopy (Gaft et al. 1979). Besides that,
under 308 nm excitation narrow lines appear at 580, 592, 611, 618, 655 and
692 nm (Fig. 4.15¢) with a long decay time, which confidently may be ascribed
to Eu®*. Under 266 nm excitation another group of lines appear with the main
line at 575 nm connected with a different type of Eu* (Fig. 4.15d).

The narrow band at 455nm with a decay time of 750 ns in the datolite
luminescence spectrum belongs to Eu?* luminescence (Fig. 4.16b), which was
also detected by steady-state spectroscopy (Gaft et al. 1979). Besides that,
narrow lines appear in the orange part of the spectrum with the main one at
610 nm (Fig. 4.16¢) with a long decay time, which confidently may be ascribed
to Eu®*.

5.2.5.9
Pyromorphite

Figure 4.26 demonstrates the time-resolved luminescence of pyromorphite
under 355 and 266 nm laser excitations. Luminescence lines of Eu** are clearly
seen in both cases.

5.2.5.10
Feldspars

Most of the natural alkali feldspars and plagioclases rarely contain more than
a few ppm of Eu and its emission is often very difficult to detect, especially
when superposed by strong emission of other activators. In natural samples
the blue-violet Eu** activated luminescence is known by steady-state spec-
troscopy (Haberland and Koéhler 1939; Moroshkin et al. 1987). Time-resolved
spectroscopy enables us to detect separate narrow luminescence bands with
decay times in the range of 600-800 ns, which confidently may be ascribed to
Eu?* (Fig. 4.44). In our study its emission maximum was changed from 403 nm
in labrador to 410 nm in plagioclase. It has to be mentioned that very often, ad-
ditional blue bands are detected, but with much longer decay times, which may
be mistakenly interpreted as Eu?* in steady-state spectra. Eu** luminescence
was first detected in feldspars by laser-induced time-resolved spectroscopy. It
was excited by green laser light at 532 nm and is characterized by the narrow
lines at 614 and 624 nm (Fig. 4.45c) with a long decay time of 550 s.
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5.2.5.11
Charoite

The narrow band near 410 nm in the time-resolved luminescence spectra of
charoite (Fig. 4.22) is connected with Eu?* luminescence.

5.2.5.12
Titanite

Based on similar behavior under different excitations, decay times and syn-
chronous change of intensities in different samples, we detected two groups of
lines in titanite luminescence spectra, which are evidently connected with Eudt
emission (Fig. 4.33). The first group contains the lines at 574, 589, 613, 620,
657, 662,700 and 706 nm, while the second group the lines at 578, 590, 598, 608,
620, 649, 658,701, 705 and 711 nm (Gaft et al. 2003b). All lines have long decay
times of approximately 840 ps. Transition >Dy-’Fy presents in both centers,
which exists only in cases where the site symmetry allows an electric dipole
process (Reisfeld 1973). The most probable substitution for Eu’* in titanite
structure is instead of Ca?* with corresponding charge compensation. The
relative intensities of magnetic dipole transition °>Do-’F; and electric dipole
transition > Dy-’F,, together with strong >Dy-’F, transition in titanite is very
similar to Eu>* emission in low symmetry sites in apatite structure, where Ca?*
has seven nearest neighbors, six oxygens and one fluor. Thus Eu®* in titanite
may substitute for seven-fold coordinated Ca** where F initially substitutes
one of the oxygen atoms. In such case charge compensation may be achieved
by opposite substitution of F~ by 0%~

5.2.5.13
Zoisite

Narrow band peaking at 440 nm with decay time of approximately 1 ps is
evidently connected with Eu* center substituting for Ca** (Fig. 4.59d).

5.2.5.14
Leucophane

Luminescence of Eu** and Eu>" has been found in the X-ray excited lumines-
cence spectra of synthetic leucophane activated by Eu (Prokofiev et al. 1982;
Fig. 5.17), while in natural samples only Eu?* was detected. Laser-induced time
resolved luminescence under 532 nm excitation enables us to detect clear lines
of Eu?* with the strongest >Dy-’F, electron transition at 573 nm (Fig. 4.25).



160 Interpretation of Luminescence Centers

500 600 A, nm

Fig.5.17. Steady-state X-ray excited luminescence of artificial leucophane activated by Eu
(a-2% and b-0.5% Eu, 03 in blend, respectively) (Prokofiev et al. 1982)

5.2.6
Gd3+

In all minerals the gadolinium luminescence spectra are completely located
in the UV part of the spectrum and consist of several lines at 310-315 nm,
corresponding to transition ®P;,-2S;,. The main line is characterized by
a long decay time and is especially prominent in the spectra with a long
delay. Gd>* is known as a good sensitizer of the other rare-earth ions lumi-
nescence. It is detected in spectra of fluorite (Fig. 4.12a), zircon (Fig. 4.38h),
anhydrite (Fig. 4.17a), and hardystonite (Fig. 4.20b).

5.2.7
Tb3+

Luminescence spectra consisting of many lines due to °D;-’F; transitions are
observed for Tb>*. The intensity of the emissions from D3 decreases with
increasing Tb®>* concentration due to cross-relaxation. Among the emission
lines from the Dy state, the >D4~"F5 emission line at approximately 550 nm
is the strongest in nearly all host crystals when the Tb3* concentration is
high. The reason is that this transition has the largest probability for both
electric-dipole and magnetic-dipole induced transitions. The Tb** emission
has a broad excitation band in the region from 220 to 300 nm originating
from the 4f8-4f75d! transition. The intensity ratio of the emission from >D;
to that from °D4 depends not only on the Tb concentration, but also on
the host material. Two additional factors have to be considered in order to
determine the possible ratio of °Dj to Dy intensity. One is the maximum
energy of phonons that causes phonon-induced relaxation. If the maximum

phonon energy is large, the ratio of >Dj to Dy intensity becomes small. The

other factor is the energy position of the 4f75d" level relative to 4f levels,
which can be discussed in terms of the configurational coordinate model. If

the minimum of the 4f”5d" is low in energy and the Franc-Condon shift is
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large, there is a possibility that an electron excited to the 4f”5d' level can
relax directly to the Dy, bypassing the >Ds and thus producing only °Dj
luminescence.

In order to enable correct identification of Tb* lines in minerals several of
them were synthesized and artificially activated by Pr (Fig. 5.18). Besides that,
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Fig.5.18. a—f Laser-induced time-resolved luminescence spectra of synthetic zircon, apatite
and scheelite artificially activated by Tb
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comparison has been made with CL spectra of synthetic minerals artificially
activated by Tb (Blank et al. 2000).

5.2.7.1
Apatite

Usually the strongest lines at 380, 414 and 436nm of *Ds-’F; transitions
(Fig. 4.2d) are known in natural apatite, which represent Tb>* lumines-
cence in the Ca(I) position. The intensity of the 545nm line (°D4-’F,) of
Tb3* is strongest in red apatite, as compared to the others (Fig. 4.1c). Evi-
dently in this case Tb3* is in the Ca(II) site. The abnormal intensity is not
connected with unusually high Tb concentration (Table 4.4), but with lower
symmetry of this site. Simultaneous activation by Tb and Eu (Fig. 5.18e,f)
demonstrates that blue emission lines of Tb>* have shorter decay times com-
pared with green ones in accordance with different symmetries of Ca(I) and
Ca(II) sites.

5.2.7.2
Scheelite

In Tb>* the luminescent lines are connected with electron transitions from dif-
ferent excited levels: °Dj and ®Dy. The lines at 436 and 414 nm have 7 = 375 ps
while the lines at 546 and 489 nm are characterized by a very long 7 = 2.4 ms.
In the time-resolved spectra of natural samples with 337 nm excitations,
the previously hidden lines at 416 and 439 nm enable sure identification of
Tb3* (Fig. 4.9e,f).

5.2.7.3
Anhydrite, Feldspars, Fluorite, Hardystonite, Zircon, Zoisite

The strongest lines of emission of Tb>* in these minerals are in the UV-violet
part of the spectrum at (Figs. 4.17d, 4.45a, 4.10c, 4.20c, 4.38a,4.59¢).

Dy3:+

Dysprosium activated minerals have luminescence in the visible part of the
spectrum. The spectra of Dy>* in minerals are mainly characterized by nar-
row lines near 480 and 575 nm, accompanied by the weaker ones near 660
and 752nm corresponding to transitions from level *F3, to the levels of
multiplets ®H; and °F; (Tarashchan 1978). Consequently, the spectra are not
changed with delay time and excitation energy and all luminescence lines of
Dy>" are characterized by decay time. The best excitation at 350 nm is con-
nected with 4f-4f 6H15/2—4G7/2 transition. Such luminescence is detected in
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apatite (Fig. 4.1c), scheelite (Fig. 4.9¢), zircon (Fig. 4.38a) where they usually
dominate in the spectrum, anhydrite (Fig. 4.17c), calcite (Fig. 4.13d), hardys-
tonite (Fig. 4.20¢), zoisite (Fig. 4.59b), and feldspars (Fig. 4.45b). Several types
of Dy>* centers may be discerned in time-resolved luminescence spectra of
fluorite. The main bands are at 477 and 573 nm (Fig. 4.11). Under certain exci-
tation and registration conditions it may be seen that narrow lines at 588, 673
and 765 nm appear (Fig. 4.12b), which are typical for Dy>* in cubic symmetry
(Tarashchan 1978).

5.2.9
Er3+

The main feature is the green emission corresponding to transitions from state
453/2 to the ground state 4 5/2- At the same time, an intense luminescence may
be detected at 1.5 pm, which is caused by resonance transitions 413/2 -4n 5/2- The
presence of green luminescence indicates that the de-activation of the high level
accompanied by IR emission is not complete, but it results in a relatively short
decay time of Er** green emission. Thus the luminescence of Er®* is easier to
detect in time-resolved spectra with a narrow gate. In order for correct identifi-
cation of Er** lines in minerals several of them were synthesized and artificially
activated by Er (Fig. 5.19) . Besides that, comparison has been made with CL
spectra of synthetic minerals artificially activated by Er (Blank et al. 2000).
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Fig.5.19. a-d Laser-induced time-resolved (a, d) and steady-state (b, ¢) luminescence spectra
of synthetic zircon and scheelite artificially activated by Er
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5.2.9.1
Apatite

A relatively rare strong line appears in the luminescence spectrum of apatite
near 544 nm (Fig. 4.2c). Spectrally it is similar to the line of Tb>*, but it is
characterized by a much shorter decay time and its intensity is not correlated
with other lines of Tb>*. By analogy with other hosts it is known that Er’*
and Ho®* may generate luminescence in this spectral region. Artificial fluor-
apatite activated by Er exhibits green and IR luminescence near 550 and 1,500-
1,600 nm, respectively (Morozov et al. 1990). Cathodoluminescence spectra of
artificial chlor-apatites activated by Er and Ho demonstrate green lines for
both cases (Blank et al. 2000). We investigated Er and Ho activated chlor-
apatite samples under argon laser excitation with A = 488 nm and it was found
that both Er and Ho are characterized by luminescence lines at 545 nm, but
for Ho the strong lines present near 650—660 nm were not detected in natural
fluor-apatites. IR luminescence allows detection of the band at 1,540 nm the
intensity of which is correlated with the intensity of the lines at 545 nm (Gaft
et al. 1997a). Thus the luminescence of Er’** present in natural fluor-apatite
corresponds to 453/2—4115/2 (545) and 4113/2—41 15/2 (1,540) electron transitions.

5.2.9.2
Scheelite

The lines of Er** are difficult to point out because they have short decay times,
which are comparable with the decay of broad band luminescence of scheelite
at the same spectral region. Using a dye laser with 357 nm emission solved this
problem. It is effective for Er’* but not suitable for the excitation of the WOy-
center (Fig. 4.8c). These lines of Er3* are most clearly seen with a narrower
gate width when the luminescence of short-lived centers dominates. Investiga-
tion of the time-resolved luminescence of synthetic CaWO4:Er confirmed our
interpretation (Fig. 5.19).

5.2.9.3
Zircon

Luminescence of Er’* in the emission spectra of zircon is very difficult to detect
under UV excitation even by time-resolved spectroscopy. The reason is that it
has a relatively short decay time similar to those of zircon yellow luminescence,
which usually is much stronger than Er** lines. Visible excitation, which is not
effective for broad band luminescence, allows the revealing of Er3* lumines-
cence lines, using high-resolution steady-state spectroscopy (Fig. 4.38f).

5.2.9.4
Titanite

Three emission lines at 563, 853 and 978 nm (Figs. 4.33, 4.34) demonstrate
correlated behavior and are evidently connected with one emission center. Such
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an emission is characteristic for Er**. The main feature of Er** luminescence
in titanite is connected with the 453/2 excited state. It is responsible for green
emission at approximately 550-560 nm corresponding to 483/2 -4 5/2 transition
and for near IR emission at 850 nm corresponding to 453/2—419/2 transition.
The other important state is the *I 11/2> which is upper level for the 4 11/2—4115/2
transition at about 980 nm.

5.2.10
Ho3+

Holmium activated minerals display green luminescence from a resonant tran-
sition from state S, to the ground state °I3. Because Ho3* has luminescent
lines connected with electron transitions from the same excited level, the spec-
tra are not changed with delay time and excitation energy. The high intensity
of the green luminescence indicates that the de-activation of the high level
>S, accompanied by IR emission from the °I level is not complete, but it re-
sults in the relatively short decay time of the Ho®>* green emission. Thus the
luminescence of Ho®" is better to detect in narrow gate time-resolved spectra.

In order to enable correct identification of Ho>* lines in minerals several of
them were synthesized and artificially activated by Ho (Fig. 5.20). Besides that,
comparison has been made with CL spectra of synthetic minerals artificially
activated by Ho (Blank et al. 2000). Luminescence of Ho3* was detected in time-
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Fig.5.20. a-d Laser-induced time-resolved luminescence spectra of synthetic zircon and
scheelite artificially activated by Ho and Tm
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resolved luminescence spectra of scheelite (Fig. 4.8d), fluorite (Fig. 4.12¢c), and
zircon (Fig. 4.38f).

5.2.11
Tm3+

Thulium displays in minerals an intense UV and blue visible luminescence with
a line spectrum near 360 and 450 nm, correspondingly. They are connected
with electron transitions from different excited levels ! D, and 1D, at 360-365
and 450-455 nm. The luminescence of Tm** is more easily detected in time-
resolved spectra with a narrow gate, because it usually has a relatively short
decay time. The UV line usually has a much shorter decay time compared with
the blue line. Different decay times from these levels are evidently connected
with nonradiative relaxation due to the presence ofhigh frequency vibrations in
‘ghe lalttice. The best excitation is at 355 nm, which is connected with transition
He-'D,.

In order to enable correct identification of Tm®* lines in minerals several of
them were synthesized and artificially activated by Tm (Fig. 5.20). Besides that,
comparison has been made with CL spectra of synthetic minerals artificially
activated by Tm (Gruber et al. 1997; Blank et al. 2000).

The luminescence of Tm>* was detected in apatite (Fig. 4.2c,d), scheel-
ite (Fig. 4.8d), fluorite (Fig. 4.11a,b), zircon (Fig. 4.38 h), anhydrite (Fig. 4.17¢),
calcite (Fig. 4.13d), and hardystonite (Fig. 4.20c).

Titanite has rather unusual luminescence of Tm3* (Gaft et al. 2003b). The
lines near 800 nm are very characteristic for its luminescence spectra under
different excitations (Fig. 4.34). It is interesting to note that the lines at 796, 806
and 820 nm present also in optical absorption spectra of titanite (Fig. 5.21).
Such absorption lines are usually ascribed to electron transitions to the 4F5/2

level of Nd*. Thus in such cases it is logical to suppose that the emission lines
at 800 nm have to be correlated with other Nd** luminescence, for example
with IR emission from the 4F3/2 level. Nevertheless, this is not the case. For
example, with 1y = 488 nm excitation the lines at 800 nm are absent, while
the IR emission of Nd** is very strong. The same situation is present in the
ionoluminescence spectrum, where the lines near 800 nm are absent and the
luminescence of Nd** presents (Yang 1995). Thus it is possible to suppose that
the lines near 800 nm with a relatively short decay time of 60 ps belong to
another luminescence center.

A possible candidate may be Tm3*. For example, the doublets at 803 and
817 nm and at 796 and 813 nm are the strongest ones in cathodoluminescence
spectra of fluorite and scheelite activated by Tm3* (Blank et al. 2000). It is
possible to suppose that the strong lines at 805 and 820 nm with a relatively
short decay time of 60 ps in the titanite luminescence spectrum belong to
Tm>*. They appear under 532 nm excitation and are evidently connected with
the 1 G4—3Fj electron transition. Similar emission of Tm3* was also detected in
the time-resolved luminescence spectra of leucophane (Fig. 4.25).
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Fig.5.21. Absorption spectrum of titanite
5.2.12
Yb3+, Yb2+

IR luminescence of Yb3* in minerals has been detected in steady-state lumines-
cence of fluorite (Tarashchan 1978) and zircon (Gaft et al. 1986). Time-resolved
luminescence spectra of apatite (Fig. 4.3b) and scheelite (Fig. 4.8a) also exhibit
such emission. Emission lines in natural apatite are very similar to those in
Yb** doped artificial apatite (DeLoach et al. 1994). The excitation of Yb3* is
strongly affected by energy transfer from Nd ions, because the direct excita-
tion of Yb>* is difficult, since it requires a comparatively short-wavelength UV
radiation.

The luminescence of Yb?* in the near UV and visible is due to 4f'4-4f135d
transitions. The energy level scheme of the 4f!*5d configuration of Yb?* in
crystals is complicated due to the simultaneous action of the crystal field and
spin-orbit coupling on the free ion states. The lowest energetic excited states,
arising from the 3P, free ion level, have 3T, and *E, symmetry. About 2,000~
3,000 cm™! above these levels there are 3T;, levels from the 3Hs state. Only
transitions between the ground state (*Ay¢) and states with Ty, symmetry are
symmetry allowed.

It was found that, in the sequence: sulfates, phosphates, borates, silicates,
aluminates, and simple oxides the probability of observing normal df emission
decreases and the probability of observing anomalous emission or no emission
at all increases. Normal df emission is only observed in the sulfates MSO4
(M=Ca, Sr, Ba) and in the condensed borate SrB4O;. Anomalous emission
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occurs in several phosphates and a few silicates, but not in the aluminates or
CaO. In aluminates and simple oxides, even down to 4K, no broad band Yb%*
emission has been reported. Most compounds for which normal df emission
is observed contain large halogen ions. Anomalous emission is much more
frequently observed when the small Yb2* is the dopant than when Eu?* is the
dopant and normal df emission is never observed for Yb?" on trivalent cation
sites and always observed for Yb2* on monovalent cation sites (Dorenbos 2003).

In minerals, luminescence of Yb?* was found in the steady-state low tem-
perature luminescence spectra of fluorite (Tarashchan 1978), danburite and
datolite (Gaft and Gorobets 1979; Fig. 5.22). It is characterized by a broad band
in the green part of the spectrum. The strong thermal quenching of Yb?* is con-
nected with its very small Stokes shift. It may be expected to find luminescence
of Yb?* in low temperature luminescence spectra of natural sulfates, because
UV luminescence was detected in synthetic CaSOy4, SrSO4 and BaSOy artifi-
cially activated by Yb?*. The corresponding decay time was several ms at 20 K
and the luminescence was quenched at approximately 200 K (Lizzo et al. 1994).

Fig.5.22. Luminescence and
excitation spectra of Yb?*
in danburite and datolite
(Gaft and Gorobets 1979)

l ]
560 600A, nm

53
Transition Metal Elements

Transition metal ions have an incompletely filled d-shell, i.e. their electron
configuration is d". The optically active electrons are thus bound to central
potential as well as experiencing crystal field potential, and are not shielded
by outer electrons. Most transition metal ions are multi-valent. Mainly the
number of 3d electrons and the crystal field determine their optical properties.
Thus the groups below have similar optical behavior:
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Configu- 3d' 3d> 34 3d* 3d° 3d5 3d 34 38 340
ration
Ions Cu’* Cu*
Ni3+ Niz+
Co2+
Co3+
Fe3* Felt
Mn®* Mn’* Mn** Mn?** Mn?* Mn*
Ccrt cr*t cr*t ¢t crt
vat oyt oyt
Ti3+ Ti2+

5.3.1
3d> Elements

The elements with such an electronic configuration known as luminescent
centers are Cr’*, Mn** and V2*. They are capable of substituting in a wide
variety of metal oxide host systems. They are invariably oxygen-coordinated
with six nearest neighbors, and may be in a pure octahedral or a distorted
octahedral symmetry site. These luminescent centers exists in a d° configura-
tion (Fig. 5.23), and the electronic repulsion, which results from placing three
electrons in the same set of d-orbitals yields several states identified as “free
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Fig.5.23. Tanabe-Sugano diagram for d* elements
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ion” energy levels. The placement of such ions in a crystal lattice produces
a further splitting of the free ion levels. The exact energy spacing between
the energy levels is therefore determined by the strength of the crystal field
experienced by the luminescent center. Since different crystal field strengths
are anticipated for each mineral host into which Cr** can be placed, it may
be concluded that the luminescence may be a reliable indicator of the mineral
structures properties.

The most important free ion states are *F ground level and excited 2H level.
In an octahedral field, the *F level splits into the A, ground state and the
excited 4T, and T states. The spin allowed transitions that could therefore
be used to populate the excited states directly correspond to A, — *T, and
4A, — *T). Mostly Cr** appears in minerals as a trace constituent substituting
for AI’* in six-fold coordination. As such, the larger Cr** ion is placed in a site
with small metal-ligand distances and where the crystal field is large, typically
1,650-1,750 cm™!. As may be seen in Fig. 5.24, if the crystal field is sufficiently
strong to make the doublet state the lowest energy excited state, there will
be a red luminescence. Because the doublet state belongs to the same orbital
configuration as the ground state, the Stokes shift and Condon offset will be
small. As a result, the line width of emission is narrow and a considerable
amount of phonon fine structure is observed even at room temperature. Such
a transition is forbidden by symmetry and spin selection rules and the decay
time is usually very long. Although the narrow line emission is essentially
independent of the crystal field and thus of site size and symmetry, the energy
of the double levels does depend on Racah parameters B and C, which are
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Fig.5.24. Energy levels scheme of Cr** in different crystal fields
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dependent on the covalency of the metal-ligand bond and thus there is some
variability in the line emission from mineral to mineral.

At weaker crystal fields, a strong broad band quartet-quartet 4T, — “A,
transition appears, which is only symmetry forbidden and has a much shorter
decay time. Within the intermediate crystal field there is a complicating mixing
between doublet and quartet states with complicated spectra, non-radiative
transfer and the temperature dependence of luminescence. It was suggested,
that spin-orbit interaction, coupling 2E and *T, states, was responsible for
breaking of the selection rule forbidding the 2E-*A, transition. The admixture
of the 4T, wave function into the 2E wave function, which depends on the
doublet-quartet energy separation, determines the radiative lifetime of the
doublet, which, therefore, may change significantly with crystal field.

It has been empirically known that the energies of the lowest excited state of
octahedrally coordinated 3d> metals increase in the order V?* < Cr3* < Mn**.
This tendency has been considered to originate from the difference in cova-
lency, which reduced two-electron repulsion between the electrons occupy-
ing 3d orbitals. Recently this question was considered using first-principles
electronic-structure calculation (Ishii et al. 2002). It was found the tendency
was that the 3d levels went toward lower energy as the atomic number increased.
The effective ligand field splitting increased as the atomic number increased.
Distance dependent multiplet-energy diagrams for these elements have been
obtained (Fig. 5.25). It is similar to traditional Tanabe-Sugano diagram, but
is different in that they are specific to every metal. The ground state is *A,q
and excited states concerning spin-allowed transition are expressed as broken
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Fig.5.25. Distance-dependent multiplet-energy diagram for Mn**, Cr** and V2" (Ishii et al.
2002)
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lines, while the states concerning spin-forbidden transitions are expressed as
solid lines. It is clearly seen that the 2E, and *T,, states of these centers in
octahedral coordination are located close to each other indicating a possible
dependence of the shape of emission on the M-O distance.

5.3.1.1
cr3+

Cr®* is a very important ion because it is widely used in lasers (Reisfeld and
Jorgensen 1977; Fabeni et al. 1991; Kaminskii 1996). The active ion lasers
are based on the notion that a transition or rare-earth metal can be doped
into inactive matrix, thus yielding isolated species where the metastable states
are less prone to nonradiative decay. Some of the desired physical properties
of matrices for active ion lasers are: hardness, low temperature dependent
refractive index, high thermal conductivity and high transparencies. However,
before it is possible to measure the above physical quantities, the crystal must
be synthesized, and thus the matrix must fulfill some chemical requirements.
Some of them are: that the matrix should melt congruently, that there should
only be one ion in one geometry which has the same size as the dopant
ion, that the diffusion rate of the dopant should be high in order to obtain
a homogenous crystal, and that the material should form large single crystal
without defects. These qualities are all found in natural gemstones, that is
why materials like sapphire, garnet, alexandrite, etc. are used in many laser
systems. Thus luminescence of Cr>* in minerals may yield extremely important
information and was carefully investigated, where studied minerals include
corundum, spinel, kyanite, topaz, beryl, emerald, diopside, spodumen and
jadeite. Nevertheless, strongly different decay times of different transitions
in Cr’* centers make time-resolved spectroscopy useful for a much better
understanding of Cr** luminescence in minerals.

5.3.1.1.1

Topaz

Steady-state luminescence of topaz has been studied by Tarashchan (1978). At
77 K narrow lines at 680, 696, 712 and 730 nm have been ascribed to single Cr**
(R-lines) and Cr3+-pairs (N-lines). We studied two transparent, four yellow
and one orange natural topaz. The two transparent precious stones have not
been subjected to destructive chemical analyses. In other samples their Cr, Mn
and V concentrations have been measured by ICP-AS method (Table 4.17). The
absorption spectrum typical for Cr** has been detected only in red topaz with
the highest Cr content of 500 ppm. The spectrum clearly revealed two broad
bands typical of the octahedrally coordinated Cr3* (Gaft et al. 2003a). The
bands centered at 418 and 533 nm evidently correspond to the spin-allowed
*Azg — *Tygand Ay, — 4Ty, transitions, respectively. The peak attributed to
the spin-forbidden Ay, — 2E, transition is located near 685 nm, while other
very weak lines at 696 and 712 nm are also present.
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Luminescence spectra at 300 K of all topaz samples contain strong narrow
lines at approximately 680 and 684 nm and a weaker line at 695 nm together
with a relatively broad band (half-width of 1,100 cm™!) peaking near 680 nm.
In the purest form such luminescence was detected in precious transparent
topaz (Ural) where other luminescence lines are not detected (Fig. 4.48a).
The temporal behavior of the lines and the band in time-resolved spectra is
somewhat different, where the band has a shorter decay and dominates in the
spectra with a narrow gate starting from 100 ps. Nevertheless, the difference
between decay times of the lines and the band is substantially less compared to
the sites with strong and low crystal fields. Such behavior may be explained by
Cr** in intermediate crystal field sites for which the crystal field parameters lie
in the crossing region of the *T, and E states. Within the intermediate crystal
field there is a complicating mixing between doublet and quartet states with
complicated spectra, non-radiative transfer and the temperature dependence
of luminescence. In such a case emission from both 4T, and 2E states may be
expected. At 300 K the lower 2E state acts as an energy reservoir for the * T, state
and thermal activation enables it to emit from both levels. Because the 4T, and
2 states are in thermal equilibrium emission from both levels should occur
with similar decay. At 77 K the thermal activation is impossible and the broad
band at 680 nm disappears (Gaft et al. 2003a). Besides that, the R; narrow line
at 680 nm is quenched at 20 K, which indicates thermal equilibrium at 300 K
between the populations of the two Kramers doublets of the 2E, crystal-field
split state. At 300 K decay time of the R-line at 684 nm is changed from 160 to
270 ps in different samples, while at 20 K with the absence of phonon-electron
interaction its exponential decay of approximately 2.4 ms is the same in all
samples and becomes suitable for this spin-forbidden transition.

The time-resolved spectra of topaz samples with elevated Cr contents, start-
ing from 180 ppm, contain additional luminescence lines with different exci-
tation and temporal behaviors. Luminescence spectra at 300K of red topaz
under Aex = 266 nm contains only lines and band typical for single Cr** lumi-
nescence. Under A¢x = 355 nm the lines at 697, 711 and 734 nm appear, while
their intensities in the spectra with the narrower gates are higher compared
with the lines at 684 nm, which may be explained by their shorter decay times
(Figs. 4.48b,c). It is well known that with the increase in Cr** concentration,
additional luminescence lines begin to appear at the longer wavelength side of
the R-lines. Those lines are attributed to magnetically coupled Cr** -Cr** pairs
and clusters. The shorter decay time compared with single Cr** luminescence
and the strongest luminescence under 355 nm excitation, which is exactly twice
of the energy of the line at 711 nm, are also compatible with the pairs model.

5.3.1.1.2

Kyanite and Sillimanite

Steady-state luminescent properties of kyanite at room temperature are charac-
terized by two narrow lines of Cr>* at 688 nm and at 706 nm as well as by a broad
band centered at 780 nm (Tarashchan 1978; Votyakov et al. 1993 ; Platonov et al.
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1998). Kyanite evidently was the first mineral investigated by time-resolved lu-
minescence technique (Wojtowicz, 1991). It was found that Cr3* can substitute
for any one of the four nearly octahedral Al sites with the average metal-ligand
distance of about 1.91 A. Three different emissions have been identified, orig-
inating from three different sites, while the fourth position is non-emitting.
It was found that the strongly changing doublet-quartet coupling in differ-
ent sites of kyanite manifests itself in doublet radiative lifetimes spanning the
range of 100-3,000 ps.

Our results are rather similar to those of Wojtowicz (1991). Two narrow
lines at 689 and 706 nm with long and slightly different decay times together
with broad bands at 750 and 790 nm with short decay times characterized time
resolved spectra of kyanite at 300 K (Fig. 4.46). Those data clearly indicate that
we have emissions coming from the Cr®* in three different sites: site A with
a strong crystal field - doublet R-lines at 689 and 706 nm, site B with a weak
crystal field - quartet broad band at 750 nm accompanied by only one doublet
R-line at 704 nm which may be detected only at low temperatures, and site C
with a weak crystal field - quartet broad band at 790 nm.

Very unusual properties have been found in luminescence of Cr** in sil-
limanite (Wojtowicz and Lempicki 1988). It is characterized by broadband
luminescence peaking at about 790 nm (Fig. 4.47).

5.3.1.1.3

Wollastonite

Spectra with narrow gates where the centers with a short decay time are
emphasized enables us to detect broad bands at 794 nm with a decay time
of 5ps and broad band at 840 nm with a decay time of 190 ps (Fig. 4.42).
These bands may be ascribed to Cr3* luminescence centers, in addition to Cr3*
with narrow R-lines at 720 nm, detected by steady-state spectroscopy (Min’ko
et al. 1978). Wollastonite structure has three different types of six-coordinated
calcium-oxygen groups, which enables the formation of several types of Cr**
luminescence centers. Nevertheless, luminescence of Cr3* as result of CaZ*
substitution has not been confidently found yet and another interpretation is
also possible. For example, ions of V2 may be considered, which have similar
luminescence properties with Cr>* and may substitute in Ca2* sites.

5.3.1.1.4

Corundum

Chromium activated ruby was the first laser material and its luminescence
properties are carefully studied. It is a classical example of Cr’* in octahedral
crystal field. Here Cr>* substitutes the AI>* ions, while such a possibility can
be rationalized by an excellent chemical fit of Cr in place of Al. Ruby is a high
crystal field material and thus the *T, state lies above the 2E, level. Pumping
is accomplished by a spin-allowed transition into the T state, while emission
occurs from the 2E level without vibrational broadening and almost all excited
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states can be converted into laser action. Both 2E and %A, states are split due
to the trigonal crystal field and spin-orbit coupling. The splitting of the E
excited state is the reason for the 1.4 nm wavelength difference between the
R; and R, lines. The splitting of the *A; ground state is much less intensive
and accounts for splitting of the R; line into two lines less than 0.02 nm apart,
which is only observed in low temperature measurements. The two main Cr>*
lines are well known for their marked frequency shift with increasing pressure
(Mao et al. 1986).

Time-resolved spectra demonstrate a doublet of R-lines with a very long
decay time of several ms, accompanied by sidebands and N-lines (Fig. 4.50).

5.3.1.1.5

Emerald

Emerald, Cr** doped beryl, has a beryl structure with the Cr>* impurity ions
in highly distorted octahedron sites. The discovery of lasing action in emerald
stimulated investigation of its luminescence properties. It was established that
its tuning range is approximately 730-810 nm, while luminescence consists of
anarrow line at 684 nm and a band peaking at 715 nm with similar decay times
of 62 ps. The relative intensities of those line and band are different in o- and
m-polarized spectra (Fabeni et al. 1991).

Laser-induced time-resolved luminescence spectra of natural emeralds also
demonstrate R-lines of Cr’* at 680 and 684 nm accompanied by a narrow
band peaking at 715nm, which have similar decay times of approximately
55 ps (Fig. 4.53).

5.3.1.1.6
Garnet
Garnet activated by trivalent Cr’* is a promising system for tunable laser
applications and those systems have been well studied. Cr>* replaces AI**
in octahedral sites with a weak crystal field. The transition involved in laser
action is *T,-*A;, a vibrationally broadened band. At room temperature it
has a maximum in the 715-825nm range with a decay time in the 100-
250 ps range depending on AE between the 2E and “T, levels. When the AE is
maximal, narrow lines also appear from the 2E level. At low temperatures, when
thermal activation of the *T), level is difficult, R-lines luminescence becomes
dominant with the main line at 687 nm (Monteil at al. 1988). We studied pyrope
artificially activated by Cr and also found the two emission types described
above (Fig. 5.26).

Laser-induced time-resolved luminescence spectra of natural garnet demon-
strate broad red bands with a relatively short decay time which may be ascribed
to Cr** emission in a weak crystal field (Fig. 4.56a).
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5.3.1.1.7
Alexandrite

Alexandrite, the common name for Cr-doped chrysoberyl, is a laser material
capable of continuously tunable laser output in the 700-800 nm region. It was
established that alexandrite is an intermediate crystal field matrix, thus the
non-phonon emitting 2E state is coupled to the T, relaxed state and behaves
as a storage level for the latter. The laser-emitted light is strongly polarized due
to its biaxial structure and is characterized by a decay time of 260 ps (Fabeni
et al. 1991; Schepler 1984; Suchoki et al. 2002). Two pairs of sharp R-lines
are detected connected with Cr®* in two different structural positions: the
first near 680 nm with a decay time of approximately 330 ps is connected with
mirror site fluorescence and the second at 690 nm with a much longer decay of
approximately 44 ms is connected with inversion symmetry sites (Powell et al.
1985). The group of narrow lines between 640 and 660 nm was connected with
an anti-Stokes vibronic sideband of the mirror site fluorescence.

Laser-induced time-resolved luminescence spectra of natural alexandrite
revealed two narrow doublets, the first at 679 and 680 and the second at 693
and 694 (Fig. 4.54). They have strongly different polarizations and decay times
and evidently may be connected with R-lines of Cr** in two different structural
sites. Besides that a narrow line at 690 nm with a decay time of 120 ps is also
found, which also may be connected with Cr3* emission.
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5.3.1.1.8

Boehmite, Diaspor

Time-resolved luminescence spectra of diaspor samples are demonstrated in
Fig. 4.62 (Shoval et al. 2003). Two narrow lines at 694 and 692 nm, accompanied
by a line at 690 nm and phonon repetitions at 707 and 714 nm characterize the
time-resolved luminescence spectra of this sample After along delay of several
ms the relative intensity of the line at 692 nm becomes stronger, the evident
reason is that this line has a longer decay time compared to the line at 694 nm.
After heating at 900 °C, the spectra are pronouncedly changed. Now they con-
tained a relatively broad line at 692 nm and a broad band peaking at 780 nm,
which dominates the spectra with a narrow gate (Figs. 4.62c,d). Such behavior
evidences that the broad band has very short decay time compared with the line
at 692 nm. After heating at 1,000 °C, the spectra contain again two narrow lines
at 694 and 692 nm in the time-resolved luminescence spectra (Figs. 4.62¢,f).
However, the lines are strong and their relative intensities in time-resolved
spectra are not changed which evidence that they have similar decay times.
It is clear that the luminescence of natural diaspor is connected with Cr** in
a strong crystal field position. The lines in the luminescence spectra of dias-
pore treated at 900 °C are related to Cr*>* luminescence in the meta-phase. The
broad asymmetric line peaking at 692 nm with a long decay time is evidently
connected with inhomogeneously broadened R-lines of Cr** luminescence in
octahedral sites with a strong crystal field and a very disordered environment.
The broad band peaking at 780 nm with a much shorter decay time is attributed
to Cr’* luminescence in the weaker crystal fields, where a strong broadband
quartet-quartet T, — *A; transition appears, which is only symmetry for-
bidden. These spectral types are similar to those of Al,O3 powders heated
to temperatures from 400 to 1,000 °C (Pilonett et al. 2000). The lines in the
luminescence spectra of diaspore treated at 1,000 °C are related to Cr>* lumi-
nescence in corundum. These lines are typical for the 2E — *A, transitions of
Cr?* luminescence centers (R-lines) of Cr-corundum (ruby), which are char-
acteristic for Cr’* luminescence, which is substituting for AI** in octahedral
symmetry. Both lines are long-lived and have the same decay times.

A narrow line at 692 nm with a very long decay time accompanied by
phonon repetitions characterizes the time-resolved luminescence spectra of
boehmite (Fig. 4.63). After heating at 900 °C, this emission remains but an ad-
ditional broad band appears peaking at 725 nm with a short decay time, which
dominates the spectrum with a narrow gate. After heating at 1,000 °C, lines
at 683, 686 and 690 nm accompanied by lines at 692 and 694 nm are observed
in the steady-state luminescence spectra. These two groups of lines appear
with different decay times time-resolved luminescence spectra: at 683, 686 and
690 nm with a longer decay time and at 694 and 692 nm with a shorter decay
time. Luminescence of natural boehmite is connected with Cr’* in a strong
crystal field position. The lines in the luminescence spectra of diaspore treated
at 900 °C are related to Cr** luminescence in the meta-phase. The broad band
peaking at 725 nm with a short decay time is evidently connected with Cr**
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luminescence in a weak crystal field site. The lines at 683, 686 and 690 nm in
the luminescence spectra of boehmite treated at 1,000 °C are related to cr3t
luminescence in Al-spinel. The other lines at 692 and 694 nm are connected
with the presence of corundum. Durville et al. (1985) related the splitting and
the inhomogeneous broadening of the 2E level in the spectra of Mg-spinel
formed during heating of magneso-alumino silicate glass to wide distribution
of the Cr3* sites in the microcrystallites. They related the wide distribution to
the well-known disordered distribution of Mg?* and AI** in the Mg-spinel.

5.3.1.1.9
Zircon
Luminescence of Cr** was firstly detected in synthesized ZrSiOy artificially
activated by Cr (Gaft et al. 2000b). This host has been chosen, first of all, by the
presence of tetrahedrally coordinated Si**, which has been assumed to accept
Cr** in silicate crystals without any charge compensation. A second reason is
the presence of Zr** in triangular dodecahedron with four close oxygen atoms
arranged according to a distorted tetrahedron. It was proposed that Cr** could
replace either Si** or Zr** and the interpretation of absorption spectra led to
the hypothesis of a replacement of Si** with Cr** (Beletti et al. 1995).
Luminescence spectra of ZrSiOy4: Cr at different temperatures under Aex =
532 nm demonstrate narrow lines and broad bands in the red-IR range. Cr>*
ions can be easily detected by a distinct 2E-A, transition (R-line) at 694 nm
(Fig.5.27b). It appears above 150 K whereas at lower temperatures only *T,-*A,
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broadband emissions can be seen peaking at 775 nm. It indicates that the 4T,
level is lower than 2E and consequently the relatively low crystal field site sym-
metry takes place. The 2E excited level has the same decay time of 3-5 pis as the
broad band, which means that it is thermally occupied at temperatures higher
than 150 K. It is worth mentioning that the 4T,-%A, band at low temperature
demonstrates a vibrational structure indicating a tetragonally distorted excited
state (Blasse and Grabmaier 1994). Beside that, the R-line of Cr’** is strongly
polarized and is detected with experimental geometry, which corresponds to
observation of o-polarized luminescence only. Under these observations and
on the basic ideas that the ionic radius of Cr’* in octahedral coordination
(75.5pm) is close to those of Zr*" (73 pm), and that the Zr-O distances are
close to Cr-0 length in systems with Cr>*, we can assume the presence of Cr>*
in the place of the Zr** ion. Recently the emission of Cr** has been found in
a precious variety of natural zircon (Fig. 5.27a).

5.3.1.1.10

Titanite

The lines at 686 and 693 nm with a long decay time of approximately 1 ms
in the titanite emission spectrum are not correlated with any other lines and
bands (Fig. 4.34). Such lines are very typical for Cr** in a high field coor-
dination and may be connected with such a center. The broad luminescence
band appears peaking at 765, which may be ascribed to Cr** in a weak field
coordination. The band at 765 nm has distinct dips at 749, 762, 793, 798, 804
and 820 nm. Comparison with the titanite absorption spectrum (Fig. 5.19)
demonstrates that those lines exactly coincide with the absorption spectrum
of Nd>* (Bakhtin and Gorobets 1992). Cr** is a good energy sensitizer, because
ithasbroad, allowed absorption bands with a broad emission spectrum, which
overlaps the absorption bands of the lasing ion (Nd**, Ho").

Thus radiative energy transfer to Nd** may explain “negative” lines. Such an
emission-reabsorption type of the energy transfer implies emission of light by
a single ion and its absorption and emission by the other ion. Both ions should
be activators and have sufficiently strong absorption bands, while the lumi-
nescence emission band of one of them must be overlapped by the absorption
band of the other. Radiative energy transfer may increase the laser efficiency
of Nd** substantially. For example, amplification of the emission of Nd** as
a result of coating a laser rod by organic dye was about 50% (Eyal 1988).

The decay time of the Cr** band of approximately 150 ns is very short for
such emission. Radiative energy transfer may not explain it because in such
a case the decay curves of each of the ions are independent of the presence of
the other. Thus non-radiative energy transfer may also take part, probably via
multipolar or exchange interactions. In such cases the process of luminescence
is of an additive nature and the lifetime of the sensitizer from which the
energy is transferred is determined, apart from the probability of emission
and radiationless transitions, by the probability of the energy transfer to the
ion activator.
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The low concentrations of Cr and Nd in natural samples (200 and 555 ppm,
correspondingly) make it difficult to understand the strong energy transfer
between them. Thus it may be supposed that the distribution of donors and
acceptors are not random and that the presence of a dopant in a particular
site in the crystal will affect the probability of a second dopant (either iden-
tical or different) locating in nearby sites. It is a known situation in minerals
where exchange-connected impurity pairs explain many peculiarities of min-
eral colors (Bakhtin and Gorobets 1992). In order to explain pair formation
in laser materials the relative ionic radii of dopant and the host ion have been
considered (Rotman and Hartman 1988). For a dopant to enter a lattice site, it
is advantageous for the dopant to be approximately the same size as the host
ion it is replacing. Failure to do so may severely limit its degree of substitu-
tion. To lower a crystal strain, the two dopants, which are considerably smaller
and considerably larger than the ions they replace, have to collocate next to
each other and form preferential pairs with enhanced energy transfer. In the
titanite case such an approach is not working because ionic radii of Nd** and
Cr?* are practically similar to the ionic radii of Ca?* and Ti**, respectively.
In such a case the charge compensation consideration is evidently the most
important, namely Nd*>*+Cr** — Ca?*+Ti**. A similar model was also pro-
posed for titanite enriched by light rare-earth elements (up to 3.5 wt %). It was
concluded that the following mechanism of substitution was consistent with
compositional data: [LREE]**+[Fe3*]— Ca?*+Ti%".

A drastic change takes place in the luminescence spectrum of titanite at
low temperatures (Fig. 4.34d). At 77 K, Nd** luminescence intensity becomes
lower and a narrow line appears at 732 nm with a long decay time of 2.5 ms
accompanied by phonon repetitions. At an even lower temperature of 20 K
such emission totally dominates the luminescence spectrum. Such behavior
may be explained by Cr®* in intermediate crystal field sites for which the crys-
tal field parameters lie in the crossing region of the T, and 2E states. Within
the intermediate crystal field there is a complicating mixing between doublet
and quartet states with complicated spectra, non-radiative transfer and the
temperature dependence of luminescence. In such a case the emission from
both 4T, and 2E states may be expected. At 300 K the lower 2E state acts as an
energy reservoir for the 4T, state and thermal activation enables it to emit only
from the *T; level. At lower temperatures the thermal activation is impossible
and the 2E level becomes luminescent. It is worth noting, that the energy of the
2E — %A, bandwidth is rather low; at least in known minerals luminescence
the spectral position of this so-called R-line is variable from 677 to 705 nm
(Tarashchan 1978). Additionally, in LiSc(WO,):Cr crystals the 2E — %A, tran-
sition in high field Cr®* sites is situated near 760 nm (Grinberg et al. 2002) and
778 nm in BaCaTiO3-Cr crystals (Jastrabik et al. 2002). The energy of the 2E
level in the @ electron system, according to Tanabe-Sugano theory, increases
a little with an increase of the strength of the crystal field. The high-pressure
low-temperature Cr’* luminescence experiments show, contrary to the predic-
tion of the Tanabe-Sugano theory, that the energy of the 2E level of Cr** ions
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decreases slightly with an increase of the crystal field strength (Suchoki et al.
2002). It was explained by the nephelauxetic effect, i.e. decrease of interelec-
tronic crystal field Racah’s repulsion parameters B and C due to covalency of
bonds between the central ion and ligands. Thus the red shift in Cr’* lumines-
cence may be attributed to greater covalency in titanite structure. Thus two
different Cr3™ sites are detected in titanite structure in strong, and intermedi-
ate field sites. The energy transfer to Nd** evidently takes place only as a result
of allowed broad *T, emission, because any long time tail in Nd** decay is
absent as expected if transfer will come from strong crystal field sites.

5.3.1.1.11

Spinel

An identification of the nature of Cr** luminescence in synthetic spinel by the
line narrowing technique enabled to distinguish up to 25 different Cr’* sites
(Deren et al. 1996). Laser-induced time-resolved spectroscopy enables us to
see typical for spinel emission of Cr**, while the different broadness of the
spectral lines at different time windows demonstrates that different Cr>* sites
are present also in natural spinel (Fig. 4.51).

5.3.1.1.12

Fluorite

Luminescence of Cr>* was not found in natural fluorite, but such emission has
been found in fluoride hosts, including CaF,, artificially activated by Cr (Payne
et al. 1988). It was found that despite a big difference in ionic radii of Ca?*
and Cr3* the last one forms the luminescence center, which is characterized at
low temperature by a broad emission band peaking at approximately 920 nm.

5.3.1.2
Cr3*-pairs

The most well known is the Cr*>* -pair in ruby with elevated Cr contents (Powell
1967). The satellite lines appear in absorption and luminescence spectra, which
were interpreted by exchange pair coupling theory. Theoretical calculations
based on the DV-ME method were made for the first and fourth nearest neigh-
bor ion pairs (Ishii et al. 1999). The resulting scheme of ground and excited
states correspond well to experimental data. The calculated results demonstrate
that the first and fourth nearest neighbor ion pairs are anti-ferromagnetically
and ferromagnetically coupled, respectively.

5.3.1.3
Mn4+

In artificial phosphors the luminescence bands due to Mn** exist from 620
to 715nm. The spectrum has a structure consisting of several broad lines
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originating from transitions aided by lattice vibrations. Because the crystal
field at the higher charged Mn** ion is stronger than for Cr** (Fig. 5.23), the
emission is most probably connected with the 2E-*A, transition, but in many
cases the origin of the emitting and ground states is doubtful (Buttler 1966;
McNicol and Pott 1973; Stade et al. 1974; Bryknar et al. 2000).

5.3.1.3.1
Topaz
Time-resolved luminescence spectra of red topaz under A¢x = 532 nm excita-
tion are different from those under 355 nm excitation (Gaft et al. 2003a). The
relative intensities of thelines at 697 and 711 nm are higher as in the spectra with
narrower gates, and in the spectra with longer delays (Fig. 4.48d-f). The evident
reason is that two different transitions with strongly different decay times take
place both at 697 and 711 nm. At 20 K both those lines remain and the presence
of at least two decay components for the line at 711 nm is evident (Fig. 5.28).
The intensity of those “long lived” components is not correlated with Cr con-
centration. They are especially strong in the yellow sample with only 60 ppm
of Cr, and even in transparent precious topaz, which was not analyzed for Cr,
but evidently its content is low. In both samples the short-lived lines connected
with Cr-pairs are absent, which may be seen in the spectrum with a narrow gate.
Such luminescence may not be connected with Cr>* pairs because of their
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Fig.5.28. a-d Laser-induced time-resolved luminescence spectra of topaz at different tem-
peratures demonstrating different decays of Cr>* and possibly Mn** centers
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longer decay time compared with single Cr*. Principally it may be connected
with the following: energy migration from a long-lived center on single Cr>*
centers; a single Cr’* in a strong field position, luminescence center different
from Cr>*. To clarify this, we studied the influence of thermal treatment of topaz
on its luminescence properties. After heating the yellow topaz with 180 ppm
of Cr at the relatively low temperature of 200 °C, the yellow color disappears
and the sample becomes transparent. The intensity of the line at 711 nm with
a long decay strongly diminishes, which is clearly seen in the spectrum with
long delay, while the line at 711 nm with a short decay remains (Fig. 5.29).
Such behavior evidently excludes the possibility of single Cr’* luminescence,
because the trivalent state of Cr is the most stable in the topaz structure and
oxidation at such low temperature is improbable.

From the other side, such a result enables us to consider the possible par-
ticipation of other & elements, such as Mn**, while such valence states are
not stable and can appear and disappear as a result of irradiation and thermal
treatment. Unfortunately, the sensitivity of Mn to the ICP-MS method is rel-
atively low and it is confidently detected only in the red topaz. However, Mn
was detected in several topaz samples, while it is not correlated with Mn2*,
found by EPR and another valence state was supposed (Schott et al. 2003).
The ionic radius of Mn*" of 0.67 A is practically equal to the ionic radius of
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AP* (0.675 A). Thus from crystallochemical positions the presence of Mn** in
topaz structure is quite possible. Strong absorption bands due to Mn** corre-
sponding to the spin-allowed transitions to T levels in the visible to near-UV
region generate the yellow color of the phosphors, which corresponds to the
yellow color of topaz. Thus we propose that a connection may be considered
between the long-lived lines at 697 and 711 nm and Mn** centers, which may
be formed as a result of natural irradiation of topaz.

5.3.1.3.2

Garnet

The luminescence of Mn** in GGG at room temperature is characterized by
anarrow band peaking at approximately 680 nm. At low temperatures the spec-
tra consist of relatively sharp lines at 663 and 668 nm, which are related to two
different sites for manganese ions, named A and B. The decay time of Mn*t at
the B site is much shorter compared to the A site, namely approximately 450 s
and 1,300 ps at low temperatures, correspondingly. At high temperatures de-
cay times are much shorter and exhibit several-exponential behaviors (Brenier
et al. 1992). The laser-induced time-resolved luminescence spectra of natural
Mn-containing garnet (spessartite) revealed narrow lines at 606, 627, 694 and
707 nm on the background of the broad band peaking at 690 nm (Fig. 4.56).
Such an emission may be preliminary ascribed to Mn** centers.

5.3.1.3.3

Eosphorite

Detected narrow red lines have been connected with Cr** (Fig. 4.60), but the
sample contains 19.45wt % of Mn and less than 5 ppm of Cr and it may be
supposed that Mn** centers also participate in emission.

5.3.1.3.4

Beryl

The radio-luminescence of transition metal doped natural beryl has been stud-
ied (Chithambo et al. 1995). It was found that Mn containing samples gave in-
tense red radio-luminescence with sharp emission lines, while the Mn activated
beryl (morganite) emission is more than twice as bright as that from emerald.
Such luminescence has been ascribed to Mn>*, but it may be supposed that
such emission is connected with Mn** luminescence. The laser-induced time-
resolved luminescence spectra of natural morganite revealed a band peaking
at 730 nm, which may be preliminary ascribed to the Mn** center (Fig. 4.52).

5.3.1.3.5

Corundum

Mn** sharp-line fluorescence at 672 and 676 nm in artificial Al,03;-Mn**
(Fig. 5.30) are known (Geschwind et al. 1962; Fergusson 1970), but such emis-
sion has not been detected in natural corundum yet.
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Fig.5.30. a,b Luminescence of Al,03:Mn** (Fergusson 1970)

5.3.1.3.6

Chrysoberyl

The broad band peaking at 660 nm with a decay time of 10 ps accompanied by
several narrow lines with the strongest one at 664 nm, which are characterized
by a longer decay time (Fig. 4.55) can be preliminary ascribed to Mn** centers.

5.3.1.3.7

Benitoite

Under 355 and 532 nm excitations at 300 K the certain benitoite samples exhibit
red band peaking at 720 nm with half-width of ~ 125nm accompanied by
narrow line at 680 nm (Fig. 4.35c). Time resolved spectroscopy with different
decays and gates revealed that both band and line behave in a similar way,
namely they have similar decay time of ~ 170 ps. It may be supposed that band
and line belong to the same luminescence center. The broad band disappears at
low temperatures. The line is much stronger at lower temperatures, where two
additional weak lines appear at 695 and 702 nm. Decay time at low temperature
is very long reaching r = 1.1 ms (Gaft et al. 2004b).

Combination of broad emission band and narrow line is typical for elements
with d3 electronic configuration, such as Cr**, Mn** and V?*. Manganese par-
ticipation is supported by chemical analyses of benitoite, where chromium was
never mentioned as micro-impurity, while Mn is known with concentrations
changing from 0.03 to 0.11% (Laurs et al. 1997). Such concentrations are quite
enough for luminescence generation. Substitution in Mn?*form substituting
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for Ba?* is doubtful because of the great difference in ionic radii, thus Mn**
form is possible.

5.3.14
V2+

Divalent vanadium belongs to 3d° ions and is isoelectronic with Cr**. Hence all
energy levels and spectral characteristics are similar. The difference between
them lies in the lower crystal field strength for V2* in comparison with Cr’*.
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Fig.5.31. Luminescence of Al;03:V (Champagnon and Duval 1977)
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Luminescence of V2* isknown in Al,O3-V (Fig. 5.31a) where it is characterized
by linear luminescence from the 2E levels as in Cr’*, but shifted in the IR (855
and 856 nm) (Champagnon and Duval 1977).

5.3.1.4.1

Zoisite

As was already mentioned, the narrow lines at 692 and 710 nm in the lumi-
nescence spectrum of zoisite have been connected with d*> element emission,
while Cr** and V?* were considered as the possible candidates (Koziarsca et al.
1994). Laser-induced time-resolved luminescence spectra of zoisite reveal the
same lines (Fig. 4.59). We are inclined to connect these lines with V?2* for the
reason that vanadium concentration in our sample is much higher than the
chromium concentration.

5.3.1.4.2

Chrysoberyl

Luminescence similar to those in zoisite has been found in the laser-induced
time-resolved spectrum of chrysoberyl (Fig. 4.54d). A relatively broad band
accompanied by narrow lines at 698,703 and 717 nm with a decay time of 150 ps,
which are not connected with Cr’* emission, may be preliminary ascribed
to V2* luminescence.

5.3.1.4.3
Grossular
Similar luminescence is detected also in grossular (Fig. 4.57). As it was already
mentioned, the same emission has been found in the CL spectrum (Fig. 5.32)
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Fig.5.32. Cathodoluminescence spectra of hydrogrossular (Ponahlo 2000)
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of hydrogrossular (Ponahlo 2000). We think that its connection with V2* lu-
minescence may be supposed.

5.3.1.4.4

Beryl

The broad band peaking at 730 nm accompanied by a narrow doublet at 692 and
694 nm (Fig. 4.52) with a mutual decay time of 100 ps in the laser-induced time-
resolved luminescence spectrum of beryl is not similar to the Cr** emission
in emerald. Thus we suppose that such typical d°> emission may be connected
with the V2* center.

5.3.2
3d? Elements

The elements with such an electronic configuration known as luminescent
centers are Cr**, Mn>*, V3* and Ti?* (Fig. 5.33). Within this model, the ground
state is a spin triplet >A; (e electron configuration) and the first excited state
is the triplet 3T, (t!2¢! electron configuration). Above this state it is possible
to see the singlet 'E (3 electron configuration) roughly independent of the
crystal field strength and also another triplet state labeled > T;. It is the analogy
with the evolution of the two first T, and 2E energy levels of Cr** ion with
a crossing point (Scott et al. 1997).
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Fig.5.33. Tanabe-Sugano diagram for d* ions
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It has been empirically known that the energies of the lowest excited state
of tetrahedrally coordinated 3d* metals decrease in the order Cr** < Mn>*
< Feb*. As in the case of 3d° elements, this tendency has been considered
to originate from the difference in covalency, which reduced two-electron
repulsion between the electrons occupying 3d orbitals. Recently this question
was treated using first-principles electronic-structure calculation (Ishii et al.
2002). The same tendencies were found as for the 34> ions. Distance dependent
multiplet-energy diagrams for these elements have been obtained (Fig. 5.34),
which enable us to envisage the typical shapes of the possible emissions. As in
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the Tanabe-Sugano diagram, in the tetrahedrally coordinated 34? system, the
positions of the 1F state, corresponding to narrow line emission, and the 31,
state, corresponding to broad band emission, are responsible for the shape of
the luminescence spectrum.

5.3.2.1
CI’4+

The tetravalent chromium has attracted great interest in recent literature
due to tenability over a large spectral range in both CW and pulsed op-
eration of the forsterite (Mg;Si;O4) laser. According to the energy levels
scheme (Fig. 5.33), 1E and 3T, states in a tetrahedral coordination of Cr**
are located close to each other. This means that the shapes of the emission
are sensitive to the M-O distances. In most cases of Crif, the lowest ex-
cited states have been considered as ®T, splitting under low symmetry, but
some crystal fields led to the 'E state as the lowest (Boulon 1997). Many
of the solid- state laser materials with Cr** possess both tetrahedrally and
octahedrally coordinated sites. Although the site for the dominant laser emis-
sion is the tetrahedrally coordinated one, the contribution of the octahedrally
coordinated site is not negligible. The 2E, and *T, states of Crl, will be
typically located in the energy region overlapping with the lowest states of
Crit (Fig. 5.34). Although the corresponding transitions are spin-forbidden
ones with weak intensities, some confusing structures could be created in the
near IR region.

Luminescence of Cr** has not been detected in minerals yet, but the first
candidates are evidently forsterite and apatite (Fig. 5.35).
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Fig.5.35. Laser-induced luminescence of artificial apatite activated by Cr**
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5.3.2.2
Mn5+

The experimental data recorded for Mn®* are consistent with the Tanabe-
Sugano diagram by assuming the higher crystal field compared to Cr*, which
leads to the higher energy of the emission with the occurrence of the singlet ! E
metastable state as a final state before emission and then longer a lifetime from
this level (Boulon 1987).

5.3.2.2.1

Magmatic Apatite

In the IR spectra of blue and green-blue magmatic apatites the strong narrow
band was detected (Fig. 4.3b). It was associated with tetrahedrally coordinated
Mn>* on the site of P>* (Gaft etal. 1997a). Such an interpretation was firstly pro-
posed by Kingsley et al. (1965) and confirmed by the study of artificial apatite
activated by Mn>* (Moncorge et al. 1994). According to the Tanabe-Sugano
diagram the ground state is a spin triplet >A, and the sequence of the energy
levels of Mn°* in natural apatite correspond to a strong field situation for which
the first excited state is a singlet ! E partially mixed with the higher >T; state.
The emitting state ! E gives two sharp lines at 1,149 and 1,160 nm as result of
splitting into two components. The situation in synthetic apatites corresponds
to a lower field in which the first excited state is the triplet >T, giving rise to
broader emission bands (Fig. 5.36). Even with the existence of strong mixing
between E and 3T, excited states, the different origin of the narrow and broad
bands is confirmed by their different decay times of 350 and 200 ps, respectively.

5.3.2.2.2

Sedimentary Apatite

Certain sedimentary apatites have a blue color after oxidizing heating at 700-
800 °C. It appears that before heating they are characterized by luminescence
of Mn?* while after heating luminescence of Mn>* appears. For example,
mastodon ivory, also called odontolite or bone turquoise is one of the most
fascinating imitations of turquoise mineral used in the Middles Ages as a semi-
precious stone. The understanding of the mysterious turquoise-blue color for-
mation induced by heat treatment in this material is the subject of much con-
fusion. Former studies demonstrated that its chemical and structural compo-
sition corresponds to fluorapatite. Laser-induced time-resolved luminescence
spectroscopy was used to determine the accommodation of the potential ele-
ments responsible for the color (Reinshe et al. 2001). It was proved that the color
of odontolite can be ascribed to Mn>* traces in the fluorapatite host matrix.
These manganese traces are situated on the tetrahedral phosphorussites. These
usually unstable cations are stabilized by the apatite host matrix. The character-
istic luminescence revealed that there is a thermal diffusion from Mn?* in the
calcium sites to the phosphorus sites accompanied by an oxidation into Mn®*,
which produces an intense blue color by an oxygen- Mn>* charge transfer.
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Fig.5.36. a-d Laser-induced luminescence of Mn>" in artificially activated (a-c) and natural
blue (d) apatite

Besides apatite, luminescence of Mn>* has been found in other phosphate
related minerals, such as triplite (Ajo etal. 1997). It was proposed that the lattice
distortion is smaller for the substituting Mn®* ion than for the structural P°*,
which explains the occurrence of Mn’* in several mineral phosphates, while
the oxidizing state V is unusual for Mn in aqueous solutions.

5.3.2.3
V3+

The energy levels diagram of V>* is similar to that of Cr**, though these ions are
not isoelectronic. Having a different number of electrons and hence different
multiplicity, these ions have the same orbital ground state (°F and *F) and
one more state with the same multiplicity (°*P and *P) that leads to the three
intense spin-allowed absorption bands with some weak narrow lines related
to spin-forbidden transitions.

Luminescence of V** in minerals was proposed in tsavorite where the broad-
band IR luminescence with a short decay time less than 1 ps was associated
with this center (Mazurak and Czaja 1996). The luminescent level has been
identified as a component of the 3B, (3T2g) energy level. At least two different
V3* sites are detected.
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Luminescence of V3* has been found in a-Al,O3 under argon laser excita-
tion at 514.5 nm, which consists of two narrow IR lines with the strongest one
at 1,026 nm, characterized by a decay time of 1.6 ps at 77 K (Champagnon and
Duval 1979).

Connection of V3* with 833 and 847 nm lines with long decay time in
luminescence spectrum of topaz (Fig. 5.29¢,f) is also possible (Gaft et al. 2003a).

5.3.24
Ti2+

Ti* can be stabilized in halide lattices with broad-band luminescence,
characterized by considerable thermal quenching. Thus the potential
minimum of the 3T, excited state lies below the 'E(T;) minimum and is
thus the emitting state. If Ti2* is forced into a very tight site, such as in
MgCl,, the crystal field gets larger and 1E(T,) becomes the emitting level
with sharp lines IR emission. Upon warming the ®T, state is gradually
populated and the sharp-line spectrum changes to a broad-band spectrum

and the luminescence lifetime drops by more than two orders of magnitude
(Giidel et al. 1997).

533
3d" Elements

The elements with such electronic configuration known as luminescent cen-
ters are Cr°>*, Mn®*, V4* and Ti** (Fig. 5.37). The 2E ground state has a single
unpaired electron occupying the m antibonding set of e-orbitals. In the first
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excited state this electron is promoted to the m and o antibonding set of
ty-orbitals, giving rise to the 2T, ligand-field excited state. The 2E-2T; tran-
sition usually appears as a weak broad absorption band in the near-infrared
region.

5.3.3.1
CI'5+

5.3.3.1.1
Zircon
IR luminescence detected in ZrSiO4-Cr has an excitation band peaking at
920 nm. Its luminescence spectrum at 300 K (Fig. 5.38) is characterized by
a relatively unresolved broad band peaking at 1,200 nm. It is very similar to
Cr** luminescence in silicates, especially in forsterite except for a very short
decay time shorter than the time resolution of our detection system about
200 ns. It is not suitable for Cr** with a much longer decay in the ps range
(Boulon 1997). Luminescence at lower temperatures is much more intensive
and spectra are characterized by several strong narrow lines with very short
decay which appear already at 100 K. Once again, it is rather unusual for Cr**.
Luminescence spectra at low temperature, together with very short decay
times are rather characteristic for Cr>* luminescence, which was not known
until recently, and which is especially similar to the luminescence of CrO3~
doped YPO4 with zircon structure (Brunold et al. 1997). At 15 K it also consists
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of several narrow lines with a very short decay time of less than 20 ns. Thus
we proposed the assignment of the luminescence spectrum to 2E-2T; allowed
electric dipole transition or, more precisely, to 2B;-2A; components of Dy,
symmetry in distorted tetrahedral SiOj~ groups (Gaft et al. 2000b). The origin
of the spectrum in ZrSiOy4: Cr is situated at 8,881.00 cm™! and built upon it
progressions in two modes, v; = 170—180cm™! and v, = 440—445cm™! are
observed. The last one is the same as in Cr>* doped YPO,4 where it has been
connected with the O-Cr-O bending mode (Hazenkamp and Gudel 1996).
Nevertheless, IR and Raman spectra of pure zircon contain this band and thus
it may be a lattice mode also. From the other side, the mode at 170-180 cm™!
is absent in vibrational spectra of pure zircon and may be connected with
vibrational frequencies of the CrOZ‘ unit, which are between 270 and 830 cm™!.

EPR spectra of ZrSiOy4: Cr contain a single line with g = 1.986, g; = 1.956
which is characterized by D,4 local symmetry (K,, = 1). The Cr°* ion has
spin S = 1/2 and with any symmetry of the crystal field, splitting in the
magnetic field always leads to the appearance of a single line in the EPR
spectrum. The possible connection of the line with Cr>* is confirmed by its
intensity correlation with Cr concentration in the melt. The ratio of the main
values of g-tensor is characteristic for Cr’* (3d! configuration) in tetrahedral
coordination (Krasnobayev et al. 1988).

5.3.3.2
Mn6+

5.3.3.2.1

Barite

Luminescence of Mn%* was not detected in minerals yet, but is well known in
phosphors. The first possibility will be barite (Fig. 5.39), because BaSO,~Mn®*
has IR luminescence and is considered as a potential material for a tunable
NIR laser (Brunold and Giidel 1997; Brunold et al. 1997).

5.3.3.3
Ti3+

Ti’* belongs to the d' configuration, which is the simplest one. The free ion
has fivefold orbital degeneracy (2D), which is split into two levels (E and *T3)
in octahedral symmetry, which is quite common for transition metal ions. The
only possible optical transition with excitation is from 2T} to 2E. This transition
is a forbidden one, since it occurs between levels of the d-shell. Therefore the
parity does not changed. The parity selection rule may be relaxed by the
coupling of the electronic transition with vibrations of suitable symmetry.

Ti** is able to create a tunable laser in a sapphire lattice (Fabeni et al.
1991). It substitutes the AI** ion of the host crystal in a trigonally distorted
octahedral lattice site and is characterized by a strongly polarized band peaking
at approximately 750 nm with a decay time of 3.1 ps (Fig. 5.40).
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Fig.5.39. Luminescence
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5.3.3.3.1
Benitoite
Luminescence of Ti>* was not confidently detected in steady-state lumines-
cence spectra of minerals. In Ti minerals studied by laser-induced time resolved
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spectroscopy broad read band have been found with decay time of several ps:
at 660 nm in benitoite (Fig. 4.35) and 750 nm in titanite (Fig. 4.34f).

At room temperature the benitoite band with a maximum at 660 nm has
half-width of ~ 135nm and may be approximated by one Gaussian (Gaft
et al. 2004b). One exponent with decay time of 1.1 ps approximates well its
decay curve at room temperature in all spectral range of luminescence band.
At lower temperatures up to 30K this red luminescence intensity becomes
approximately 10 times higher and the spectrum undergoes certain changes,
namely its maximum shifts in long wave direction to 668 nm and the band
becomes a little narrower with half-width of ~ 105nm. Such red emission
is not excited by laser sources in the visible part of the spectrum, such as
488, 514 and 532 nm. Excitation spectrum at lower temperatures, when lumi-
nescence intensity becomes strong enough for UV lamp source, contains one
asymmetric band peaking at ~ 350 nm with half-width of ~ 75nm and the
corresponding Stokes shift is approximately 13,000 cm™!. It may be approxi-
mated by to Gaussian curves peaking at 28,130 cm™! (355 nm) and 30,279 cm™!
(330 nm). Decay curve at lower temperatures remains mono-exponential, but
decay time becomes substantially longer changing to ~ 20 ps.

Comparison of this luminescence intensity in different samples reveals that
any correlation is absent any impurity concentration. Thus it was supposed
that the mostly probable luminescence center is Ti>*, which presence is quite
natural in Ti bearing benitoite. The wide occurrence of Ti** minor impurities
in minerals was detected by EPR. Like the other d! ions (V*4*, Mo"), Ti**
ions occur often in minerals as electron center (Marfunin 1979). It may be
realized in benitoite, which does have some natural exposure to gamma rays
in its natural setting. There could be radiation centers, such as, for example,
Ti** + gamma ray + electron donor < Ti’* + electron hole. Benitoite color
does not change with gamma irradiation to quite high doses (Rossman 1997)
but luminescence is much more sensitive compared to optical absorption and
can occur from centers at such low concentration that they do not impact the
color of a benitoite.

Figure 5.41 summarizes the temperature behavior of decay time and quan-
tum efficiency of red benitoite luminescence at 660 nm in the forms In(z) and
In(n) as a functions of 1/T. In such case the luminescence may be explained us-
ing simple scheme of two levels, namely excited and ground ones. The relative
quantum yield () and decay time () of the red emission may be described by
simple Arhenius equations:

1

1+ AgfA, exp(—UJKT) (521)

n

1

- 5.22
"7 A, + Agexp(=WJKT) (5.22)

where A, and A, are radiation and non-radiation transition probabilities be-
tween excited state and ground level and U is energetic barrier between them.
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Fig.5.41. Temperature dependence of quantum efficiency (Q) and decay time (r) of red
emission band of benitoite at 660 nm

The best fit to the experimental results is received when A, = 5.4 x 10*sec™?,

Ag=2.66 x10” s7! and U = 0.09 V. Two competing processes take place after
excitation: emission with radiation probability A, and non-radiative quenching
due energetic barrier U with probability A; exp(—U/kT). At low temperatures
the first one dominates and quantum yield is relatively higher with long decay
time. At elevated temperatures non-radiative mechanism dominates with the
following quenching and decay time shortening.

Such behavior is quite compatible with Ti>* luminescence center. In such
case, excitation peaking at 355 nm is connected with 2T, — 2E transition, while
the splitting of the 2E state is a reason of the two shoulders presence in excita-
tion spectrum. At lower temperature the opposite transition generates inten-
sive luminescence band peaking at 660 nm with decay time of 20 ps. Thermal
quenching and drastically reducing decay time with increasing temperature
result from non-radiative transition from excited to ground state.

The main difference between considered benitoite luminescence and Ti**
emission in well studied Al;03 and Y3Al;01; is strong short-waved shift of
benitoite emission and especially excitation bands. For example, excitation
and absorption maximum of Ti*" in sapphire is at 550 nm, while in benitoite
at 355 nm. Nevertheless, it is not so uncommon for Ti>* in different matrixes.
The optical absorption spectrum of Ti** in YAIO3, where Ti’* substitutes for
APt in sites with orthorhombic symmetry, is composed of two broad bands
with peak wavelengths of 434 and 492 nm, the energy separation of which is
due to splitting of the excited 2E state (Yamaga et al. 1992). Such luminescence
parameters are closer to those found in benitoite.
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5.3.34
V4+

Diagrams of V** levels splitting in crystal fields of different symmetry are
identical with those for the isoelectronic Ti** ion. An emission spectrum
attributed to V4* was found in @Al, 03 in the visible region at low temperatures
(Champagnon and Duval 1979). It consists of broad band peaking at 625 nm
and narrow lines at approximately 528 and 529 nm (Fig. 5.31b,c).

Three slightly different octahedrally coordinated V** centers have been
found in topaz by the EPR method (Schott et al. 2003), thus its participation in
topaz luminescence is possible.

534
3d® Elements

5.3.4.1
Ni2+

Center Ni?* has the electronic configuration 348 (Fig. 5.42). Three lumines-
cence bands in the near IR, red and green parts of the spectrum characterize
Ni?* in many synthetic luminofors (Blasse and Grabmier 1994). For example,
a broad IR band peaking at 1,520 nm and connected with electron transi-
tion from the lowest excited state 3Ty, has been found in enstatite artificially
activated by Ni** (Moncorgé et al. 1999). Green luminescence is connected
with 1T (D)->Azg(F) while the red one with ! T5e(D)->T54(F) electron tran-
sition (Fig. 5.43). The emissions from the ! T, state are not only observed at
cryogenic temperatures but persist up to room temperature as, for example, in
MgO (Mironova and Ulmanis 1988) and KZnF3 (Grimm et al. 2003).
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Fig.5.43. Green lumines- 22 24 20 £-103,
cence of Ni* in MgO I : !
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The possibility of Ni?* participation in minerals luminescence has not been
seriously considered yet, but we are confident that it has to be done. The ionic
radius of Ni%* is 69 pm in tetrahedral coordination and 83 pm in the octahedral
one. Thus it may substitute many cations with similar dimensions, such as Mg,
Zn, Ca.

5.3.5
3d® Elements

5.3.5.1
Fe2*

The ion Fe?* has the electronic configuration 34. It is characterized by ex-
tremely strong absorption and is the strongest visible luminescence quencher
in minerals, but it has an emission band in the IR part of the spectrum.

5.3.6
3d> Elements

5.3.6.1
Mn2+

The 3d° system manganese(II) with sextet 69) ground state is a well-known
activator in many minerals (Tarashchan 1978; Gorobets and Rogojine 2001).

Emission bands due to Mn?* have been observed in practically all classes
of minerals. It is responsible for green, yellow and orange-red luminescence.

For the case of octahedrally coordinated Mn2*, as in calcite, the position
of the minimum of the configurational curves occurs at different Mn?*-0
distances for states, which are dependent on the crystal field strength, D,
such as 4T and T,. For states whose energies are independent of D, the
minimum occurs at the same interatomic distance as in the ground state, 6A,
(states “E; and *A;). The consequence of this is that there is a progressive
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shift in the energy of the 6A; — *T; and °A; — *T, transitions as Dy
increases, producing band broadening and a shift toward longer wavelengths
for both emission and absorption bands. It is easy to see (Fig. 5.44) that the
curvature of the excited states leads to the width of the bands in the absorption
spectrum. States not involved in bonding give rise to sharp absorption lines
because they are only weakly coupled to the host, while strongly coupled ion
states vary considerably in energy with interatomic distance and yield broad
bands.

Changes in coordination, such as from octahedral to tetrahedral, produce
a considerable change in D;;. The tetrahedral D, value is smaller and the energy
of all of the transitions in Mn?* increases. This creates a shift toward short
wavelengths. Octahedral Mn?* coordination in calcite thus has a red-orange
emission at 620 nm (Fig. 4.14a), while the analogous transition for Mn?* in
willemite yields yellow-green emission at 525nm (Fig. 4.37c,d). Prominent
changes in the color of the emission may also occur from a change in the
emission state. The T state is responsible for emission in calcite and willemite,
but the *T) state is responsible for the green luminescence of fluorite (500 nm)
and anhydrite (505 nm) even though Mn2* has larger coordination sites.

It was originally stated that CaCO3 activated with manganese cannot be
excited by UV radiation, but CaCOj3 activated with lead, thallium or cerium
and manganese shows an orange-red manganese luminescence under UV ir-
radiation at room temperature (Bolden 1952). Nevertheless, in many minerals
luminescence of Mn?* has been found with excitation spectra typical for this
center without additional bands of Pb or Ce impurities.
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Fig.5.44. Tanabe-Sugano diagram for d° elements
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5.3.6.1.1

Apatite

The typical Mn?* luminescence in natural apatite is connected with a band
peaking at 569 nm (Fig. 4.1e) with a delay time of ~ 5 ms. Various laser lines
were used to excite the luminescence but the spectra were all very similar. All
portions of the curve have the same decay time and the spectra were found to
be identical for different delay times and gate widths. All of this suggests that
we a dealing with a simple single-ion fluorescence. Red apatite has unusual
for a natural sample luminescence of Eu** and Tb>* in Ca(II) instead of Ca()
sites. Luminescence of Mn?* in this sample is also exceptional. Its spectrum is
characterized by a maximum at 583 nm (Fig. 4.1f) and an extremely long decay
time of ~ 12 ms. By analogy with artificially activated apatite (Ryan et al. 1970)
it is possible to suppose, that luminescence of Mn?* in the Ca(I) position takes
place in the red apatite. As in our case, the Mn(I) band is 10 nm shifted to the
red part of the spectrum compared to the Mn(II) one (Fig. 5.45). The longer
decay time is consistent with the higher symmetry of the Ca(I) site. From
the other side, according to the Tanabe-Sugano diagram, the lower crystal
field in the Ca(I) position has to lead to the luminescence band shift in the
opposite direction. Nevertheless excitation spectra of Mn?* (II) in natural and

&0
Wavelength, angiiroms

Fig.5.45. Excitation and luminescence spectra of Mn?* in Ca(I) and Ca(II) positions in
artificially activated apatite (Ryan et al. 1970)



Transition Metal Elements 203

artificially activated apatite contain only the ®A;(S)-*T>(G) band, implying
that the luminescence is connected with the opposite *T5(G)-°A;(S) transition
after relaxation. Such deactivation is due to electron-phonon interaction, which
is very effective in apatite. The luminescence transition from the lower lying
level leads to the lower photon energy even in the site with a lower crystal field
strength.

The situation with Mn?* center distribution between Ca(I) and Ca(II) po-
sitions in the apatite lattice is the opposite to this for REE>*: in artificially
activated apatite the Mn(I) center clearly dominates the fluorescence spectra
(Ryan et al. 1970), while in the natural one only Mn(II) centers have been
detected (Tarashchan 1978). In order to clarify the distribution in different Ca
positions, luminescence spectra have been measured with different polariza-
tions from one section or from prismatic and basal sections with the same
analytical conditions. As was found earlier (Barbarand and Pagel 2001) the
shapes of the spectra are usually the same for both crystallographic orienta-
tions, while the major difference in the spectra is their intensity, with the mean
intensity for the basal section lower than for the prismatic face. Neverthe-
less, in certain cases polarization changes lead to different spectra (Fig. 5.46).
In this case spectra are composed mainly of the Nd*>* and Mn?* with rel-
atively weak Eu’" lines. The polarization change results in an inversion of
the relative intensities of the luminescence bands: Mn?*(I) emission domi-
nates in one orientation and REE emission is practically not seen, but Mn**
(I1) in other orientations is much weaker compared to Mn?*(I), while the
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REE are much stronger. The similar result was described for a CL study of
apatite, where the Ce®" band is significantly higher for the zone analyzed
in a section perpendicular to the c-axis, but the Mn?* band is significantly
higher for the zone analyzed in a section parallel to the c-axis (Barbarand and
Pagel 2001).

5.3.6.1.2

Feldspars

Luminescence of Mn?* is well known in the steady-state luminescence spectra
of feldspars (Tarashchan 1978; Waychunas 1989; White 1990; Gotze 2000; Goro-
bets and Rogojine 2001). Its green luminescence is predominantly detected in
plagioclases. In K-feldspars the Mn2* emission is less common because of the
difficulty of the Mn?* — K* substitution. Its band is also very well detected in
laser-induced time-resolved spectra peaking at 550-560 nm (Fig. 4.43a). It is
characterized by an extremely long decay time of 10-12 ms.

5.3.6.1.3

Hardystonite, Apophyllite and Esperite

Broad bands at 525 and 575 nm in the time-resolved luminescence spectra of
hardystonite under 355 nm excitation (Fig. 4.20d) with very long decay time
of several ms may be ascribed to strongly forbidden d-d transitions in the
Mn?* luminescence center. Two bands may be connected with isomorphous
substitutions on Ca in Zn structural positions. The spectrum of a famous
yellow-green esperite luminescence (Fig. 4.21a) consists of a narrow band
peaking at 545 nm with a verylong decay time of 9 ms. Such parameters together
with the typical excitation spectrum (Fig. 4.21b) enable confident identification
of the luminescence center as Mn?*. The orange emission near 600 nm of
apophyllite is also evidently connected with the Mn?* center (Fig. 4.19¢,d).

5.3.6.1.4

Garnet

The relatively broad band peaking at approximately 590 nm in grossular with
a very long decay time of several ms (Fig. 4.57) can be confidently ascribed to
the Mn?* center substituting for Ca®*.

5.3.6.1.5

Spinel

Artificially activated spinels of composition Mg;_,Al, O4—:Mn?* were studied
(Mohler et al. 1994). It was found that MgA1204:Mn2+ emits at 650 nm, while
when x = 0.05 emission bands appear at 517 and 744 nm. They increase
intensity and the 650 nm band disappears as x increases. The green emission
is connected with Mn2* in tetrahedral sites, while the red one evidently with
Mn?* in octahedral ones.
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In natural spinels emission bands with maxims from 570 to 620 nm have
been found interpreted as connected with Mn?* in octahedral sites (Mironova
et al. 1991). According to such an interpretation it is possible to ascribe the
band at 612 nm to Mn?* in octahedral positions (Fig. 4.51).

5.3.6.1.6

Zircon

Certain narrow luminescence bands with a long decay time detected in the
time-resolved luminescence spectra of zircon may be principally connected
with Mn?* luminescence. In order to clarify this, artificially activated ZrSiO4-
Mn has been studied (Gaft et al. 2002b). The ionic radius of Mn%* of 0.97 A
is close to that of Zr** (0.88 A) and the corresponding substitution is possible
with proper charge compensation. The presence of Mn impurities in quantities
in zircons under investigation was confirmed by ICP analyses (Table 4.14).
Intensive narrow bands with verylong decay times were found with the spectral
position strongly dependent on the co-activator (Fig. 5.47b,c). Principally,
such differences may be connected with several kinds of Mn?* centers with
different local symmetry, for example, Mn?>*-Si** (tetrahedron) and Mn?*-
Zr** (octahedron) substitutions, but the small ionic radius of Si** of 0.4 A
makes such substitution very doubtful. At any case, such luminescence bands
have never been detected in the luminescence spectra of natural zircon. It is
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possible to suppose that zircon contains Mn not in the form of Mn?*, but as
Mn**, which is confirmed by EPR data (Votyakov et al. 1993).

5.3.6.1.7

Barite

Manganese impurities are always found in barite samples and Mn?* partici-
pation in barite luminescence was considered as possible. In order to check
this we studied synthetic BaSO4 artificially activated by Mn?*. Relatively weak
green luminescence was found (Fig. 5.47a) with a very long decay time of
several ms, but such emission has not been found yet in natural barite.

5.3.6.1.8

Other Minerals

Characteristic bands of Mn?* well studied by steady-state luminescent
spectroscopy (Tarashchan 1978; Gorobets and Rogojine 2001) have been
found in time-resolved luminescence spectra of calcite (Fig. 4.14a), fluorite
(Fig. 4.10d), datolite (Fig. 4.16d), wollastonite (two bands at 555 and 603 nm;
Fig. 4.42a,c), and spodumen (Fig. 4.61a).

5.3.6.2
Mn2* - Clusters

In such a case, the excitation does not stay on the same ion of Mn?2*, but can
travel readily through the sub-lattice of in-resonance Mn?* ions. The emis-
sion originates from Mn?* ions associated with impurities and other defects.
They occupy regular cation sites in the lattice and perturb the surrounding
Mn?* ions, lowering their energy levels relative to those of the unperturbed
(intrinsic) Mn?" ions. The diffusing excitons can now be trapped by the per-
turbed Mn?* ions. At low temperatures the excitation cannot return to the
exciton state; the excited, perturbed Mn?* ions decay radiatively with a spec-
trum characteristic of the particular trap. Deeper traps are also present and
are effective as quenching states, i.e. traps from which no emission occurs,
but where the excitation is lost non-radiatively. At low temperatures the traps
are effective, but at higher ones they begin to lose their trapped excitation
energy by thermally activated back-transfer to the exciton level. From here
deeper traps may trap the energy. Finally all the emitting traps are emptied
and only the deep, non-emitting traps are operative. As a consequence the
luminescence has been quenched. These quenching traps may be Ni or Fe
ions. If the mineral contains two or three-dimensional chains Mn-O-Mn-
O, excitation energy migrates over the lattice, which results in the following
distinctions from luminescence properties of impurity Mn?* in isostructural
non-manganese minerals:

a) sharp drop in luminescence quenching temperature due to an enhanced
probability of excitation energy to hit quenching centers,
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b) long-wave shift of emission Anax, because luminescence proceeds at local
levels of Mn?* near defects where the shift occurs either due to the electron-
phonon interaction or due to a stronglocal crystalline field with the possible
change of the radiation level of Mn?*.

If there are only one-dimensional chains or the Mn ions are linked through two
oxygen ions, the energy migration does not take place and the luminescence
peculiarities mentioned above are not observed. The dependence of lumines-
cence features on peculiarities of Mn mutual arrangement and not only on
there spacing makes clear indication that the main mechanism of the energy
transfer is the exchange one (Powell and Blasse 1980). Steady-state lumines-
cence of Mn-clusters in natural minerals of manganese has been found atliquid
nitrogen temperatures (Gorobets et al. 1980; Gaft et al. 1981) and interpreted
in terms of minerals structure (Fig. 5.48).

Under powerful laser excitation with A = 532nm manganese minerals,
such as rhodonite and rhodochrosite, exhibit orange-red luminescence even
at room temperature. In rhodonite it is a band peaking at 620 nm with a half-
width of 85-95nm and a very long decay time of 5-6 ms (Fig. 4.67¢,d). Such
luminescence is typical for impurity Mn?*. In rhodochrosite luminescence is
more complicated. The luminescence band has a maximum near 640 nm and
a half-width of 80—90 nm, which is typical for impurity Mn?*, but a decay time
of only 5-10ps is very short for such a center and indicates strong energy
migration (Fig. 4.67a,b).

Excitation spectra of Mn?* enable us to calculate the crystal field force
A and Raka parameters B and C. The relative position of the ground level
6A1g (S) and excited levels 4A1g, 4E,(G) and 4Eg(D) does not depend on A.
Using the frequencies of electronic transitions from the ground level to those
excited levels (k3 and ks), parameters B and C may be calculated based on
formulas:

ks = 10B+ 5C,
ks = 17B+5C (5.23)

Resulting B and C are substituted for:

ki = —A + 10B + 6C — 26B*/A ,
ky = —A +18B + 6C — 26B%/A (5.24)

And two independent values of A are received.

5.3.6.3
Fe3+

Luminescence of Fe’* may be considered from the same positions as Mn**
emission because it also has d° configuration. Nevertheless, because of the
large value of crystal field, the emission is shifted into the deep red when Fe>*
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Fig.5.48. Laser-induced luminescence of Mn bearing minerals (1-helvine; 2-severgenite;
3-Mn-milarite; 4-triplite; 5-rodonite; 6-rhodochrosite; 7-Mn-calcite; 8-Mn-curchatovite;
9- Mn-tantalite; 10-dgimboite; 11-Mn-apatite) and its connection with crystallochemical
structure: a-rhodonite; b-rhodochrosite; c-Mn-apatite; d-carpholite (MnAl,(Si;Og)(OH)4
(Gaft et al. 1981)
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is present on tetrahedral sites. Fe>* in octahedral coordination is predicted
to emit in the near IR at about 900 to 1,000 nm, but was not confidently ob-
served in minerals. Steady-state luminescence of Fe’* in minerals is mainly
observed when it substitutes for AI’* or Si** in tetrahedral sites in alumosil-
icates (Tarashchan 1978; White et al. 1986). It has luminescent transitions,
which are forbidden and correspondingly the decay times are ratherlong. Zotov
etal. (2002) studied the time-resolved luminescence of Fe3* in volcanic glasses.

In the time-resolved luminescence, Fe>* dominates spectra with long de-
lay times. The examples may be seen in feldspars and obsidian (Fig. 4.43),
wollastonite (Fig. 4.42b), zircon (Fig. 4.39d), and beryl (Fig. 4.52b).

5.4
s2 lons

In this case the filled s shell of a free ion gives rise to a 1Sy ground state. The
excited sp state gives a triplet >Pg 1 , for spins parallel and a singlet ! P; for
spins antiparallel. In view of the selection rules, only the transitions between
the singlets are allowed.

5.4.1
Bi3+, Bi2+

The luminescence of Bi** is quite diverse and depends strongly on the host
lattice (Boulon 1987; Blasse and Grabmaier 1994; Blasse et al 1994). For the
heavy 65> Bi** the transitions between the ground state and the 3P; state

becomes additionally allowed by spin-orbit mixing of the *P; and ! P; states.
After excitation at low temperature, the system relaxes to the lowest excited
state. Consequently, the emission at low temperatures can be ascribed to the
forbidden transition 3Py-1S; and has a long decay time. Nevertheless, both 3p;
and?>Pj are emitting levels and they are very close so that at higher temperatures
the luminescence from the 3P; level may appear with a similar spectrum, but
shorter decay (Fig. 5.49).

Electron configuration of Bi?* is (65)2(6p)!, yielding a 2P1/2 ground state
and a crystal field split 2P3/2 excited state (Hamstra et al. 1994). Because the
emission is a 6p inter-configurational transition 2P3/2—2P1 /2> which is confirmed
by the yellow excitation band presence, it is formally parity forbidden. Since the
uneven crystal-field terms mix with the (65)?(7s)!, 2S; /2 and the 2P3/2 and 2P, /2
states, the parity selection rule becomes partly lifted. The excitation transition
2P1/2—251/2 is the allowed one and it demands photons with higher energy.

5.4.1.1
Barite

Under short wave 266 nm excitation of barite two bands are detected: the
intensive blue one peaking at 460 nm with a very short decay time of 100 ns
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Fig.5.49. Configurational
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and the relatively weak narrow orange one peaking at 625 nm with a half-width
of 30 nm and decay time of 5 ps (Fig. 4.30a). In order to present both bands in
comparable magnitudes, the 1 ps delay is used to diminish the intensity of the
short-lived blue emission. Such luminescence is not detected under longer UV
laser lines.

It is interesting to note that the narrow orange band was first reported for
synthetic BaSO4:Bi in 1886 by Locoq de Buisbaudran. Half a century later this
was confirmed and connected with Bi** luminescence (Kroger and Overbeek
1949). Another half a century later a new interpretation has been done and it
was assumed that the luminescence center is Bi*" (Hamstra et al. 1994). We
also studied BaSO4-Bi (Fig. 5.50) by the laser-induced time-resolved technique
and under 266 nm excitation the narrow orange band, exactly similar to that
in natural barite, has been found. Thus the connection of the narrow orange
band in the luminescence spectrum of natural barite with Bi was confirmed.
In an attempt to clarify its connection with Bi** or Bi?* we used a step-like
thermal treatment in air in order to stimulate Bi oxidation with possible change
of valence state. In natural barite the narrow orange band totally disappeared
after heating at 700 °C (Gaft et al. 2001a). Such behavior usually evidences that
emission is connected with a luminescence center in the lowest valence state,
namely Bi?*.

Figure 4.30b represents luminescence spectra of natural barite after a long
delay of 1 ms, when the emissions with a long decay time are emphasized
and the narrow violet band at 426 appears. At liquid helium temperature this
violet band becomes even narrower, shifts substantially in the short wavelength
direction and its decay time of 3.1 ms becomes much longer (Gaft et al. 2001a).
Such a band is absolutely similar to those detected in BaSO4-Bi and ascribed
to the Bi** luminescence center (Kroger and Overbeek 1949).
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The only possible position for Bi** and Bi?* in the barite lattice is in the
Ba?* site. The Ba ions in the structure of barite lie on the mirror planes
and link the sulfate ions in such a way that twelve oxygen atoms coordinate
each Ba. The exact ionic radius for Ba?* in such coordination is unknown, but
for coordination number § it is equal to 156 pm. Bi** in such a coordination
has an ionic radius of 131 pm, which is very close. The exact ionic radius for
Bi%* is also unknown, but it has to be even bigger than for Bi3*, which is
compatible with the large ion Ba?*, especially for isomorphous substitution,
when the charge compensation is not needed. The large half-width of the Bi**
luminescence band of 75 nm in barite is not surprising. It was observed that
when Bi®* is a substitute for the large ion the Stokes shift increases and very
broad luminescence bands take place (Boulon 1987; Blasse and Grabmaier
1994). The large variation of Bi>* luminescence is ascribed to the amount of
space available for the Bi** ion in the lattice. The Bi’* ion in the Ba position
with coordination number 12 has enough space for relaxation after excitation
with a resulting large Stokes shift and half-width. The magnitude of this shift
depends on the details of vibrational relaxation in the excited and ground
states, which, in turn depend on the interaction of the emitting ion with the
adjacent coordination ions in the structure. The lower Stokes shift and half-
width for Bi?* indicate the weak interaction where configuration curves are
essentially flat.
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5.4.2
Pb2*

All considerations above for Bi>* are also relevant for Pb%*, which also belongs
to s> elements (or mercury like).

5.4.2.1
Calcite

Figure 4.14c demonstrates time-resolved luminescence spectra of calcite, Fran-
klin, NJ, under 266 nm laser excitation. A very intensive UV band at 312 nm
with a short decay time of 120 ns is detected. It may not be connected with Ce>*
emission, because its spectrum is situated at a substantially longer wavelength
near 400 nm (Fig. 4.14e). The excitation spectrum of the band at 312 nm consists
of one band at 240 nm (Gaft et al. 2003a).

Tarashchan (1978) already ascribed the UV luminescence band at 325 nm
with an excitation band at 237 nm in pink calcite to Pb?*. A decay time of 120 ns
measured in our sample is consistent with such interpretation. Such a UV band
was unique in the calcite collection at our disposal and ICP-MS analyses of its
impurities have been done (Table 4.7). It was found that Pb concentration in
Franklin, NJ calcite of 450 ppm is approximately 50 times higher than in pink
calcite, taken for comparison sake, while its Ce content is more than 10 times
lower. Those data confirm the connection of the UV band at 325 nm with the
Pb?* luminescence center.

The only possible position for Pb?* in calcite structure is instead of Ca?*
with a coordination number of 6, where ionic radii of Ca?* and Pb%* are 114
and 133 pm.

5.4.2.2
Hardystonite

Luminescence spectra of hardystonite under 266 nm laser excitation reveal an
extremely strong, rather narrow UV band at 355 nm, with a very short decay
time of ~ 25 ns (Fig. 4.20b). Usually such bands in minerals are attributed to
Ce®* luminescence. However as another band was already confidently ascribed
to this center (Fig. 4.20a) assignment appears problematic. In principle it is
possible that several different Ce3* centers occur in a structure, which are
formed, for example, as a result of substitutions on Ca and Zn positions or
because of different types of charge compensations. The first possibility may
be excluded based on the large differences in ionic radii of Ce** (115 ppm) and
Zn?* in tetrahedral coordination (74 ppm), while the second possibility may
be taken into consideration.

In order to check this, the excitation spectra of both UV bands have been de-
termined (Gaft et al. 2002a). It was found that the UV band ascribed to Ce** ac-
cording to its luminescence and decay, has an excitation spectrum which is typi-
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cal for this center, while the excitation spectrum of the UV band at 355 nm is dif-
ferent, containing one excitation band with alarge Stokes shift of ~11,000 cm™ L.
Thus it may be suspected that the UV band at 355 nm is connected not with
Ce3* in a different structural position, but with a different luminescence center.

Theluminescence of Pb** in synthetic Ca;ZnSi»O7 hasbeenreported (Butler
1980). The emission and excitation peaks occur at 251 and 347 nm, respectively
with a Stokes shift of 10,000 cm™. It is very close to luminescence and excita-
tion bands detected in natural samples. In order to prove the possible relation
of the UV luminescence band at 355 nm to Pb2* in natural hardystonite, its
decay time as a function of temperature has been studied. These decay curves
are very specific for mercury-like ions, where the emission at low tempera-
tures is ascribed to the forbidden transition 3Py-1S, and has a long decay
time. Nevertheless, both >P; and 3Py are very close emitting levels so that at
higher temperatures the luminescence from *P; level may appear with a similar
spectrum, but with shorter decay (Boulon 1987; Blasse and Grabmaier 1994).
In contrast, the decay times of the broad emissions of Ce®* or Eu?* are not
temperature-dependent. At room temperature the decay time of the UV band
in hardystonite at 355 nm is very short (~ 25 ns). Nevertheless, with decreas-
ing temperature a very long decay component of approximately 150 jis appears
while the luminescence spectrum remains practically the same (Fig. 5.51). This
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Fig.5.51. Decay time of Pb?* in hardystonite as a function of temperature



214 Interpretation of Luminescence Centers

typical behavior is strong evidence that the emission band of hardystonite at
355nm is caused by Pb*.

ICP analyses of the hardystonite sample in our study confirms a very high
Pb content of 5,000 ppm, while the Ce concentration of 55 ppm is two orders
of magnitude lower. This elevated Pb concentration may be the reason for
aextremely short decay time at room temperature because of energy migration,
with a corresponding decrease in decay time. The most likely position for Pb?*
in the hardystonite structure is at the Ca?* site. The four-coordinated Zn site
is less probable. Moreover, the difference between the ionic radii of Zn%* and
Pb?* is quite large.

54.2.3
Hydrozincite

Figure 4.37a represents the time-resolved luminescence spectrum of a hydroz-
incite under 266 nm laser excitation. A relatively broad band is detected at
430 nm, which is responsible for the well-known blue hydrozincite lumines-
cence. Its spectral position and decay time of approximately 700 ns are typical
for Eu?* luminescence. However, the excitation spectrum of this band consists
of one narrow band at 240 nm (Fig. 4.37b), which does not correspond to an
Eu?* excitation spectrum. Two bands usually characterize the latter with rel-
atively small Stokes shifts of 30-50 nm caused by crystal field splitting of the
4f65d-levels. Moreover, the measured Eu concentrations in the hydrozincite
samples under investigation are very low (less than 0.5 ppm) and they do not
correlate with the intensity of the blue luminescence, i.e. the band at 430 nm.

Three hydrozincite samples with different blue luminescence intensities
were analyzed by ICP-MS. The first one with the strongest emission has
2,000 ppm of Pb, the second with weaker luminescence has 600 ppm, while
the last one, practically without emission, has only 35 ppm. Such strong cor-
relation supports interpretation of a Pb?* luminescence center as responsible
for the hydrozincite blue emission. In contrast, the Eu concentrations (another
candidate for a luminescence center) are very low and do not correlate with
the intensities of the blue luminescence.

In order to confirm the observed correlation of blue luminescence of hy-
drozincite with Pb2*, artificial analogs of the mineral have been synthesized,
activated by different amounts of Pb. It was found that the blue emission in-
tensity increases with the Pb content, up to approximately 2,000 ppm, while
a decrease of luminescence at higher Pb concentrations is evidently connected
with concentration quenching (Gaft et al. 2002a). The only possible position
for Pb2* in the hydrozincite structure is the site of Zn?*. Evidently, Pb** sub-
stitutes for Zn?* in octahedral coordination where the crystal field splitting is
especially strong, and this may be the reason for the long-wave Stokes shift of
Pb?* luminescence. Another reason may be the presence of hydroxyl groups,
which strongly increase the crystal field splitting.
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5.4.2.4
Barite, Anhydrite and Celestine

Luminescence of Pb?* in synthetic alkaline earth sulfates is well known (Folk-
erts etal. 1995). In this study, CaS04:Pb%* shows an emission band with a maxi-
mum at 235 nm at 300 K, while the excitation maximum is at 220 nm. The decay
curve of the emission is single exponential with a decay time of 570 ps at 4.2 K.
The emission spectrum of BaSO4:Pb?* demonstrates a broad band peaking
at 340 nm with an excitation maximum at 220 nm, while in SrSO4:Pb?* the
luminescence band has a maximum at 380 nm. In natural barite and anhydrite
samples we detected several narrow UV bands, which may be connected with
Pb?* emission, but for confident conclusion additional study is needed. In any
case, Pb?* participation in natural sulfates luminescence has to be taken into
consideration.

5.4.2.5
Minerals of Pb

5.4.2.5.1

Pyromorphite

As was described earlier, evidently Ce®* emission in pyromorphite is char-
acterized by a very long decay component, which is not typical for this lu-
minescence center. The possible reason may be energy migration from Pb
ions, which are the major elements in these minerals. It is well known that
Pb?* is a very effective sensitizer for many luminescence centers in minerals,
including Mn?* and REE (Marfunin 1979). The excitation spectrum of Ce>*
luminescence in esperite revealed a UV band at 280 nm, which is not typical
for Ce®* luminescence and is possibly connected with Pb?* excitation with
energy migration.

Besides that, narrow luminescence bands with long decay components in
pyromorphite luminescence spectra may be in principal connected with Pb?*
emission. The main problem with the luminescence of elements with high con-
centration is the concentration quenching. Nevertheless, it was found that the
concentration quenching of Mn?* luminescence in Mn-apatite is nearly absent
(Gaft et al. 1981). It was explained by the absence of energy migration by ex-
change mechanism in the apatite structure. Thus, the concentration quenching
may be also negligible for Pb>* in pyromorpbhite. A similar case is PbSO4 where
the luminescence of Pb?* was found despite its high concentration. The simul-
taneous presence of two emission bands connected with Pb2* is well known. For
example, in SrSO4:Pb?* the emission spectrum shows an intense broad band
with two maxima at 285 and 380 nm. It has been proposed that this lumines-
cence originates from two different excited states: the shorter wavelength emis-
sion is assigned to the *P-Sy transition, while the longer wavelength band is
attributed to emission from an as yet unidentified D-level (Folkerts et al. 1995).

For example, narrow bands in pyromorphite luminescence spectra at 380
and 439 nm (Fig. 4.26) may be connected with Pb?* emission. Two structurally
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different Pb sites in pyromorphite structure may cause the two bands in the
luminescence spectrum. For comparison, it was already mentioned that the
luminescence of all impurity centers is drastically different at Ca(I) and Ca(II)
positions in the isostructural mineral apatite because the crystal field strength
of the Ca(I) position of the apatite structure is unusually strong. As a conse-
quence, in pyromorphite it may generate a strong splitting of the P excited
level for the Pb(I) site with a strong separation between the > Py and *P; levels.
Thus, the forbidden luminescence transition >Py-1S, takes place with a long
decay time. On the other hand, in the Pb(II) position the splitting is less, and
an allowed ®P;-1S, transition takes place.

5.4.2.5.2

Cerussite

Cerussite is characterized by several broad luminescence bands in the green-
yellow part of the spectrum with different decay times (Fig. 5.52). Those bands
are not confidently interpreted yet and only recently the idea of Ag* or Cu*
participation has been proposed based on their close radii with Pb>* (Gorobets
and Rogojine 2001). We think that such interpretation is principally logical and
has to be checked, but the possible participation of intrinsic lead also may be
considered.
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Fig.5.52. a-d Laser-induced time-resolved luminescence spectra of cerussite
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54.3
Pb*

Luminescence of monovalent Pb was proposed for explanation of an IR lu-
minescence band peaking at 860 nm in the emission spectrum of feldspars
(Kusnetsov and Tarashchan 1988).

54.4
TI*

All considerations above for Bi** and Pb?* are also relevant for T1*, which
also belongs to the s? elements (or mercury like). In minerals its UV lumi-
nescence peaking at 290 nm was found in microcline, where the isomorphous
substitution of K* for TI* takes place (Kusnetsov and Tarashchan 1988).

54.5
Sn2+

Center Sn?* belongs to the 55> configuration. As an impurity in artificial phos-
phors it is mainly responsible for narrow luminescence bands from the UV
to the red part of the spectrum. Besides that intrinsic luminescence of tin
compounds is also known (Donker et al. 1989).

5.4.5.1
Cassiterite

Based on considerable zonation, which was found in CL spectra of cassiterite
with respect to W and Ti impurities it was concluded that W is responsible for
blue luminescence, while Ti for the yellow one (Hall and Ribber 1971). Lumi-
nescence of synthetic nominally pure SnO; have been studied (Agekyan et al.
1981) and it was concluded that the green-yellow broadband emission is con-
nected with electron- hole pair formation under UV excitation with the follow-
ing recombination. Nevertheless, in natural monocrystals of cassiterite it was
found that as luminescence and excitation bands are strongly polarized in the
direction perpendicular to the Cy axes (Gaft and Vorontzova 1982). Evidently
that is not complied with a recombination mechanism, because electron-hole
pair formation does not depend on light polarization. It was also found that
luminescence spectra under 250 nm excitation, where photon energy is larger
than the energy gap of cassiterite, and 312 nm excitation, where photon en-
ergy is less than the energy gap, are different, namely green and yellow-orange
bands, respectively (Fig. 5.53). It may be explained by different luminescence
mechanisms, recombination in the first case and inner in the second.

In order to find the impurity responsible for the yellow emission, artificial
SnO; have been studied activated by different impurities such as Ti, Nb, Ta, W,
Fe (Gaft et al. 1982). From crystallochemical positions such ions are capable
of substituting for Sn**. Nevertheless, the correlation of luminescence with
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Fig.5.53. Photoluminescence spectra of cassiterite
under different excitations: 1-312 nm; 2-200 and 2
250 nm

400 600 A nm

300 500 700 om 50 700 om
a b
Fig.5.54. a,b Photoluminescence and excitation spectra of pure SnO,: a - at different tem-
peratures: 1-4.6 K; 2-77 K; 3-120 K, 4-140 K; 5-180 K; 6-200 K; b — after thermal treatment
and ionizing irradiation (all spectra at 77 K): 1 - original SnOy; 2-heating in air at 1,500 °C
during 3 h; 3-X-ray irradiation during 3 h of the sample heated at 1,500 °C

any impurity was not found. On the other hand, in nominally pure super
pure SnO; all luminescence bands have been found, which were detected in
natural cassiterite (Fig. 5.54). Thus it was concluded that luminescence is
connected to intrinsic, namely to Sn of diverse valence, possibly Sn?*. Studer
and Blasser (1981) arrived at the same conclusion concerning the intrinsic
nature of SnO, luminescence.

5.4.5.2
Barite

We studied laser-induced time-resolved luminescence of synthetic BaSOy4 arti-
ficially activated by Sn and found several intensive UV and blue bands evidently
connected with Sn?* emission (Fig. 5.55). Similar bands have been also found
in natural barite laser-induced luminescence spectra and we think that their
connection with an Sn center is quite possible.
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5.4.6
Sb3+

This luminescence center is not detected in minerals yet, but is well known
in synthetic phosphors, for example in halophosphates, which are closely re-
lated to hydroxyapatite (Blasse and Grabmaier 1994). The Sb** doped calcium
halophosphate is a very efficient blue-emitting phosphor under short wave 254
excitation (Fig. 5.56). When the halophosphate host lattice contains not only
Sb3*, but also Mn?*, part of the energy absorbed by the Sb>* ions is trans-
ferred to Mn?*, which shows an orange emission. By carefully adjusting the

E (10em) —=

Fig.5.56. Emission and excitation spectra of calcium halophosphates: A-Sb>" emission;
B-Mn?" emission; C-warm-white halophosphate (Blasse and Grabmaier 1994)
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ratio of the Sb>* and Mn2* concentrations, a white emitting phosphor can be
obtained.

Another example is the luminescence of Sb>* in YPO, with tetragonal zircon
structure (Oomen et al. 1988). The emission consists of two bands, one in the
UV region and one in the visible part of the spectrum. The intensity ratio of
these bands is strongly temperature dependent (Fig. 5.57).
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F|g.3!J5r.57. Luminescence spectrum of YPO,- B /\-/\ ~E(0%em™)
Sb>* (Oomen et al. 1988) 20 30 40

5.5
d'%-lons

5.5.1
Ag*

Complexes with monovalent d'* ions often show efficient luminescence at
room temperature. The emission transition has been assigned to a d°s-d'?
transition, a ligand-to-metal charge-transfer transition, or a metal-to-ligand
charge transfer transition, depending on the ligands (Boulon 1987). For the
sulfur ligands a ligand-metal character is proposed as evident (Blasse and
Grabmaier 1994). As in the case of Bi’, the presence of several luminescence
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bands with strongly different decay times may be preliminary connected with
excited state splitting.

5.5.1.1
Barite

Figure 4.29 represents a typical laser-induced luminescence spectra recorded
from natural barite with orange luminescence. At room temperature under 308,
337 and 355 nm excitations orange luminescence consists of a very broad band
peaking at 635 nm with a half-width of approximately A = 150 nm (Fig. 4.29a).
At lower temperatures up to liquid helium the spectrum is very similar and
only the half-width of A = 130 nm becomes a little narrower (Fig. 4.29b). At all
temperatures the spectra are not dependent on delay times and gate widths.
The possible conclusion is that only one luminescence center is responsible for
this orange band. The decay time of luminescence is approximately 225 ps at
300K and 275 ps at 4.2 K.

Let us first discuss why the orange luminescence cannot be assigned to some
obvious reasons. The host itself may be excluded, because pure barite is not
luminescent. The usual luminescence center in minerals, which are respon-
sible for broad orange bands with relatively long decay time, is Mn?*. This
possibility may be excluded also for the following reasons. ICP data reveals Mn
impurity presence (Table 4.11), but the correlation between Mn concentration
and orange luminescence intensity is absent. For example, two samples with
the strongest orange luminescence have 3.5 and 400 ppm of Mn. Nevertheless,
we prepared and studied synthetic barite artificially activated by Mn. As a re-
sult only an extremely weak green band with a very long decay time of 1 ms
is seen, which is not detected yet in natural samples (Fig. 5.47a). According to
EPR data ionic impurities of 4-fold coordinated Mn>* were detected in barite
(Greenblat 1980), while luminescence of Mn®" in BaSO4—Mn has been found
(Brunold and Giidel 1997). It is possible to suppose that they are the main form
of Mn in natural barite.

The possibility of Cr’* emission may be excluded because octahedral coor-
dination is absent in barite structure. Luminescence of Fe*" is crystallographi-
cally possible because tetrahedral surrounding presents in barite structure but
Fe’* —S°F substitution is very difficult to suppose. The iron presence in ICP
data is evidently connected with micro-impurities of iron minerals, which is
usual for natural barite. Other ions, such as Ti** and Ni?* with possible red
luminescence, have ionic radii of 81 and 83 pm, respectively, which are small
compared to the 156 ppm of Ba2*. ICP data confirm the absence of Ni in barite,
while the minor quantities of Ti may be connected to Ti**.

In order to check the possibility of 4'%-ions luminescence in the barite lattice,
activation by Ag was accomplished (Gaft et al. 2001a). The main reason was that
in all natural barite samples the Ag and Cu impurities have been determined
by ICP analysis (Table 4.11). Besides that, weak orange luminescence on the
tail of the strong UV band was detected in BaSO4:Ag under X-ray excitation
(Prokic 1979).
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In BaSO4:Ag (Fig. 5.58) three bands have been detected: red, green and UV.
The red one peaking at 650 nm at room temperature has a half-width of 150 nm
and decay time of 75 ps and its spectrum is similar to the broad orange band
in natural barite. The decay time of this band in artificially activated barite is
shorter compared to the natural one, which may be connected with higher Ag
content with resulting concentration quenching. Ag* is very big ion with ionic
radius of 142 pm for coordination number 8, which is close to those of Ba2*.
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Fig.5.58. a-c Laser-induced time- 300 400 500 600
resolved luminescence of BaSO4-Ag nm

5.5.1.2
Ag Minerals — Chlorargyrite, Bromargerite and Embolite

In this case emission is not connected with electron transitions inside the
Ag" ion and may be interpreted in the energy band scheme (Gaft et al. 1989b).
Under UV lamp excitation at 300 K those minerals do not exhibit luminescence
but at the lower temperature of 77K a very strong emission appears with
a blue-green color for chlorargyrite, yellow-green for embolite and yellow-
orange for embolite. The excitation spectra for all luminescence bands are
similar and consist of one narrow UV band peaking at 350 nm. Under laser
excitation luminescence appears even at 300 K (Fig. 4.66a) with a decay time
of 200-250 ns. At 77 K the emission intensity becomes much stronger and the
decay time substantially longer, approximately 3-6 ps. Time-resolved spectra
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demonstrate that there is a minimum of two luminescence bands present with
different decay times (Fig. 4.66b).

An interpretation was done based on investigation of synthetic silver halo-
genides (Vacek 1969; Vacek 1971). The blue emission band in AgCl is intrinsic
and connected with electron-hole recombination. At temperatures higher than
77 Kholes start to migrate and may be recaptured on the deeper traps and once
again recombine with electrons. This process explains the luminescence color
change at temperatures between 77 and 300 K. The orange emission of AgBr
was connected with the Mn?* impurity, while the yellow-green one with I
impurity (Helder and Junod 1976). As for natural silver halogenides, under
powerful laser excitation synthetic AgCl is also detected at 300 K, which is
possibly connected with the higher density of excited states and the higher
probability of luminescent transition.

5.5.2
Cu*

Copper in minerals luminescence is usually considered only as an effective
quencher. Nevertheless, it is well known that a bright blue luminescence is
emitted from Cu* ions in inorganic solids by UV light irradiation. It was found
that these materials have potential application to tunable lasers. For example, in
Ca0-P, 05 glasses Cu™ is characterized by a luminescence band at 440 nm with
a half-width of 100 nm and an excitation maximum at 260 nm. The decay time
of luminescence is approximately 25 pis (Tanaka et al. 1994). Red fluorescence
possibly connected with the Cu* pair is also known (Moine et al. 1991).

5.5.2.1
Barite

In BaSO4:Cu two bands are detected: red and violet (Fig. 5.59). The red one
peaking at 740 nm at room temperature has a half-width of 150 nm and decay
time of 350 ps. The violet band peaking at 410 nm has at room temperature
a half-width of 35nm and decay time of 7 ps. At lower temperatures both
bands disappear and the new IR one is detected. Such deep red luminescence
in natural barite has been described earlier (Gaft et al. 1985) while the possible
connection with Cu was not considered.

5.6
d° Complex lons

Complexes of transition metal ions with a formally empty d shell often show
intense broadband emission with a large Stokes shift of 10,000-20,000 cm™L,
The most important examples for minerals are VO?[, WOﬁ_, MoOi_ and Tiog_.
Atomic orbitals s, p, d of the central atom and p orbitals of oxygen form molec-
ular orbitals of the complexes (Fig. 5.60). The excited state is considered to
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be a charge-transfer state, i.e. electronic charge has moved from the oxygen
ligands to the central metal ion (Blasse 1980; Blasse and Grabmaier 1994). The
real amount of charge transfer is usually small, but a considerable amount of
electronic reorganization occurs, in which electrons are promoted from bond-
ing orbitals in the ground state to antibonding orbitals in the excited state.
The value of AR is large, the Stokes shift is large, and the spectral bands broad.
Especially the complexes with the lighter metal ions show long decay times of
their emission. The spin-orbit interaction is strong in WO3~ because of the
high atomic number of W and the emission lifetimes decrease correspondingly.
The lifetime of the blue emission of the WO2~ ion is as short as 10 ps, which
is 10 times shorter than that of the MoO3~ and 100 times shorter than that of
the VO™ ion.

5.6.1
Scheelite — W04

The most important mineral example is natural scheelite. Scheelite emits
a bright blue emission in a broad band centered at 425nm (Fig. 4.9) with
a decay time of several ps. Calcium tungstate CaWOy has long been known as
a practical phosphor, and has been carefully studied. The intrinsic blue lumi-
nescence center is the WO~ complex ion in which the central W metal ion is
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Fig.5.60.  Energy levels scheme in
tetrahedral molecular ions CrOy4, VOy,
MoQy, WOy (Tarashchan 1978)
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coordinated by four 0>~ ions in tetrahedral symmetry. It is widely accepted to
use Ty symmetry to classify the terms and tentatively interpret the experimen-
tal data, while all of the modern work on tetroxo ions recognizes the fact that
its symmetry is not maintained. Since the ground states 1t;, 1aj, le, 22, 2a;, 312
and #; one electron molecular orbitals are occupied, the WOi_ molecular com-
plex can be excited via the t;-2e transition to the following molecular terms:
371,37y, 1Ty and 1 Ty resulting from the (tir’ , 2¢) configuration. The lower lying
triplet is believed to be responsible for luminescence (Fig. 5.60). Other analo-
gous T4 complex is molybdate MoO2~, which is considered to be responsible
for the green luminescence in scheelite (Tarashchan 1978), but activation by
Pb also generates a very strong green emission (Blasse 1997).

5.6.2
Pyromorphite - VO4

Pyromorphite usually has an orange to yellow UV excited luminescence char-
acterized by a broadband peaking at 580 nm (Fig. 4.26). It was earlier supposed
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that such luminescence is connected with the (VO4)3~ emission center (Gaft
1984), but the possible role of Ag* also may be considered (Gorobets and
Rogojine 2001).

5.6.3
Beryl - VO,

The blue emission band in the beryl luminescence spectrum with a short
decay time of 1ps (Fig. 4.52a) can be connected with the (VO4)*~ complex,
especially because a similar emission has been found in the radioluminescence
spectrum of beryl with an elevated concentration of vanadium (Chithambo
et al. 1995).

5.6.4
Benitoite - TiOg

The luminescence of many titanium minerals was studied by steady-state lumi-
nescence spectroscopy and it was proposed that the blue luminescence bands
mutual for these minerals is connected with TiOg complex luminescence (Gaft
et al. 1981a; White 1990; Fig. 4.36). Figure 4.35 represents spectral properties
of the blue emission from benitoite at 300 K. Under short and middle-wave UV
laser excitation, such as at 266 and 308 nm, respectively, an intensive broad blue
emission band peaking at approximately 420 nm with half-width of ~ 80 nm is
detected. Spectra with different excitations, delays and gates revealed that this
band consists of only one component. The decay rate may be approximated
by a mono-exponential curve with decay time of 2.6 ps. The excitation spec-
trum of the blue luminescence consists of a narrow band with half-width of
40 nm peaking at 290 nm and accompanied by the shoulder at 245 nm. At lower
temperatures the luminescence efficiency becomes higher, while the spectral
form is basically the same. At temperatures higher than room temperature the
efficiency decreases and at 465K is nearly quenched, while the band shape
remains practically the same. Additional bands or shoulders do not appear at
higher temperatures range. Decay curves at all temperatures remain mono-
exponential, but the decay time becomes substantially longer with reduced
temperature, from 1.1 ms at 40 K to 200 ns at 465 K (Gaft et al. 2004a).
According to our experience all benitoite samples have intensive blue emis-
sions under short wave and middle wave UV, and we have never seen or heard
of any that did not. On the other hand, efficient luminescence has been ob-
served from the TiOi_, Tiog_ and even Tiog_ complexes. In addition, bazirite
BaZrSi3;Og with the benitoite structure demonstrates luminescence of zirconate
complexes ZrO}~ (Blasse 1980). The blue luminescence of impurity Ti** cen-
ters has been found in synthetic BaSnSi;Oy_Ti** and BaZrSi;Oo_Ti** with the
benitoite structure (Konijenendijk 1981). We thus have strong evidences in
favor of an intrinsic model for the blue luminescence in benitoite, connected
with the TiOg octahedra. Hence we have tried to determine if the spectroscopic
experimental data may be explained based on such a model (Gaft et al. 2004).
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Figure 5.61 summarizes the temperature behavior of decay time r and quan-
tum efficiency 1 of the blue luminescence from benitoite in the forms In(r) and
In(n) as a function of reciprocal temperature 1/T. Figure 5.62.a demonstrates
a suitable energy levels scheme. After excitation the metastable level 1 is pop-
ulated due to nonradiative fast transition from excited level. Between levels 1
and 2 the equilibrium population is established due to nonradiative transition.
The relative quantum yield of the blue emission may be described by simple
Arrhenius equation:

1

1= Cexp(~UJKT) (5.25)

where C is constant and U is energetic barrier between two closely spaced
emitting excited states and excited level. The best fit to the experimental results
is obtained when U = 0.145 ¢V or 1,150 cm!. The decay time is determined by
the equation:

1 + exp(—WJkT)

- 5.26
"7 AL+ A2exp() — WIKT (5.26)

where A; and A, are radiation transition probabilities between the ground
state and the first and second excited emitting states, respectively, and W is
the energy difference between the first and the second excited emitting states.
The best fit with experimental data is obtained for W = 0.06 €V or 460 cm™.

Such an energy levels scheme is compatible with the TiOs complex. Fig-
ure 5.62.b represents a typical energy levels scheme for empty shell octahedral
molecular complex centers. A molecular orbital calculation leads to e* and #;
states for the lowest unoccupied molecular orbital and the highest occupied
molecular orbital, respectively. By taking the e-#; transition into account, the
excited electronic states of t;e electron configuration are found to consist of
3Ty < 3Ty, < Ty < Ty, in order of increasing energy, with the ground
state being a 1A1g state (Blasse, 1980).

Fig.5.61. Decay time and 1
quantum yield of blue E
emission as a function E
of temperature: dots are e’ : : , , , —
experimental data and solid 0.005 0.010 0.015 0.020 0.025 0.030

lines are best fit curves 1T
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Fig.5.62.a. Calculated energy levels cheme for blue benitoite luminescence

Fig.5.62.b. Energy levels scheme for TiOg lumines-
cence center in benitoite
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Thus the excitation band at 240 nm may be assigned to the allowed 'A;; —
1T,, transition, and the weaker band at 290 nm assigned to the formally forbid-
den'A;;— Ty, transition. Because of very long decay time, the emission at low
temperatures must originate from the parent 3Ty, triplet states, because the
3T, state is the only level which produces a sublevel from which a transition
to the 'A;; ground state remains spin and orbitally forbidden. The presence
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of a higher level with higher radiation probability may be connected with the
splitting of the emitting 371, levelsinto levels of A1y, E,;, Thy, and T, symmetry
due to spin orbit coupling. The T1, — Ay, transition is allowed, while the others
forbidden (Blasse, 1980). One of the latter levels can act as an optical trap,
which explains the temperature dependence of the decay time. In view of the
small energy difference between the 3T, and 3Ty, levels, the 3T, level may
also play a role in the luminescence process at high temperatures.

5.7
Molecular Centers

5.7.1
Uranyl (U0;)?*

Uranyl is formed due to o and 7 bonds of 5f, 6d, 7s electrons of the uranium
atom and 2p electrons of two oxygen atoms. Molecular orbitals of uranyl are
formed by the interaction of atomic orbitals of uranium and oxygen with the
same type of symmetry and close energy levels. Bonding orbitals 10y, 1o, 17,
17, are filled with electrons with antiparallel spin directions. Nonbonding or-
bitals lag, lo}, 1n§, 17} and so on are empty and form excitation levels. The

ground state of uranyl is 1 Z;, which is a singlet with summary spin 0 and

a center of symmetry. The excited state of uranyl is split. It has levels of different
symmetry types Aag, Epg, A1g and so on. These levels are split, in their turn,
due to electron=phonon interaction forming a system of vibrational sublevels
owing to vibration of oxygen atoms in uranyl. Absorption of photon by uranyl
results in electron transition from the upper filled orbital 1712 to one of excited
levels of empty orbitals 16, and 1¢, with vibrational sublevels. Electron tran-
sition in the opposite direction results in the emission of photon. Its energy is
about kg ~ 2 x 10™* cm™!. This is a zero-phonon electron transition. Its peak is
accompanied by a series of electron-phonon lines (Fig. 5.63). A feature distin-
guishing the molecular excitation and luminescence spectra of UO3* is the fact
that they arise from the transitions between electron-vibrational levels, i.e., the
levels of electronic states split into sublevels whose spacing equals the vibra-
tional frequency of the molecule (Marfunin 1979b). The color of luminescence
of uranyl in different minerals is variable from a green-blue to orange-red and
the mean frequency interval alters from 840-880 to 680 cm™!, correspond-
ingly. The UO3" always exhibits comparably long decay times in the range of
60-600 ps (de Neufille et al. 1981; Gaft 1989). Some of them fluoresce strongly
at 300 K, some relatively weakly and others do not fluoresce at all. The emission
of some of the weakly fluorescent uranyl minerals is dramatically increased by
cooling to 77 K. The differences in the luminescence parameters are connected
with the energy migration probability between the uranyls which, in turn, de-
pends on the mineral structure, the connection type between various uranyl
units and the chemical nature of ligands which interact with uranyl (Gorobets
and Sidorenko 1974; Sidorenko et al. 1986; Gorobets and Rogojine 2001).
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Fig.5.63. Molecular orbitals scheme of UO, (Marfunin 1979b)

5.7.1.1
Apatite

Sedimentary carbonate-fluor-apatite Cas(PO4,CO3)3F is not luminescent un-
der X-rays, and under UV lamp excitation it is characterized by broad struc-
tureless bands which are very similar to those encountered in many sedi-
mentary minerals. It was concluded that this luminescence is due to different
kinds of water-organic complexes (Tarashchan 1978). For this reason the lu-
minescence properties of the sedimentary apatites is much less informative
compared to magmatic apatite and attracted not much attention.

Carbonate-fluor-apatite accommodates large quantities of trace elements,
mainly uranium, which are potential luminescence centers. It has been pro-
posed that uranium may occur in phosphorites in the following forms: as
a separate uraninite phase; as an adsorbed or structurally incorporated uranyl
ion; as a dominantly U** replacement for Ca*, to be structurally incorporated
appreciably as both U** and U®* (Altshuller 1980).

The steady-state luminescence of water-organic complexes is strong and
conceals the weaker characteristic luminescence of uranium containing cen-
ters, which can be detected by the difference in decay times only. The reason
is that the decay time of water-organic complexes is characterized by two
time intervals: less then 30 ns and more then 10 ms. Since the uranium centers
have decay times in the microseconds range, it is possible to detect them by
time-resolved spectroscopy. In the time-delayed laser-induced spectroscopy,
the luminescence spectra are recorded at a fixed moment after a laser pulse.
These spectra may be different from the integrated steady-state ones since after
a certain time short luminescence will be practically absent.
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Thermal treatment has great influence on luminescence spectra. Certain
cations may change valence and accommodation form during heating, with
transformation from a nonluminescent form to a luminescent form.

Spectra of the laser-induced luminescence of apatites with the long decay
time (more then 1 ps) consist of several sets of relatively narrow bands in the
green part of the spectrum, which are characterized by the clear vibrational
structure (Panczer et al. 1998). The first type contains at 300 K the character-
istic set of maxima at 484, 504, 526, and 546 nm. At 77K the intensity only
slightly increases, the spectrum is nearly the same, but the structure is more
pronounced (Fig. 4.4c). The luminescent decay measured at 526 and 504 nm
may be represented by the exponential fitting with the main decay compo-
nent of 350 ps. The second type contains at 300 K the set of bands at 467, 486,
505, 526 and 547 nm (Fig. 4.4b). At 77K the intensity is much stronger, the
band at 467 nm disappears and the other bands are narrower. The quench-
ing of the emission monitored at 526 nm at 300 K may be represented by the
exponential fitting with the main decay component of 200 ps. The third type
contains at 300K the bands at 508 and 524 nm which are the strongest at
77 K (Fig. 4.4a). The quenching of the emission monitored at 524 nm at 300 K
may be represented by the exponential fitting with the main decay component
of 300 ps.

Luminescent properties under UV excitation of the sedimentary phospho-
rites are strongly changed after the oxidizing thermal treatment. Thermal
annealing at temperatures of up to 600 °C did not cause spectral changes, but
above that temperature drastic alteration took place. The spectra at 300 K are
characterized by a very strong structureless band with a maximum at 527 nm.
The decay curve has the main component of ~ 110 ps. At 77 K the spectrum
is strongly changed with the intensive narrow line at 522 nm (Fig. 4.4d). The
decay is substantially slower with the main component of ~ 280 ps.

The spectral-kinetic parameters of the green laser-induced luminescence of
the sedimentary apatites allow its association with UO3* emission. The spectra
presented in Fig. 4.4b,c are typical for uranyl minerals and it is possible to
suppose that we are dealing with a separate uranyl mineral phase on the apatite
surface. Comparison with known uranyl minerals laser-induced luminescence
shows that minerals andersonite Na;Ca(UO,)(CO3)3 x 6H,0 and liebigite
Na,(U0,)(CO3)3 x 10H,0 have the most similar spectral-kinetic parameters,
but this identification is ambiguous.

The spectra of the green laser-induced luminescence represented in Fig. 4.4a,
together with their decay time, also allows its association with UO3*. These
luminescence spectra strongly differ from the spectral parameters of all known
uranyl minerals. For this reason it is not possible to connect this type of green
luminescence with finely dissipated uranyl phases. On the other hand, this
luminescence is very similar in such different host minerals as sedimentary
apatites, opalites, chalcedony, chert, quartz and barites. Luminescence inde-
pendence from the minerals structure evidences that it may be connected
with uranyl adsorption on the minerals surface, supposedly in the form of
(U0, x nH,0)?*.
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When the samples are heated the emission spectra are much less structured,
more intensive and short-lived. It is known (Reisfeld and Jorgensen 1977)
that uranyl, which is a linear triatomic molecule, can form complexes with
ligands in the equatorial plane. When OH-group or F are the complexing
species, the bond is very weak since there is no significant overlap of the
molecular orbital of the ligands with those of the uranyl. As a result, a well
resolved spectrum is obtained, resembling gaseous molecules, resulting from
the electron transitions from the oxygen to the 5f orbitals of the uranium.
The spectra become much less resolved with stronger ligands occupying the
ecvatorial plane. When water molecules are evolved at elevated temperatures,
the OH groups disappear and, probably, P-ligands become strongly bounded
with uranyl orbitals in the ecvatorial plane. The spectrum becomesless distinct,
the intensity increases because of the less pronounced presence of a center of
inversion which makes the parity-forbidden transitions in uranyl more allowed
and correspondingly this is followed by shortening of the decay time.

Spectral parameters of the structured green luminescence (Fig. 4.4d) are
absolutely similar to those of U®* luminescence in fluorite after thermal treat-
ment (Tarashchan 1978). Principally, during the calcination of the sedimen-
tary phosphates new mineralogical phases, including fluorite, may be formed.
Taking these data into account, it is possible to conclude that after thermal
treatment uranium is concentrated in the fluorite lattice in the form of US*.

It is interesting to note that in magmatic apatites the luminescence of ura-
nium containing centers have not been discovered before or after oxidizing
heating. Thus it is reasonable to suppose that uranium is present mainly in the
U** form. The U** with an ionic radius of 0.97 A may be located in the apatite
structure instead of Ca?" with the ionic radius of 0.99 A. The most likely way
for achieving the excess charge compensation is the Na* for Ca?* structural
substitutions.

5.7.1.2
Minerals of Uranyl

The luminescence of uranyl minerals is connected with uranyl emission. En-
ergy migration plays a very important role and its behavior was well analyzed
by Gorobets and Rogojine (2001). In carbonates there is no energy transfer
between (UO;)?" and they therefore give a bright blue-green emission at 300 K
with a maximum decay time of approximately 600 pis, narrow spectral lines and
alarge vibration constant of 820-840 cm™!. In sulfates, phosphates and arsen-
ates, uranyl ions are bound more strongly and their luminescence is green with
decay times, vibration constants and temperatures of quenching a little lower.
In silicates, vanadates, molybdates and hydroxides of uranyl strong exchange
interaction and energy transfer takes place. In this case, the luminescence
decay time falls to approximately 100 ps and vibration constant decreases to
750-680 cm L. Yellow, orange and red luminescence of these minerals can be
observed at low temperatures.
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5.7.1.3
U4+

The reabsorption lines of U** have been found in zircon (Gaft et al. 1986)
luminescence spectra. The strongest reabsorption lines at 592 and 656 nm
are (Fig. 4.39b) clearly seen, which are totally identical to absorption lines of
U** in zircon (Platonov et al. 1989).

5.7.2
03, S; and F-Centers

A distinctive feature of the O; and S; luminescence spectra in minerals is
a quasi-linear vibrational structure of the broad luminescence band (Tarash-
chan 1978). The O; and S, molecular ions are isoelectronic. From the molecu-
lar orbital diagram describing their electron structure the emission transition
23,211 3/2 is determined. When observing luminescence spectra at 77K, a fine
structure associated with the frequency of intra-molecular vibrations of O;
and S; is detected. This frequency depends on the type of the molecular ion,
on inter-nuclear distance and upon the particular position of the molecular
ion in the structures. For S; the maximum of the emission band lies within
the range of 600-700 nm with a mean vibration frequency of 500-600 cm™!,
while for O} the respective maximum is 450-550 nm with a frequency in the
800-1,200 cm™! range.

Time-resolved luminescence spectroscopy of sodalite evidences that the
vibration structure has a very short decay time and disappears after a delay of
250 ns. Such structure is superimposed on the very broad IR band (Fig. 4.65).

5.8
Radiation-Induced Centers

5.8.1
Zircon

Figure 4.39a represents the luminescence band detected in all investigated
natural zircons. It has an excitation band peaking at 310 nm. The broad yellow
band at 575nm with a decay time of 25-35 s represents “classical” zircon
luminescence. The picture is not principally changed with different delay times
and gate width. After heating the sample up to 700 °C the luminescence intensity
is nearly the same, but after that it is strongly reduced and at 800°C the
yellow luminescence disappears. Luminescence spectra at 77 and 4.2 K are not
substantially different.

Aswas already mentioned, the origin of this band was ambiguous. In order to
clarify this we studied the irradiation influence on laser-induced time-resolved
luminescence of the following samples (Gaft et al. 2003b):

- ZrSiO4 activated by Eu with characteristic narrow Eu®* lines and irradiated
by different doses of thermal neutrons;
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- ZrSiOy4 activated by Caand P practically without luminescence and internally
irradiated by alpha particles;

- Natural zircons heated at 800 °C during one hour when natural yellow broad-
band luminescence nearly totally disappears and irradiated by different
doses of alpha particles.

Non-irradiated ZrSiO4-Eu is characterized by strong orange luminescence
(Fig. 5.64a). After n-irradiation a broad yellow luminescence band appears,
which is much stronger then the original Eu®>* emission. Such yellow lumines-
cence is proportionally stronger with increasing irradiation time (Fig. 5.64b,c).
Strong broadband yellow luminescence appears also after alpha-irradiation in
ZrSiO4-Ca/P and in natural zircon after heating at 800 °C, which were not
luminescent before irradiation. Investigation made at 300 and 77 K with dif-
ferent laser excitations, delays and gates proved that despite of a very broad
half-width and apparently asymmetric form, luminescence consists of only
one band. Both for alpha and neutron irradiations, such induced lumines-
cence is stable with time and in our study it has been detected several years
after irradiation. The spectral shape of this radiation-induced luminescence is
very close to that of natural zircon samples. Its decay time is of approximately
30-35 psand the intensity remains stable under the heating up to 700 “C, which
is characteristic for natural samples. Thus according to our knowledge it may
be unequivocally concluded that the “classical” yellow luminescence band in
natural zircon with Ap,x = 575nm, half-width A = 160 nm, decay time of
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7 = 30—35ps and thermally stable up to approximately 700 °C is connected
with radiation induced centers. In minerals, the source of irradiation may be
connected with the radioactive decay of U and Th impurities.

For the interpretation of such centers it is important to note that yellow
luminescence is connected only with neutron and alpha irradiations and not
generated by higher doses of X-rays, beta and gamma irradiations. Thus cor-
responding centers have to be specific only for neutron and alpha treatment.
According to EPR data (Hayashi et al. 1990) the neutron irradiation produces
four typical signals in ZrSiO4 with ¢ = 2.000, 2.001, 2.003 and 2.008, while
gamma-ray irradiation produces only the first two signals. The last one is com-
pletely extinguished already eight months after irradiation, while the signal
with ¢ = 2.003 remains. Laser-induced luminescence in our study is detected
even 10 years after irradiation and it is possible to suppose that it is connected
with the radiation-induced center with ¢ = 2.003. Such values of g-factor cor-
responds to SiOj,; structural defects. Thermal stability of SiO};;” defects have
been studied by EPR and compared with those of integrated yellow zircon
luminescence. It was found that any correlation is absent (Gaft et al. 1986).
Thermal stability of the radiation-induced part of yellow luminescence is cor-
related with those of SiO!,~ structural defects (Fig. 5.65), but SiO};~ defects
are easily reproduced by X-ray irradiation after heating, while yellow lumi-
nescence is not. Thus the exact type of the yellow luminescence center needs
turther clarification.

(Me0 )™
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Fig.5.65. Comparison of radiation-induced luminescence and EPR of different centers as
a function of the heating temperature. Left: integrated yellow luminescence (upper) and
EPR of Ti**, Yb**, Nb** and SiO”; (lower). Right: yellow luminescence bands of different
origin with different thermal stability (Gaft et al. 1986)
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5.8.2
Calcite

The violet emission of the radiation-induced center (CO3)*~ is well known in
steady-state luminescence spectra of calcite (Tarashchan 1978; Kasyanenko,
Matveeva 1987). The problem is that Ce** also has emission in the UV part
of the spectrum. In time-resolved luminescence spectroscopy it is possible
to differentiate between these two centers because of the longer decay time
of the radiation-induced center. Its luminescence peaking at 405 nm becomes
dominant after a delay time of 100-200 ns while emission of Ce" is already
quenched (Fig. 4.14f).

Another evidently radiation-induced band occurs in the orange part of spec-
trum. Under long waved UV and visible excitations the band peaking at 600 nm
is detected with half-width of 95 nm (Fig. 5.66a). Excitation spectrum of this
emission contains for maxima peaking at 345, 360 and 410 nm (Fig. 5.66b). The
band is evidently not symmetrical with shoulder at 625 nm, but such form re-
mains in all time-resolved spectra with different delays and gates and does not
resolved to several emission bands. This band can be detected with extremely
narrow gate width, which is a strong evidence that its decay time is very short,
approximately 10-12 ns, which is on the border of our experimental system
ability. At 40 K the band becomes extremely intensive, while its spectrum and
decay time remain practically the same.

Such short-lived orange emission is thermally very unstable and after heat-
ing the sample at 180-220 °C this band disappears. Such behavior is compatible
with radiation-induced thermally not stable centers. This model is confirmed
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by the fact that such orange luminescence is especially strong in the red col-
ored parts of calcite, which also disappears with the heating synchronous with
the orange luminescence. Color centers generating such red tint have been
interpreted as radiation-induced centers (Platonov, 1978).

5.8.3
Topaz

Color centers in topaz can be produced by irradiation with fast neutrons and
gamma-rays (Platonov et al. 1989). It was found that luminescence bands are
connected with such color centers, which may be detected by steady state and
time-resolved spectroscopy (Marques et al. 2000). The detected luminescence
bands have been connected with both impurities and structural changes.

5.8.4
Interstellar Matter

Simulated interstellar matter, such as forsterite, enstatite and magnesite, has
been irradiated by gamma-rays and fast neutrons and their induced spectra
have been investigated. For the forsterite and magnesite after irradiation the
spectra exhibit rather intensive peaks at approximately 650 and 660 nm, respec-
tively. Besides that, forsterite demonstrates several narrow lines the strongest
one at 610 nm (Koike et al. 2002).

5.9
Reabsorption Lines of Oxygen and Water

5.9.1
Apatite-Luminescence Spectroscopy

The laser-induced time-delayed (more then 1 ps) luminescence spectra of mag-
matic and sedimentary apatites contain several “negative” lines at the red part
of the visible spectrum (Fig. 4.6). The correlation analyses reveal that this group
is subdivided into two (Gaft et al. 1997¢): the strongest line at 760 nm accompa-
nied by the weaker line at 687 nm; a doublet at 720 nm accompanied by a triplet
at 823 nm. The following results allow us to conclude that these lines are not con-
nected with noise or artifacts: the spectral features are “negative”, thus they may
notbe connected with second order lines or incidental sources of light; the spec-
trum is presented without any smoothing or other mathematical treatment.

It is clearly seen that negative lines are much stronger then the noise. Besides
that, the negative lines are always situated at the same places. The invariability
of the spectral positions provides the evidence that they are not connected
with fluctuations of the laser pulses and detection system. Thus it may be
concluded that we a dealing with a reabsorption mechanism. The optical
absorption spectra of natural apatites in the range 600-900 nm contain sev-
eral lines and bands connected with Nd3*, Pr3*, Mn°*, SO; (Gorobets 1975;
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Gilinskaya and Mashkovtsev 1994) but they do not coincide with the negative
lines detected in our study. The optical spectroscopy data connected with other
minerals and solids have been also checked, but all attempts were unsuccessful
(Platonov 1979).

Nevertheless, these absorption lines though not previously mentioned in
solids are well known to absorb the visible light in the atmosphere (Measures
1985). The strongest absorption lines of molecular oxygen are named as the
A-band, or 760 nm, and B-band, or 687 nm. The 760 nm band is extremely
famous in the field of astronomy, because its presence in the atmosphere is used
as a test of photosynthetic activity on a distant planet. The strongest absorption
lines of water in the visible range consist of a doublet at 718 and 729 nm and
atriplet at 818, 823 and 829 nm, which exactly coincide with reabsorption lines
in apatite. These is a striking identity between the reabsorption spectrum of
the apatite and absorption spectrum of the atmosphere determined with high
spectral resolution and signal to noise ratio (Kuze and Chance 1994). Not only
the stronglines, but also the weak ones are the same. Even the splitting of the A-
band is similar in both cases. It consists of the narrower and more intensive line
situated at 760 nm and the broader and less intensive one situated at 763 nm.

The absorption of molecular oxygen and water in the air is very weak. It
is explained by the energy levels scheme (Fig. 5.67) of molecular oxygen and
water (Wallace and Hunten 1968; Castellan 1993). The corresponding electron
transitions to excited states, which give rise to absorption bands of molecular
oxygen and water, are forbidden on the bases of spin and symmetry. The low
transition probabilityis reflected in the long radiative lifetime of 7 seconds from
the IE; state of molecular oxygen. Why in such cases is the absorption in apatite

relatively strong? One possible explanation is that this forbiddenness, strictly
observed in the spectra of free molecules, is less stringent inside crystals where
forbidden transitions often occur owing to interaction with heavy metal impu-
rities, such as U, Fe, Mn, which are responsible for spin-orbit coupling relaxing
to some extent the forbiddenness of the spin-forbidden transitions. It is worth-
while to note that the long lifetimes are in the limit of the zero pressure and
may be considerably modified even by perturbations from surrounding gases.

The next interesting problem is why reabsorption lines disappear at lig-
uid nitrogen temperature? In the emission-reabsorption process both centers
behave as independent systems, and do not interact directly. Thus energy mi-
gration is not temperature dependent. The possible explanation is that at liquid
nitrogen temperature (77 K) the oxygen and water exist not as gas and liquid,
but as liquid and solid, correspondingly. It is known that in the spectra of
condensed or compressed oxygen there are bands that are not due to transi-
tions of isolated O, molecules. They are attributed to transitions in molecular
complexes, perhaps short-lived collision complexes. The strongest band near
633 nm is attributed to the (0-0) transition associated with simultaneous exci-
tation of two 3E; oxygen molecules to the 14, state (Ogryzlo 1965). We do not
see such lines at 77 K. Another possibility that the interaction between molec-
ular oxygen and water may be decreased at lower temperature and electron
transitions remain strictly forbidden.
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Thus it is possible to conclude that the optical active centers in apatite,
which are responsible for the reabsorption lines, are molecular oxygen and
water. Apatite structure is characterized by the existence of channels, running
along the C-axis of the hexagonal structure. It has been proposed that the space
existing in the channels of non-stoichiometric apatites may be available for
molecular trapping. The most evident example is given by oxygen containing
apatites. It has been shown, in the case of phosphor-calcium apatites, that they
occupy all the available space of the channels and their maximum amount is
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approximately 0.5 molecular percents. Water has been suggested to exist in
vacancies of the channels. However quantitative data are scarce because of the
difficulty to distinguish molecules inside the crystal and molecules adsorbed
on its surface (Rey 1991).

Besides that, investigation of Eu3* luminescence in different kinds of arti-
ficial apatites leads to an analogous conclusion. It is apparent that the charge
compensating species for the trivalent rare-earth elements occupying the di-
valent calcium may appear in the form of halogen being replaced by oxygen.
However, the profound dependence of the Eu®* spectra on the type of halogen
ion involved in apatites makes us conclude that the halogen in the second
type of calcium position remains intact. Hence, it is suggested that the charge
compensating species, namely free oxygen, should occur as an interstitial in
the vicinity of the Eu* center (Jagannathan and Kottaisamy 1991).

Thus the spectroscopic conclusion is in accordance with the crystallochem-
istry of apatite, namely with possible accommodation of molecular oxygen and
water in different ways: by structural incorporation and by adsorption.

5.9.2
Apatite - Photoacoustic Spectrophotometry

Such unusual phenomena as reabsorption lines of molecular oxygen and wa-
ter require a confirmation by an additional independent technique. The best
method is to try to detect the corresponding absorption lines by UV-visible
spectroscopy. The problem is that sedimentary apatite samples are in the form
of non-transparent powder, which is not suitable for optical spectroscopy. The
photoacoustic spectroscopy (PAS), which allows measurement of absorption
spectra of powdered opaque samples, has been chosen for this purpose (Gaft
et al. 1998b). PAS works as follows: light from a broad wavelength source is
chopped by a rotating sector. The light, after monochromator, is directed into
a gas tight cell, which contains the sample. A miniature microphone is con-
nected to the cell. In the absence of photophysical or photochemical reactions,
the light degrades to heat. This heat flows to the surface, and causes a heating
and cooling of the gas in immediate contact with the sample. The acoustic wave
thus produced is then detected with a miniature microphone. The microphone
is an exceptionally sensitive instrument and can detect acoustic waves of very
little power. The signal from the microphone is detected using a phase sensi-
tive detector. This form of detection can detect a signal at a specific frequency
100 dB below the noise level. The resulting signal is that of the emission of
the light modified by the transfer characteristics of the spectrometer and the
absorption of the sample. In order to obtain the true spectrum one obtains
the ratio of this signal to that of carbon black powder, which is assumed to be
uniformly absorbing (Rosenzweig 1990).

It was found that the absorption spectrum of the apatite is characterized
by the bands at 775 and 850 nm, which are close to reabsorption bands in the
same sample and according to absorption in atmosphere may be connected
with molecular oxygen and water, correspondingly (Fig. 5.68).
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Fig.5.68. a, b Absorption lines of molecular oxygen and water in the air (a) and photoacoustic
spectra of apatite (b)

5.9.3
Diamond

Reabsorption lines of molecular oxygen and water have been detected in the
time-resolved luminescence spectra of certain diamonds.
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5.10
Luminescence Centers in Diamonds

The perfect diamond crystal consists of perfectly regular array of carbon atoms,
every atom being symmetrically surrounded by four others, and forming an
electron-pair bond with each one. Energy of about 5.5 éV is required to remove
an electron from one of these bonds and the crystal is therefore transparent
for ultra-violet wavelengths greater than 225 nm. For shorter wavelengths it
will absorb strongly. No crystal is perfect and the deviation from perfection
results in the optically active defects so common in diamonds. Several defects
have a strong absorption in the UV and visible parts of the spectrum and are
responsible for different kinds of luminescence. The defects may be chemical
or structural, or a combination of both. It has to be noted that in the dia-
monds luminescence spectra very narrow intensive lines of purely electronic
zero-phonon transitions are distinguished together with broad bands with
maxima, which extend into the long wavelengths direction and represent a su-
perimposition of the phonon vibrational replicas of the electron transitions.
Because of the fact that the vibration energy at different points of the Brillouin
zone is dissimilar, and also owing to the formation of di- and tri-phonon rep-
etitions upon addition of similar and different phonons, 10-15 overlapping
lines appear, which form a broad band perceived as blue, green, yellow, or-
ange and red emission. At a lower temperature the sharp lines dominate in the
spectrum, but at room temperature conditions they are drastically quenched
and the broad relatively structureless bands prevail. We concentrated on the
room temperature luminescence, which is especially important for diamond
sorting.

5.10.1
N3

The N3 optical center is one of the best known in steady-state luminescence
spectra diamond. It is connected with three substitutional nitrogen atoms
bounded to a common carbon atom or a vacancy, the ground state being
a2A; level and the excited state where luminescence originates a 2E state (Cs,
point group). The zero-phonon line occurs at 2.985¢V and absorption and
emission spectra show very closely a mirror relationship (Bokii et al. 1986).
The N3 prompt luminescence decay is exponential and equal to 40 ns. Time-
resolved luminescence spectroscopy enables us to detect that the N3 center
has some metastable levels between the emitting and ground state. One of
the decay paths of these metastable levels is delayed N3 luminescence, which
occurs above 170 K. Besides this, time-resolved spectroscopy enables us to
detect another center with zero-phonon lines with energy very similar to the
N3 center (Pereira and Santos 1993; Pereira and Santos 1994). Under steady-
state conditions there is some superposition of luminescence and excitation
spectra of N3 and this center and they cannot be spectroscopically separated.
By time-resolved spectroscopy the centers were separated and the second one,
named 2.96 ¢V was connected with the Al impurity.
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Our study of time-resolved luminescence of diamonds revealed similar be-
havior (Panczer et al. 2000). Short-decay spectra usually contain N3 lumines-
cence centers (Fig. 4.71d; 5.69a,b) with decay time of r = 30—40 ns. Despite such
extremely short decay, sometimes the long-delay spectra of the same samples
are characterized by zero-phonon lines, which are very close in energy to those
in N3 centers. At 77 K Adex = 308 nm excitation decay curve may be adjusted to
a sum of two exponents of 1; = 4.2 ps and 1, = 38.7 ps (Fig. 5.69¢), while at
300 K only the shorter component remains. Under A¢x = 384 nm excitation an
even longer decay component of 13 = 870 ps may appear (Fig. 5.69d). The first
type of long leaved luminescence may be ascribed to the 2.96 éV center, while
the second type of delayed N3 luminescence is ascribed to the presence of two
metastable states identified as quartet levels at the N3 center.

N3 is the only luminescence center with an appreciable fine structure at 300,
while its zero-phonon line at 415 nm is characterized by different intensities
down to practically total disappearance (Fig. 5.70b; Gaft 1994). The decrease
of zero-phonon line intensity is accompanied by an increase of the 360 nm line
in the excitation spectrum (Fig. 5.70a). The cause may be the N3 clusters for-
mation of N3 centers with the ensuing concentration quenching resulting from
energy migration. The transfer is of the emission-reabsorption type, namely,
emission by one luminescence center and its reabsorption and emission by the
other center. This is explained by the similarity of the energies of emission and
reabsorption. The following model is possible: a feature distinguishing the N3
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Fig.5.70. a—c Reabsorption of the 415 nm line in diamond luminescence spectrum

center is that its absorption is similar to its excitation and presents a mirror re-
flection of its photoluminescence. The line at 415 nm is present in the emission
and in the absorption spectra being subjected to the concentration quenching.
This is confirmed by the fact that this process is particularly prominent in yel-
lowish diamonds, which are characterized by elevated N3 contents. A strong
reabsorption line at 415 nm in these diamonds is clearly seen in the spectrum,
which was received with a time delay of 1 microsecond, when N3 luminescence
is no longer detected because of its short decay time (Fig. 5.70c).

5.10.2
H3, H4, S2, S1 and S3

The H3 center is connected with a pair of nitrogen atoms, which captures one
vacancy, while the H4 center is principally the same but with a slightly different
configuration. Defect S2 is believed to be due to a combination of two vacancies
and one nitrogen atom, while S3 is connected with a combination of several
nitrogen atoms and a vacancy and S1 with a vacancy-nitrogen pair.

The H3 center is well known in the steady-state luminescence spectra of
diamonds. It belongs to the C,, point group, the ground state being 'A; level
and the excited state from which luminescence takes place a ! B;. Both emis-
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sion and absorption spectra present a zero-phonon line at 2.463 éV. The decay
time of the H3 luminescence is of 15-20ns (Bokii et al. 1986; Davies 1994).
Time-resolved luminescence spectroscopy also revealed a delayed lumines-
cence spectrally identical to the fast one, but with a temperature dependent
decay time of the order of a few ms. Results were interpreted as due to reversible
non-radiative transitions from the emitting ! B; excited level to triplet levels
(Pereira and Monteiro 1990; Pereira and Monteiro 1991).

In our study we found that H3, H4, S2 and S3 centers are characterized
by relatively broad bands with Apax at 520-545nm, sometimes accompanied
by very weak zero-phonon lines at 489 and 523 nm (S2), 498 (S3) and 503
(H3) nm. It is very difficult to distinguish between the centers of this group,
especially when they present together. Under pulse laser excitation the decay
time differences enable more definite recognition. Different decay components
in the green part of the spectrum allow us to establish the presence of H3
(12 ps) and S3 (126 and 213 ps) centers. These broad bands are sometimes
accompanied by narrow lines of GR1 center at 794 nm and by system at 700 and
788 nm (Bokii et al. 1986; Davies 1994). The relatively broad line at 463 nm with
adecay time of 312 ps appears which is not described in the literature (Fig. 4.72).

5.10.3
A-Band

Thisluminescence band is believed to be due to segregation of defects B1, which
is a relatively large spheroid of aggregates of nitrogen and is characterized by
strong N9 (236 and 230.8 nm) and weak N10 (240 and 248 nm) absorption
systems. It gives white-blue luminescence (Fig. 4.71) excited by UV shorter
that 240 nm with practically structureless broadband. Its luminescence decay
is characterized by three components, mainly 25 ns, 100 ps and 3 ms.

5.11
Unidentified Luminescence Centers

5.11.1
Apatite

The luminescence spectrum of the Canada apatite contains the yellow band,
which is similar to Mn2* emission in the Ca(II) site (Fig. 5.71). Nevertheless,
this band has short decay time, which is not suitable for strictly forbidden
d-d transitions in Mn2*. It dominates in the time-resolved spectrum with
adelay of 10 ps and gate of 100 ps when the shorter-lived centers are quenched,
while the longer-lived ones are not detected. A change in the lifetime may be
indicative of the energy transfer from Mn?* by a radiationless mechanism.
A condition necessary for this mechanism is coincidence or a close distance
between energy level pairs of the ion sensitizer and the ion activator. Here,
the process of luminescence is of an additive nature and a longer duration
and greater quantum yield of the activator luminescence accompany a reduced
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Fig.5.71. a—f Unidentified emission center in apatite laser-induced time-resolved lumines-
cence spectra of apatite. a Steady-state luminescence spectrum; b Time-resolved spectrum
with narrow gate where yellow band with short decay time dominates; c-d Time-resolved
spectra after heating at 800 °C; e-f Excitation bands of Mn?* and short-lived yellow band,
correspondingly

duration and decreased quantum yield of the luminescence of the sensitizer.
The energy transfer explained the absence of Mn?* luminescence in natural
apatite, where its presence is ascertained from the EPR spectra, from levels 4T,
and *T; of Mn?* to REE (Marfunin 1979b). In all samples where short-lived
luminescence of Mn2* is detected, the lines at 651 and 605 nm are unusually
strong. They are well known in artificially activated apatite and belong to Sm>*
in the Ca(II) site (Morozov et al. 1970). In natural apatite such luminescence
is extremely rare and was previously detected in Canada and yellow apatites
only. Thus it is possible to suppose that energy migration from Mn?* to the
*Gs)p level of Sm** takes place. That these lines excitation is the result of energy
migration from Mn?" is confirmed by their unusually long decay time of 2 ms.

Nevertheless, such interpretation contradicts with the fact, that after heat-
ing at 800 °C the short-lived yellow band disappeared and a usual long-lived
Mn?* luminescence appears (Fig. 5.71d). Thus short-lived emission may be not
connected with the Mn2* center, but with another center, which transforms to
Mn?* as result of oxidizing heating. To check this possibility time-resolved ex-
citation spectrum of the yellow band with a short decay time was determined,
because it is very characteristic for Mn?*. It was found that the excitation spec-
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trum consists of one main broad band with an extremely low Stocks shift and is
absolutely different from those for Mn?* (Fig. 5.71e~f). The exact nature of the
luminescence center needs further clarification, while one of the possibilities
may be Mn* luminescence, which transforms to Mn?* after oxidizing heating
at 800 °C. The Mn™ ion has 3dg configuration and the only one known lumi-
nescence center with such a configuration is Fe?* with an IR emission band.
Nevertheless, it is known that the optical properties of d>*" ions are similar to
those of d” configuration. Thus Mn* is similar to such ions as Ti**, Cr>*, MnS*
and V** with IR and red emission bands.

Certain similarity may be seen between this luminescence and short-lived
orange emission in calcite, which hasbeen ascribed to radiation-induced center
(Fig. 5.67). It is possible that natural irradiation may be a reason of orange
luminescence in apatite also.

5.11.2
Zircon

Several luminescence bands are usually obscured by stronger emissions and
may be detected only by time-resolved spectroscopy. These are: emission
with Apax = 480nm, A = 70-80nm and 7 = 300—325 ps, emission with
Amax = 515nm, A = 90—100 nm and 7 = 500—520 ps, emission with Ap,x =
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Fig.5.72. a-f Unidentified emission centers in laser-induced time-resolved luminescence
spectra of zircon
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550 nm, A = 110—125nm and 7 = 8—10 ps, emission with A, = 620 nm, A =
110—125nm and r = 8—10 ps, emission with Apax = 560 nm, A = 110—125 nm
and r = 3-5ps, and emission with Ap.x = 440nm, A = 80—105nm and
T = 1-3ps (Fig. 5.72a-f). To identify the exact nature of those impurities,
ZrSiOy artificially activated by potential activators, such as Mn, Cr, Ti, Co, Ni,
Pb, Sb, have been studied (Gaft et al. 2002b). Nevertheless, the bands simi-
lar to those detected in natural zircon are not found and the nature of the
corresponding luminescence centers needs further investigation.

5.11.3
Barite

The luminescence of all natural barite is influenced strongly by thermal treat-
ment. After heating at 600 °C vibrational structure appears in some samples
even at room temperature with mean frequency intervals of about 880 cm™!
and decay time of 10 ps. At 77 K this center is hidden by strong uranyl lumines-
cence. A narrow yellow band peaking at 575 nm is also detected. After heating
at 700 °C, in the luminescence spectrum at 77 K two bands are present, the first
similar to those at 300 K and the second one with much a longer decay of 250 s
and vibrational structure. At 4.2 K three vibrational structures are detected by
time-resolved spectroscopy: blue with decay time of 5 ps, green with decay
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Fig.5.73. a-d Unidentified emission centers in laser-induced time-resolved luminescence
spectra of barite
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time of 650 ps and red with decay time of 225 ps (Figs. 5.73, 5.74). In all cases
the mean frequency vibrations are close to each other 820-850 cm™!.

Three types of vibrational spectra are considered now in minerals: electron-
hole centers O} for the blue region and S for orange-red, together with UO3*
for green. O; and S; centers have been proposed earlier to explain the vibration
bands in natural sulfates (Tarashchan 1978). Nevertheless, we checked the S;
luminescence in several minerals and it was found that it is characterized by
a short decay of several ns, which is much shorter than in our case. The uranyl
possibility for the green lines may be also excluded because the U content of
0.12 ppm in the corresponding sample is low.

Once again, Bi presents other possibility. It is known that the vibrational
structure occurs in the emission and excitation spectra of Bi, which was ob-
served if it replaces relatively small ions and the pressure on Bi** is large.
Vibrational structures for Bi?* in the orange part of the spectrum and for Bi**
in the blue are known (Blasse and Grabmier 1994). According to the three-
level scheme, the short-lived higher temperature band may be connected with
3p,-18, transitions, while the longer-lived low-temperature one with 3py-1So
transitions. The different luminescence centers of Bi in natural barite may be
connected with its substitution for Sr?* and Ca?* impurities, the presence of
which is established by ICP data. Substantially different luminescence ofs* ions,
such as Pb?* and $?*, in CaSOy, BaSO,4 and SrSQ, is well known. It is explained
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Fig.5.74. a-d Unidentified emission centers in laser-induced time-resolved luminescence
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by the fact, that Ca and Sr have much smaller ionic radii than BaZ. Besides that,
Ca in the anhydrite structure has 8 nearest neighbors and not 12, as in barite.
Otherbands appear after heating with long decays. After a delay of 1 ms when
the centers with a long decay are exaggerated the narrow green band appears
peaking at 510 nm with a half-width of &~ 35 nm and decay of 10 ms, while an ad-
ditional band s also detected at 605 nm with a half-width of ~ 70 nm (Fig. 5.75).
At 77 K the relative intensity of the band at 605 nm with an even longer decay
time of 25 ms is much stronger. Such bands are usually connected with Mn?*,
but Mn?* in barite has different luminescence. Mn?* in anhydrite CaSOy is
characterized by a narrow band peaking at 505 nm. Thus such a band in barite
may be connected with Ca impurity and “anhydrite type” local structure.

5.11.4
Calcite

Under short-waved UV lamp excitation (254 nm) visually observed lumines-
cence of calcite is violet-blue with very long phosphorescence time of several
seconds. Under long-waved UV lamp excitation (365 nm) calcite exhibits vi-
sually the same violet-blue luminescence as under 254 nm excitation, but long
phosphorescence is not detected. Under short laser excitations, such as 266
and 355nm, at 300K calcite demonstrates intensive UV-violet emission band
peaking at 415 nm with half-width of ~ 55nm (Fig. 5.76a). Excitation spec-
trum of this band is composed of short waved tail in the spectral range less
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Fig.5.76. Blue emission (a) and excitation (b) spectra of calcite at 300 K and luminescence
spectra at lower temperatures (c-d)

than 250 nm and two UV bands peaking at 297 and 365 nm (Fig. 5.76b). Decay
time is very long and may be approximated by the sum of two exponents of
1.9 and 19 ms. At lower temperatures luminescence spectrum changes dra-
matically. Down to approximately 250 K, the spectrum remains practically the
same, while emission intensity is higher. After that, the second band appears
(Fig. 5.76¢), which at 200K is situated at 473 nm and totally dominates the
spectrum while the band at 425 nm disappears (Fig. 5.76d). Decay times of
both bands in this temperatures interval remains in several ms diapason. At
even lower temperatures down to 20 K, the band maximum remains the same,
intensity becomes substantially stronger and decay time is extremely short,
namely less than 25 ns, which is a lower limit of our measuring system. Besides
that long phosphorescence is detected with decay time of several seconds. As it
already mentioned, luminescence behavior when emission spectra and decay
time strongly dependant on temperature is very typical for s* ions, such as Bi**
and Pb?*. Similar behavior with calcite luminescence under consideration may
exhibit Sb>* emission center. Additional research needed in order to clarify
this problem.



CHAPTER 6

Applications of Laser-Induced Time-Resolved
Spectroscopic Techniques

In any practical application in the mineralogy field the main task is composi-
tion analyses. There is no single detection technique that can by itself provide
a 100% probability of different minerals detection combined with a low false
alarm rate. We suggest the system approach, which combines different laser-
based technologies having orthogonal detection and identification capabilities.
In such a way the strength of one technique may compensate for the weak-
nesses of the others, and the vulnerability of one detection device could be
compensated for by another detection device. Clever combination of the de-
tection techniques may achieve detection probabilities and false alarm rates
that are more acceptable than those of systems based on one method only.

The same equipment, which is used for time-resolved luminescence ap-
plication is suitable for other laser-based spectroscopies. Thus several spec-
troscopic methods may be applied simultaneously. The most important tech-
niques, which may be used together with time-resolved luminescence, are
laser-induced breakdown spectroscopy, Raman spectroscopy and Second Har-
monics Generation spectroscopy.

6.1
Time-Resolved Laser-Induced Breakdown Spectroscopy (LIBS)

6.1.1
Theory and Technique

Laser Induced Breakdown Spectroscopy (LIBS) has been developed for appli-
cations requiring the elemental analysis of materials, where the use of con-
ventional analytical methods is not possible. A general and simplified LIBS
process may be presented as follows (Kompitas et al. 2000). When a short
duration laser pulse of sufficient energy density is focused onto the surface of
a target, the surface temperature instantly increases to above the vaporization
temperature. This violent photon-material interaction could include single-
or multi-photon absorption, dielectric breakdown, and other still unknown
mechanisms. Compared with the rate of energy delivery from the laser pulse,
the energy dissipation through vaporization is relatively slow. As a result,
before the surface layer vaporizes, the underlying layer of material reaches
critical temperatures and pressures, and forces the surface to explode. Within



254 Applications of Laser-Induced Time-Resolved Spectroscopic Techniques

the same laser pulse, usually a few nanoseconds, the ablated material continues
to absorb energy from the laser beam and forms luminous plasma. In the laser-
induced plasma atoms, ions, molecules, and clusters exist, in their different
energy states. The temperature of the plasma is in the range of 10*-10° K, and
the electron number density is in the order of 10'°-10'° cm™. The plasma
finally starts to decay through radiative, quenching, and electron-ion recombi-
nation processes, within microseconds up to milliseconds. Consequently, the
formation of clusters through condensation and collision, and the thermal and
concentration diffusion of species into ambient gas stop the plasma.

The plasma light is analyzed to determine the elemental composition of the
sample. Plasma emission can be divided into two time domains. The first one
is characterized by a broad emission originating from the Bremsstrahlung of
the free electrons and electron-ion recombination and it has a duration of a few
hundred nanoseconds. Weak lines show up on the strong continuum and they
are mostly identified as ionic lines of the plume constituents. The second time
domain is characterized by an emission spectrum, where narrow atomic lines
dominate corresponding to the elements present in the plume and the line
strength is proportional to the atomic concentration. This time regime lasts
for several microseconds, where in its early stage ionic lines are strong, while
the atomic lines dominate later on. From the temporal behavior of plasma, it is
clear that the identification has to be done by time-resolved spectroscopy, that
is, the delay and the gate in respect to the laser pulse have to be optimized to
maximize the informative line spectrum and avoid the early part of the signal,
corresponding to the strong unstructured continuum.

Spatially resolved spectroscopy is used to measure the emission from plasma
at its different positions, because the appearance and spectral characteristics
of the plasma are quite different depending on the target species as well as the
position (Xu et al. 1997).

The characteristics of a laser, such as energy, wavelength, pulse duration,
beam quality, and mode quality, together with the properties of the target
material, affect the production and characteristics of the plasma. The laser
wavelength plays an especially important role in LIBS. It was found that thelines
are narrower when excited with UV than with the IR wavelength. This may be
explained by a lower temperature achieved by the plasma, in consistence with
the A? dependence of the laser photon absorption by the free plasma electrons,
namely fewer ions are produced and the electric fields are correspondingly
lower. Besides that, the number of lines is sometimes reduced when UV light
is used. In particular, those lines are missing that originate from ionic species.
This could speak for a thermal process again which is more pronounced for
the IR wavelength than for the UV. But sometimes, additional lines have been
observed, when the sample was irradiated with the UV light. This implies
that some multi-photon excitationfionization mechanism, in particular in the
initial stage of the plasma formation, may play a role. The UV photons have
high energy and three of them can directly ionize a large number of atoms
encountered in minerals. Besides that, the difference in characteristic emission
times between UV and IR excitations takes place (Ciucci et al. 1996). It depends
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on initial plasma temperature while upon IR excitation it is usually higher with
longer plasma continuum emission decay times.

The vast majority of LIBS experiments have been received using Q-switched
Nd-YAG lasers for various reasons: they are extremely reliable; pulse energies
between a few m] and several hundred m] can be easily realized; their beam
quality is usually rather good and beam divergence is small, and thus very small
focal spot sizes can be realized; choice of useful wavelengths can be provided
by a single laser. The main disadvantage is relatively long laser pulses, such as
5-10ns. When the laser pulse is so “long”, a significant amount of the later
part of the energy pulse goes into heating the plasma formed during the earlier
part of the pulse through multiphoton ionization processes as well as through
cascade ionization. The resulting plasma is formed from the minerals as well as
the surrounding air molecules. The plasma thus formed is very highly ionized
which results in large amounts of continuum emission, especially at short time
scales. The air molecules also contribute to the broad emission background
observed in the LIBS spectrum when nanosecond laser pulses are used to pro-
duce the breakdown. Time-resolved spectra enable us to solve the background
problem, but at the cost of reduced intensity of emission lines, thus limiting the
use of the LIBS when attempting to detect ion species at low concentrations.
To overcome this problem it was proposed to use a femtosecond laser with
lower energies than nanosecond pulses (Alexander 1998). Lasers generating
ultra short light pulses from about 5 femtoseconds (fs) are now available for
carrying out femtosecond LIBS. Recent technological advances in ultra fast
technologies have resulted in the generation of light packets consisting of only
afew cycles of the electric and magnetic fields. When using a diffraction limited
parabolic mirror for focusing and moderate pulse energies of 1 nJ, peak inten-
sities at the focal spot of over 10'> W/cm? can be achieved. The corresponding
amplitude of the electric field at these intensities approaches 10° V/cm?. These
field strengths are high enough to trigger optical field ionization. Hence, de-
tachment of the first electron is completed at substantially higher field strength
and the optical-field ionization rate becomes comparable to the laser field os-
cillation frequency. The released electrons gain unprecedented kinetic energies
(up to and beyond the keV level) during the first field oscillation cycle following
their detachment, and a substantial fraction of the ionization occurs during one
cycle of light. In comparison, long pulsed laser systems containing many field
oscillation cycles depletes the atomic ground state. The above linear and non-
linear processes result in very precise thresholds for plasma formation since
femtosecond interactions produce their own source of free electrons to initiate
the plasma formation process. Longer nanosecond pulses produce breakdown
at less defined thresholds. Because of the unique breakdown threshold offered
by the femtosecond laser, it is possible to produce very small damage sites.
Furthermore, less energy is transmitted to the air and surrounding materials.
The plasma is produced that consists essentially of sample material without
being contaminated by air plasma formation. Thus, the background emission
is reduced and there is no need to wait for the plasma to cool down over
time before detecting the spectral lines of the sample. Because there is no
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need to wait for cooling before spectral measurements, lower detection limits
are possible.

6.1.2
Quantitative Elemental Analysis

Generally, LIBS as an analytical technique, has many advantages. The analyses
process is fast, for no sample preparation is needed. Furthermore, LIBS is good
for analyses of both non-conducting and conducting samples, regardless of
their physical states, i.e. solids, liquids or gases. The capability for simultaneous
multi-element determination, localized microanalysis, and surface analysis is
also appealing. Finally, with the advent of miniaturized lasers, field-portable
instrumentation is possible. Remote analysis is also possible by transporting
the laser beam through the fiber optic cable or by focusing the laser beam on
the sample. Many authors assessed the potential of LIBS as a method to conduct
remote, quantitative analysis, with the highest sensitivity and reproducibility
possible. The analytical ability of LIBS is based on a few basic principles. The
quantitative analysis of the spectral emission from a laser-produced plasma
relies on the assumption that the plasma plume can mainly be characterized
using a single variable parameter, i.e. plasma temperature. It has often been
argued that one of the most important requirements for quantitative analysis
is the so-called condition of local thermal equilibrium (LTE). The condition of
LTE means that rather than having to rely on the system reaching full thermal
equilibrium, it is sufficient to characterize a localized section of the plasma
for a particular observation time. Assuming that LTE has been established,
and its electron temperature T, can hence characterize the appropriate section
of the plasma, the relative elemental concentrations may be deduced from the
intensities of the appropriate spectral lines. The relationship between observed
line intensities and concentration of the trace element, denoted by subscript ¢,
and a major constituent, denoted by subscript m, is given by:

L _ thtAth/\m

I = Novgo Am ZA, &P [~ (Em — Et) [k Te] (6.1)

Here I stands for the intensity of the spectral lines; N is the atom number
density in cm™3; Z is the partition function; E and g are the energies and degen-
eracy’s of the upper levels, respectively; and A and A are the Einstein coefficient
and wavelength, respectively, for the observed transitions. When changing the
concentration N; relative to that Ny, the line intensities I; and I, will likewise
change, and according to (6.1) one should obtain a “calibration curve” with
constant slope (Davies et al. 1995; Ciucci et al. 1999; Hou and Jones 2000).

The way to improve LIBS analytical abilities is double pulse LIBS. It is con-
ducted by using two pulses from the same laser source operated at a single
wavelength. By utilizing a modified commercial laser, a proper external trigger
circuit allows us to extract two laser pulses with adjustable delay from the same
flash-lamp emission, and a relative time delay variable from a few to several
tenths of microseconds. The experimental results show that such a technique
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increases significantly the intensity of spectral lines in the emission spectrum
from near-surface plasma. This enables a significant increase in the sensitivity
of this technique when applied to remote analysis. Another possible advantage
of the double pulse technique is also related to the cleaning action produced by
the first laser pulse, which can have positive effects in applications where sam-
ples with dust and coatings are not cleaned (Noll et al. 2003; Sabsabi et al. 2003).

6.1.3
LIBS in Geosciences

One of the key goals of the mining industry is to develop technologies for
superior exploration and resource characterization through real time mea-
surements of ore quality. This enables reduction of out-of-seam dilution, sig-
nificantly reducing mineral processing and energy costs. Presently, most sur-
face mining operations must rely on laboratory-based analysis to monitor the
extraction process. This requires samples to be collected, transported to the
instrument, analyzed, recorded, and data transmitted back to the pit location.
This process is slow, subject to numerous errors, and does not support real
time management of the extraction process. The best existing option for in-situ
analysis is based on X-ray fluorescence. However, these instruments cannot
measure light elements effectively, contain radioactive sources that must be
regulated, and lack the detection limits necessary for many operations. Con-
sequently, operations are forced to rely on centralized analysis laboratories.
LIBS may be an ideal analytical method for real time quantitative analysis of
inorganic elements in solids and liquids and requires no sample preparation.
Currently LIBS is used in different fields ranging from material analyses
to cultural heritage study and environmental protection, including automated
quantitative analysis of phosphate ores (Rusak et al. 1997; Rosenwasser et al.
2001). The major drawback of LIBS in industrial quantitative applications is
related to the stability of the spectroscopic plasma signals, which undergo con-
siderable fluctuations that originate from the very nature of the method. The
laser intensity fluctuates within 1-5% and the scattered light depends on the
local matrix effects and on physical and chemical characteristics. The geomet-
rical parameters also vary during the measurement, due to the surface crater
formation. Sample humidity variation as well as the atmospheric composition
and even the samples color also contribute to the observed signal fluctuations
(Xu et al. 1997). Many models and techniques have been developed in order
to overcome such problems. Usually, calibration curves are needed for the
quantitative determination of the elements. They emerge from a number of
reference samples with known elemental composition, but a limit is set to the
applicability of the method, because a similar composition for the unknown
sample is also required. This can be good for laboratory measurements, where
reference and unknown samples can be embedded in the same matrix, but is
a severe restriction for field experiments (Kompitsas et al. 2001). Thus, field
experiments are limited to a semi-quantitative analysis in the case of highly
variable or unknown rock compositions. By applying the spectra normaliza-
tion and plasma modeling, after first generating calibration curves for each
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element and for a given experimental set-up, concentration measurements of
unknown samples independently of their matrix composition, could be deter-
mined with an error lower than 40% and for some elements even within of
20% (Barbini et al. 1999).

6.2
Gated Raman Spectroscopy

6.2.1
Theory and Technique

When radiation passes through a transparent medium, the species present
scatter a fraction of the beam in all directions. In 1928, the Indian physicist
C. Raman discovered that the wavelength of a small fraction of the radia-
tion scattered by certain molecules differs from that of the incident beam.
Furthermore, the shifts in wavelength depend upon the chemical structure
of the molecules responsible for scattering. Raman spectra are obtained by
irradiating a sample with a powerful laser source of monochromatic radiation.
During irradiation, the spectrum of the scattered radiation is measured. At the
very most, the intensities of Raman lines are 1076 of the intensity of Rayleigh
diffusion line and as a consequence, their detection and measurement are dif-
ficult. The scattered radiation is of three types: namely Stokes, anti-Stokes, and
Rayleigh. The last, whose wavelength is exactly that of the excitation source,
is significantly more intense than either of the other two types. The Raman
peaks appearing at lower energies relative to the excitation energy resembles
the Stokes shift found in luminescence and it is the reason for their name.
Shifts toward higher energies are termed anti-Stokes and those lines are gen-
erally much weaker than the corresponding Stokes lines, but fluorescence may
interfere with the observation of Stokes shift but not always with that of anti-
Stokes, which therefore may be more useful, despite their lower intensity. It is
important to note that the patterns of the shifts on the two sides are identical.
The magnitude of Raman shifts is independent of the wavelength of excitation
and shift pattern is independent of the type of laser.

The Raman effect can be described in terms of transitions between vibra-
tional energy levels. When an energetic photon strikes a molecule in its ground
state, it may raise the molecule to a higher virtual state. Since this is not a sta-
ble energy state for the molecule, two things can occur. Most probably the
molecule returns to its ground vibrational state and emits a photon with the
same energy and frequency as the exciting photon. This is called Rayleigh scat-
tering. However, some of the excited molecules will not return to the ground
state, but to some excited vibrational state. Such a molecule emits a photon,
which has a lower energy than the exciting photon, the energy difference being
equal to the difference between the initial and final vibrational states. This
is Raman scattering, Stokes type. If a molecule, which is in the first excited
vibrational state, absorbs the photon then the molecule is again raised to some
high, non-stable energy state. Most probably, this molecule then returns to the
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ground state, and doing so, emits a photon, which has a higher energy than
the exciting photon. The difference in energy between the exciting photon
and the emitted photon is equal to the energy difference between the two ex-
cited vibrational states of the molecule. This is Raman scattering, anti-Stokes
type. The relative populations of the two energy states are such that Stokes
Raman is much favored over anti-Stokes. Rayleigh scattering has considerably
higher probability of occurring than does Raman scattering because the most
probable event reemission by the return of these molecules to the ground state.

The physical origin of Raman scattering may be viewed from a simple
classical perspective in which the electric field associated with the incident
light interacts with the vibrating crystal. In particular, this interaction occurs
through the polarizability of the material: that is, its ability to produce an
induced dipole in an electric field. It is the oscillations in the polarizability
produced by vibrations, which cause Raman scattering: if a vibrational motion
produces a change in the polarizability of a material, then the vibration is
Raman active. Notably, while the induced dipole is a vector, the polarizability
is a second rank tensor, and it is the symmetric properties of this tensor, which
allow the prediction of which families of modes will be active when observed
along different crystallographic directions.

The wave model of Raman scattering may be shortly presented in the fol-
lowing way. A beam of radiation having the frequency ve is incident upon
a mineral. The electric field E of this radiation can be described by the equa-
tion:

E = Ej cos (a)t) = Ej cos (2nvext) . (6.2)

When the electric field of the radiation interacts with the electron cloud of
the mineral bond, it induces a dipole moment  in that bond that is given by

m = aE = a Ey cos (2nvext) , (6.3)

where «a is the polarizability tensor of the bond. In order to be Raman active,
the polarizability of the bond, which is a measure of the deformability in an
electric field, must vary as a function of the distance between nuclei according
to the equation:

a=0(()+(1’—1’eq) <‘Z‘:) > (6'4)

where ay is the polarizability of the bond at the equilibrium distance req. The
change in internuclear separation varies with the frequency of the vibration vy
and is given by:

= Teq = I'm COS (21'r Vex t) , (6.5)

where ryy, is the maximum internuclear separation relative to the equilibrium.
Thus

0
a=a0+rmcos(2nvext) ((;x) . (6.6)
r
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Extending the equation of polarizability with that of the internuclear sep-
aration, and by substituting the initial equation of the dipole moment, one
obtains an expression for the induced dipole moment m:

m = a Eqy cos (21Tvext) + Eg rm COS (vavt) cos (vaext) (?;x) . (6.7)
r

Recalling from trigonometry that cos x cos y = [cos(x+y) + cos(x—y)]/2 and
applying it to the previous equation, gives:

m= ancos(vaext) + (EO/Z) m (?;:) cos[Znt(vex— vv)]

+(E0/2) rm(Z‘:)cos[Znt(vex+vv)] (6.8)

The first term of the last equation represents Rayleigh scattering, which
occurs at the excitation frequency vex. The second and the third terms corre-
spond to the Stokes and anti-Stokes frequencies of (vex — vy) and (vex + vy).
Here, the excitation frequency has been modulated by the vibration frequency
of the bond. It is important to note that Raman scattering requires that the
polarizability of a bond varies as a function of distance, that is (da/dr) must be
greater than zero if a Raman line is to appear.

The theory of the Raman scattering shows that the phenomenon results
from the same type of vibrational changes that are associated with infrared
(IR) absorption. Thus, the difference in wavelength between the incident and
scattered radiation corresponds to wavelengths in the mid-infrared region. In-
deed, the Raman scattering spectrum and IR spectrum for given specie often
resemble one another quite closely. There are, however, enough differences
between the kinds of groups that are IR active and those that are Raman active.
It is not surprising when it is considered that the basic mechanisms, although
dependent upon the same vibrational modes, arise from processes that are
mechanically different. IR absorption requires that a vibrational mode of the
molecule have a change in dipole or charge distribution associated with it.
Only then can radiation of the same frequency interact with the molecule and
promote it to an excited vibrational state. In contrast, scattering involves a mo-
mentary distortion of the electron distribution around a bond in a molecule,
followed by reemission of the radiation as the bond returns to it ground state.
In its distorted form, the molecule is temporarily polarized, namely devel-
ops momentarily an induced dipole, which disappears upon relaxation and
reemission.

A Raman spectrum is a plot of light intensity versus photon energy. In
the vibrational spectroscopy it is usual to express the photon energy by the
wavenumbers, defined as v = 1/A. In the Raman spectroscopy the use of
absolute wavenumbers would be impractical, because the wavelength and,
with that, the absolute wavenumber of each obtained Raman bands must
always depend on the wavenumber of the incident light vy. However, only the
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wavenumber shift, which corresponds to the atomic vibration in the sample,
is of analytical interest. It has therefore, become usual to express Raman shifts
using relative wavenumber, i.e., the wavenumber difference between incident
and scattered light, v; = vy — v. By definition, the Rayleigh line is set at zero
Raman shift and Stokes Raman bands have positive and anti-Stokes Raman
bands have negative relative wavenumbers.

Thus each band in a Raman spectrum represents the interaction of the
incident light with a certain atomic vibrations. Atomic vibrations, in turn, are
controlled by the sizes, valences and masses of the atomic species of which the
sample is composed, the bond forces between these atoms, and the symmetry
of their arrangement in the crystal structure. These factors affect not only the
frequencies of atomic vibrations and the observed Raman shifts, respectively,
but also the number of observed Raman bands, their relative intensities, their
widths and their polarization. Therefore, Raman spectra are highly specific for
a certain type of sample and can be used for the identification and structural
characterization of unknowns.

For many minerals, the types of vibrational modes may be divided into two
categories: internal and lattice modes. Internal modes are vibrations, which
can be associated with those of a molecular unit, shifted and split by interaction
with the crystalline environment in which the molecular unit is bonded. Such
internal modes are typically associated with the most strongly bonded units
in a crystal, and thus with the highest frequency vibrations. Lattice modes
comprise both a range of comparatively low-frequency vibrations not readily
describable in terms of molecular units, and so called external modes. Exter-
nal modes are those, which involve motions of a molecular unit against its
surrounding lattice. Figure 6.1 shows representative frequencies of different
functional, or molecular-like groupings, in mineral spectra (Williams 1995).
The reliable assignment of observed bands to certain vibrations in the sample
is a challenging task. The general approach for Raman spectra of minerals
interpretation was recently examined by Nasdala (2004).

The transition of Raman spectroscopy from a time-consuming, experts-only
method to a standard analytical technique was propelled by several techno-
logical advances in the field of optics and electronics. The key factor is the
laser light source. Optical fiber probes for remote monitoring applications
have become available. Furthermore, volume holographic instruments greatly
facilitate measurements and notch filters efficiently eliminate the contribution
of Rayleigh scattered light. Holographic gratings serve to disperse the Raman
scattered light on the detector, namely multichannel ICCD detectors, which
allow us to sample the entire dispersed spectrum simultaneously.

The most serious problem associated with conventional Raman spectroscopy
is the minuteness of the effect. Even in the most favorable cases, only on the
order of 107° of the incident intensity is converted into signal. With the de-
velopment of lasers and the improvements in detection sensitivity, Raman
spectroscopy has made considerable progress in recent years. Still, the lack
of sensitivity has restricted Raman use. Nevertheless, the magnitude of the
Raman effect can be greatly increased using nonlinear Raman processes. If
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Fig.6.1. Approximate frequency range of common vibrations of silicates, oxides and other
functional groups within minerals (Williams 1995)

a laser beam of sufficiently high power excites the sample, two incident laser
photons may be combined within the sample through non-linear optical mix-
ing. As a consequence of this, weak Rayleigh scattering is observed at twice
the incident frequency in addition to the normal Rayleigh line at the inci-
dent laser frequency. This frequency-doubled photon can also interact with
the vibrational modes of the sample, and a hyper-Raman spectrum appears.
The interest in hyper-Raman spectroscopy is that the selection rules are dif-
ferent to those for normal Raman scattering. If the laser power is even more,
stimulated Raman scattering is observed instead of the hyper-Raman effect.
In this way, there is extremely efficient conversion of the incident laser beam
to Raman-shifted radiation, while the conversion efficiency may be up to 50%.
The radiation with shifted frequency can act as the excitation frequencies for
further vibrational modes and to give further Raman shift (Dubessi et al. 1994).

Surface Enhanced Raman Scattering (SERS) is a phenomenon whereby the
Raman intensity is increased by as much as million fold due to the presence of
nano-size silver particles on the surface to be analyzed. Enhancement of Raman
scattering cross-section of molecules adsorbed on rough metal surfaces has
been attributed to two major effects. The main and foremost contribution to
SERS comes from the enhancement of electromagnetic (EM) fields close to the
surface through interaction with surface plasmon excitations. The local EM
field depends on the microscopic shape of the metallic surface, such as the
presence of a sharp edge. Calculations suggest that protrusions on the surface
of a colloidal particle as well as “cavities” formed between adjacent particles in
anaggregate, lead to a giant enhancement of the local field, up to a factor of 10'1.
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The second and smaller contribution to the enhancement of Raman scattering
is a specific interaction of the adsorbed molecule with the metal surface.
In some instances, this molecular chemisorption effect leads to formation of
acharge-transfer interaction, whereby an electron is transferred from molecule
into the empty levels on the metal surface or from occupied surface levels to the
molecule. SERS is typically performed by depositing nanoparticles of silver,
gold, or other suitable SERS metals on a substrate such as rough glass and then
adding a solution of the molecule to be analyzed on the substrate. Adapting this
technique to in situ analysis requires depositing the silver particles directly on
the material tobe analyzed, i.e.inverted SERS arrangement (Sridhar et al. 2002).

6.2.2
Raman and Luminescence

It is well known that a molecular process closely related to Raman spectroscopy
is luminescence. Its quantum yield can be as high as unity, depending on the
system. For minerals that exhibit even weak luminescence, the Raman scatter-
ing will be completely obscured. The usual approach to avoid luminescence
is to change the laser wavelength to avoid electronic excitation, but it is not
always possible to find an effective wavelength. Sometimes this necessitates
using a near-IR laser and an interferometer detector (Fourier Transform Ra-
man Spectroscopy). However, NIR excited Raman spectroscopy is inherently
insensitive, giving relatively low signal/noise ratio. The reason is that the in-
tensity of the Raman signal is nearly proportional to the intensity of the
incident laser light and inversely proportional to the fourth power of the laser
wavelength, namely Ipaman ~ 1/A4. Besides that, a number of minerals still
fluoresce strongly under NIR laser excitation. At first sight such dependence
on wavelength is a compelling argument to utilize short UV wavelengths, but
they usually induced very intensive luminescence in minerals. Nevertheless,
for non-luminescent minerals UV Raman may be very effective.

An alternative approach is Shifted-Subtracted Raman Spectroscopy (SSRS).
The simple way is to subtract broad luminescence background using fitting pro-
cedure and to leave sharp Raman bands behind. Unfortunately random varia-
tions in the pixel-to-pixel sensitivity may be larger than the actual Raman sig-
nals. However, every spectrum recorded with a given detector under the same
experimental conditions will have the same irregularity in response. Thus, sets
of spectra are recorded at two slightly shifted, usually for 1 nm, excitations (it
may be done using dye or OPO laser). In such a way luminescence spectrum re-
mains the same, while the Raman lines are shifted. The pairs of shifted spectra
are then subtracted and Raman spectrum becomes visible (Bell et al. 2002).

Another possible solution thathasbeen under development for three decades
is to use a pulsed laser and time-resolved detection to allow the Raman photons
to be discriminated from the broad luminescence background. The Raman in-
teraction time is virtually instantaneous (less than 1 picosecond), whereas
luminescence emission is statistically relatively slow, with minimum hundreds
of picoseconds elapsing between electronic excitation and radiative decay. If
we illuminate a sample with a very short (= 1 ps) laser pulse, all of the Raman
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photons will be generated within = 1 ps, whereas most of the luminescence
photons will be emitted at much longer times. If the detection system is gated
so as to detect only those photons scattered or emitted during the laser pulse,
we will collect all of the Raman photons but reject the majority of the lumines-
cence. Two rather different time-resolved approaches have been most effective
in yielding high quality Raman data from highly luminescent materials. The
first used a streak-camera to provide time-resolved Raman data (= 10 ps res-
olution), which gave an estimated improvement of 280 for a fluorophore with
a decay time of 4 ns. The second method used a Kerr gate with 3 ps full width
at half maximum, which achieved three orders of magnitude suppression of
the background from a fluorophore with a decay time of 2 ns, and produced
excellent Raman signals that were completely obscured in the not gated spectra
(Everal et al. 2000/2001).

6.2.3
Raman in Geosciences

In the geosciences Raman spectroscopy has traditionally been a laboratory tool
for structural analysis of minerals. Recent developments in instrumentation
make possible the use of Raman spectroscopy as a tool for routine identification
of minerals in field situations. The following advantages characterize Raman
analysis of minerals: no sample preparation; in situ real time measurement;
non-destructive and non-intrusive sampling; samples may be transparent or
opaque; spectra are well resolved and with high information content.

In the physics of minerals field, picosecond lasers are still very exotic, but
even nanosecond lasers may be very effective in certain cases. The sensitivity
is limited by time duration of the excitation source, the minimum time window
accessible with the detection electronics, the luminescence lifetime, and the
quantum yield of the mineral in question. The longer the luminescence life-
time, the better the separation of the Raman and fluorescence signals will be.
The mostly effective nanosecond gating is for luminescence centers with very
long decay times, such as transition metals and trivalent rare-earth elements.
For example, the steady-state Raman spectrum of calcite with Mn impurity is
characterized only by broadband emission of Mn?*, while the weak Raman line
is practically invisible (Fig. 6.2a). However, using time-resolved spectroscopy
with a very narrow gate of several ns enables us to suppress the long-lived lumi-
nescence of Mn?* and to detect the previously hidden Raman lines (Fig. 6.2b).
Time-resolved spectroscopy enables us to differentiate between narrow lines
of trivalent rare-earth elements and Raman lines. Steady-state laser-induced
spectra of rhodonite demonstrate under Aex = 532 nm several lines typical for
REE** (Fig. 6.2c), while with narrow gate width of 10 ns several of those lines
remain, which is impossible for REE** with their long decay times (Fig. 6.2d).
Thus in the steady state spectrum combination of Tb>* (544 nm) and Dy**
(578 nm) and Raman lines at 670, 990 and 1,085 cm™! take place.

An experimental setup with a notch filter enables us to detect Raman spectra
of many minerals from 5-10 m, starting from a Raman shift of approximately
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Fig.6.2. a-d Time-resolved Raman spectrum of calcite with strong Mn?* (a, b) and rhodonite
with trivalent REE luminescence (c, d)

350 cm™ . Several gated Raman spectra (Fig. 6.3) of minerals received in such
a way demonstrate a quality quite satisfactory for identification needs. Thus,
pulsed or time-resolved Raman spectroscopy offers two important benefits:
(1) discrimination against unwanted ambient light, and (2) discrimination
against long-lived emission from the sample. Advances in solid state lasers,
gated intensified CCD detectors, small high-throughput spectrographs, and
high performance holographic laser line rejection filters have made it possible
to develop a high sensitive, compact and lightweight Raman system for remote
analyses of minerals with visible laser excitation.

6.3
Second Harmonic Generation (SHG)

Another property of short-pulse lasers that has found wide application is
their production of high peak powers. If one considers two independent light
beams, which intersect at some point in space, it is a common experience that
they pass through each other as if the other did not exist. This is a linear
process and is observed in everyday life. However, if the light intensity is
sufficiently great then non-linear coupling will occur, altering the properties of
each beam. Second harmonic generation is one of many effects resulting from
non-linear coupling between optical beams. The term “non-linear optics” is
used to describe optical processes in which materials react nonlinearly to the
electric field of the light incident on them. The result is that new frequencies
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can be produced and light beams can interact with each other when mixed
together (Fig. 6.4).

In second harmonic generation, light of angular frequency w pass through
a crystal and generates a beam of angular frequency 2w. With conventional
light sources the electric polarization induced in the medium depends linearly
on the electric field:

P=¢gyxE (6.9)

where y is the susceptibility (tensor). Hence, if a beam of angular frequency
w is passing through the medium, a polarization oscillating at @ is produced
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Fig.6.4. Schematic representation of non-linear optics (Blanchard 2001)
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which acts a source for the further propagation at w of the original wave.
This is only an approximation and at high intensities (as can be produced by
lasers) the polarization is a non-linear function of electric field and hence the
term non-linear optics. The polarization can be represented by an expansion
in terms of the electric field:

P= sz(I)E+£0X(2)E2 +£0)((3)E3 +...
=g [X(l) + X(Z)E + X(3) E* + ] E (6.10)

With a non-linear susceptibility, the polarization is composed of non-linear
terms such as ggyP E2, g9 '> E> as well as the linear term goy(VE. It is clear that
these elements in the polarization may be oscillating at 2w and 3w respectively,
giving rise to harmonics of the original frequency w. Because the higher order
terms in the susceptibility are small compared with the first term, non-linear
optical effects were not observed until after the invention of the laser in 1960.

Tolookat things slightly more generally, consider two beams of light incident
on a crystal with a finite y(¥), ignoring higher terms in the susceptibility. Define
two electromagnetic fields:

E= Eexp{i(a)t—kz)}+c.c.

E'=_ E'expli(0t—Kz)}+c.c (6.11)

N =N =

The magnitude of the total electric field due to their superposition is Eror =
E + E’ which gives a polarization of:

P=¢ X(l) Etot + €9 X(Z) E’ZFOT (6.12)

The first term will only contribute frequencies of @ and @’ but the second
term will generate the frequencies contained in E3 .

Eror = ; [Eexp{i(wt—kz)} +E exp|i (@'t —=K2)}]+c.c (6.13)

Eior =‘11 [E2 exp {i (2wt —2kz)} +E" % exp|i 20/t — 2K 2) }
+2EE exp {i (w0 + ')t = (k+K)z)}
+2E'E exp {i ((0' — )t = (K = k) 2) }
+2EE* +2E/E/*] +ec

(6.14)

Examination of E%; term by term shows that there exists the possibility
of generating the second harmonics of the two original angular frequencies
® and @', the sum frequency w + @', the difference frequency @ — @', and
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DC electric fields. DC generation is known as optical rectification. The actual
phenomena that will be observed depend on the experimental conditions
and whether or not phase matching has been achieved. Three-wave mixing
processes in which two beams interact to generate a third beam require the
mixing medium to have a non-zero y). In an isotropic medium, reversal of the
electric field will produce the same electric polarization as before reversal but
in the opposite direction. An electric field of E; gives an electric polarization P;:

P =g yVE +eoyPE + 60 y® E3 + ... (6.15)

Reversal of the electric field such that E; = —E; gives an electric polariza-
tion P,

P, =sox(l)Ez+sox(2)E§+£0x(3)E3 +... (6.16)

= —eox(l)El + on(z)E% - £0X(3)E? +...

Comparison of these two polarizations shows that P, # P;. Hence, in an
isotropic medium such as a gas or a liquid y'» = 0 and second order phenom-
ena are not observable. Thus, only anisotropic media such as certain crystals
are suitable for three-wave mixing processes. A consequence of a crystal being
anisotropic is that it exhibits birefringence. However, the crystal birefringence
enables phase matching to be achieved resulting in efficient generation of the
new wave.

The second harmonic power I, is related to the crystal length ¢ and the
mismatch parameter Ak (Ak = k; — k, where k; is the fundamental wave
number and k; is the second harmonic wave number) in the following way:

I, o £?sinc? { ;Akﬂ} (6.17)

If Ak # 0 then I is proportional to sinc? { ;Akﬁ } and it oscillates between
zero and a certain maximum as the distance through the crystal is increased.
However, if Ak = 0, sinc? { ;Akf } = 1 and I, is proportional to £2 and the
second harmonic intensity grows rapidly with increasing distance through the
crystal. Phase matching is said to occur when Ak = 0 because then the refractive
indices at the fundamental and second harmonic frequencies are equal or as the
name implies, the phase velocities are equal. Under these conditions A, = é/l
takes place. When Ak # 0, the second harmonic waves generated at different
points along the path of the beam do not reinforce each other, as they are not
traveling at the same speed as the fundamental wave. Thus, chaotic interference
occurs and the second harmonic wave does not succeed in growing in intensity.

One common use of SHG is to convert the output of a fixed-frequency laser
into a different spectral region. For example, the Nd-YAG laser operates in the
near IR at a wavelength of 1,064 nm, while SHG is routinely used to convert the
wavelength of the radiation to 532 nm. For ¥ processes, the conversion effi-
ciency can be up to 30% for phase-matched case with a nanosecond laser pulse.
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Fig.6.5. Second harmonic generation by natural quartz under 1,064 nm irradiation

The study of nonlinear optical characteristics of minerals began in 1961
when Franken and his collaborators first observed how the red beam of the
ruby laser with the A; = 694 nm partly transformed to UV with the A, = A;/2
after its passage through quartz crystal. Certain minerals besides quartz may
be a non-linear medium. Prior to the invention of the lasers, the field of
experimental nonlinear optics was virtually nonexistent, but growth in this
area of spectroscopy has been dramatic, with a variety of nonlinear optical
phenomena finding use daily. Using coherent spectroscopy and the method of
Kurtz the space symmetry groups for 50 mineral species have been refined.
A laser method for the rapid determination of the concentration of quartz and
other non-centrosymmetric minerals in powder samples and thin sections
was developed. The property of the quartz very effectively to convert IR laser
irradiation at 1,064 nm to green light at 532 nm (Fig. 6.5) was used in the
area of mineral separation, for example, in order to remove minerals of the
feldspar group, which do not double the frequency of the laser radiation, from
quartz-feldspar raw material. Quartz, which contains gas-liquid inclusions
and quartz, which does not, differ both in the intensity of the SH and in the
angular distribution of the intensity. This phenomenon may be used in quartz
separation. Certain perspectives were gained for the gold-containing ores, i.e.
those in which gold associates with quartz (Meisner 1984; Meisner and Kuz’min
1986; Meisner 1994).



CHAPTER 7

Minerals Prospecting

7.1
Earth Surface

7141
Geology Applications

Powerful lasers as excitation sources make possible the use of luminescence for
remote sensing. The basis of electromagnetic remote sensing is the recording
by sensors placed on board aircraft or satellites of analogical or digital data,
proportional to the intensity of an electromagnetic beam, reflected, emitted,
or backscattered from the surface of the Earth. Where the source of the illumi-
nating beam is the Sun, remote sensing is said to be passive. Remote-detection
systems of Solar-Stimulated Luminescence are also known using Fraunhofer
line discriminator. Fraunhofer lines (423, 486, 518, 589, 656, 687 and 760 nm)
are bands of reduced intensity in the solar spectrum caused by the selective
absorption of light by gaseous elements in the solar atmosphere. The sampling
of these gaps in the smooth continuum, when compared with the direct solar
emission, allows the determination of luminescence response.

Luminescence Lidar (Light Detection and Ranging) is an active instru-
ment, which sends out coherent waves to the object concerned. A fraction of
the transmitted energy is transformed by the objects and sends back to the
sensor. Lidar instruments measure both the traveling time interval between
sensor/object/sensor as well as the difference between emitted and returning
energy, providing information on the exact position of the objects and on the
material the objects are made of. Spectral selectivity was achieved usually with
the aid of narrow band interference filters.

Within the past two decades environmental issues have drawn to attention
the ease with which the biosphere can be perturbed. Lidar is playing an ever
increasing role in studying and solving the different kinds of environmental
problems. This method is ideally suited for detecting, identifying and map-
ping the oil spills and other kinds of pollutants, partly because of their own
luminescence properties and partly because of “quenching” of the pure water
luminescence. The last method may be used for surveying the total organic
loading of natural bodies of water, which is very important because high con-
tents of organic materials in the water can render the water harmful to man and
the aquatic ecosystems (Measures 1984; Goldberg and Weiner 1989). Totally
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ecologically pure luminescent tracers may be used to study water movement
and drifts balance for natural bodies of water. Based on this, it is possible
to recommend the placements of new hydrotechnical industrial enterprises,
recreation zones and protection measures (Shteinman et al. 1997).

If the purpose of the given mission is to simply detect the presence of
aspecific target, such as a mineral, then the fluorescence return signal recorded
within some pre-selected spectral window may be satisfactory. If, however, the
mineral is to be distinguished from a similar background, then detection
of fluorescence within one or even two spectral intervals may be inadequate.
Indeed, from a luminescence point of view, emission intensity is very difficult to
use, requiring a thorough knowledge of the overlap between the laser beam and
the area of observation, the transmission losses, and the instrument calibration.
In addition, the nature of the medium under investigation has to be well
known, including the laser penetration depth and the scattering coefficient,
which maybe controlled by the background. It is clear that the amplitude of the
return signal is only a relative parameter possessing rather limited information.

In a remote sensing method operating under daylight conditions, the first
principal limitations to detection of the faint fluorescence emission is im-
posed by the effects of solar radiation reflected from the mineral surfaces.
The steady components of the solar radiation can be blocked electronically,
but any fast-changing variations in reflected light and the electronic noise
intrinsic to the PMP generated by the solar radiation will determine the mini-
mum detectable change in intensity that can be ascribed to fluorescence. The
second principal limitation is the presence of other unwanted luminescent
components on the surface. Two main fields of laser-induced luminescence
background of different nature can be revealed on the Earth’s surface during
minerals prospecting: the organic field consists of vegetation and inanimate
organic substances disseminated in rocks (Fig. 7.1) and barren host rocks.
This luminescence background is very strong, covers all the visible range and
in many cases prevents target detection and identification by the steady-state
laser induced luminescence method.

In the first attempts to overcome the background problem using decay
time, the variation of the fluorescence decay time as a function of wavelength
across the entire emission profile for a variety of materials have been used
(Measures 1985). For a variety of rocks and minerals, it was proved that this
information represents a new kind of signature, the so called fluorescence
decay spectrum, that possesses considerable discrimination power, being able
to characterize the irradiated material with far superior precision than the
normal luminescence spectrum (Fig. 7.2).

In the following steps, decay times of different backgrounds, such as organic
matter and host rocks, have been compared with decay times of industrial
minerals (Seigel and Robbins 1982; Seigel and Robbins 1985). It was found
that the decay time of complex organic molecules is characterized by two
components of r; < 20ns and 7, &~ 8—10 ms, while barren host rocks with
luminescence mainly connected with long-lived Fe** and Mn?* have a decay
time of several ms. Thus the intermediate vacant decay time range exists, which
is a good “window” for targets detection and identification.
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Fig.7.1. Laser-induced luminescence spectra of foliage background (from Gorobets and
Rogojine 2001)

According to accumulated experience, the discovered luminescence in this
selective window may be related to certain ore bodies, such as uranium, wol-
fram, molybdenum, zinc, boron, and phosphorus bearing minerals. Another
case is the so-called pathfinder minerals such as calcite, apatite, barite, and
fluorite. These minerals presence may be related to the processes of differenti-
ation of some ore forming elements and their accumulation in local structural
and geomorphological traps. The accumulation of luminescent substances in
separate sites of the Earth’s crust is the result of the concentration of rare and
ore elements. The ore elements give mineralogical and geochemical anoma-
lies that can be used in searching for ore bodies. Such anomalies may form
luminescent haloes in and around ore bodies, which have been mapped in
the several mineral deposits (Kupriyanova and Moroshkin 1987; Gorobets and
Walker 1994; Gorobets et al. 1995; Bushev and Portnov 2000; Portnov et al.
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Fig.7.2. Temporal profile of luminescence of minerals (Measures 1985)

2001). For example, the luminescent characteristics of calcite, apatite, zircon,
barite and fluorite show the considerable influence of kimberlite on their coun-
try rocks. The luminescent haloes stretch up to some hundred meters and even
to 1-1.5km outside kimberlite bodies. Haloes around kimberlite-like pipes
due to mechanical scattering of minerals were also detected with the aid of
sand analysis. The most informative was the non-magnetic fraction smaller
than 0.25 mm. The occurrence of apatite of “mantle” type with a bluish-violet
glow of Ce®* and Eu?* within haloes surrounding some magnetic anomalies
significantly increase the probability that a source of mantle fluids is located
under them. Besides, luminescence haloes of mica pegmatite veins, connected
with albite-oligoclase with a violet-blue glow and microcline with a violet glow
of Eu?*, haloes in ruby-bearing skarn, connected mainly with calcite with a red
emission of Mn?*, haloes of emerald-bearing bodies, mainly connected with
apatite of “mantle” type and plagioclase with a blue emission of Eu?*, haloes of
mountain crystal veins, related to calcite with a red emission of Mn?Zt, apatite,
microcline and albite, and haloes of gold-bearing ore deposits, mainly related
to outcrops of apatite, fluorite, calcite, scheelite and molybdoscheelite, have
been described (Portnov et al. 2001). The luminescence of Eu®* in scheelite
may be served as an ore guide. It is particularly strong in the luminescence
spectra of scheelite from gold-bearing quartz veins (Gorobets and Kudrina
1976; Uspensky et al. 1998).
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An air-borne method of exploration for ore deposits has been realized with
the help of luminescence Lidar. Lidar embodies a high power UV laser and
a coaxial telescope detection system installed aboard a helicopter. The laser
yields pulses having a peak power 0of 0.4-0.5 mJ, a time delay of 1 ps, gate width
of 1 ms, repetition rate of 30-50 Hz, and a wavelength varying from 275 up to
400 nm. The laser “footprint” is about 400-500 cm? and the distance between
the closest footprints about 1 m. The air-borne survey is carried out from an
altitude of 50-75 m. Sensitivity is 0.2-0.5% by exposed area for most minerals
(Seigel and Robbins 1982; Seigel and Robbins 1985).

Relatively recently, AIS Sommer GmbH of Germany delivered a laser-in-
duced fluorescence (LIF) analyzer for quality control in minerals and mineral
processing (Broicher 2000). The LIF analyzer includes two light detector sys-
tems with three photomultipliers each, which evaluate three spectral bands in
two time windows each. It was done in the Kiruna phosphorous iron ore mine,
Sweden. The limitation of LIF analysis is that its accuracy depends on the com-
plexity of the composition of the ore and the concentration and fluorescence
properties of the critical minerals in relation to all the other minerals present.
The phosphorous iron ore in Kiruna is ideal for LIF analyzes, because its iron
minerals are practically non-luminescent, while magmatic apatite is strongly
fluorescent with intensive emissions of Ce®* and Eu?".

7.1.2
Anti-Terror Applications

Another aspect of minerals and rocks laser-induced luminescence became im-
portant recently, especially in Israel. Terrorists have intensively used roadside
bombs, while the plastic covers simulating local rocks have been used for cam-
ouflage of explosive materials. The possibilities of the luminescence method
have been checked for the remote detection and identification of such camou-
flage materials. The luminescence properties of the colored plastics have been
investigated in comparison with the corresponding properties of the dolomite
rocks, which are imitated.

The steady-state luminescence spectra of three different plastics are charac-
terized by blue luminescence with Apax = 445—465 nm, while much broader
luminescence band with yellow color characterizes the dolomite rocks. These
spectra are different, but not enough to differentiate between them from big
distance. The decay properties have been also checked in order to improve the
selective feature. It was found that luminescence intensity of rocks in the blue
part of the spectrum is drastically diminished after specific delay time, while
the decrease of intensity in the yellow part of the spectrum is mush more mod-
erate. Luminescence intensity of all plastics also diminishes after such delay,
nevertheless remaining mush stronger then intensity of rocks luminescence
in the blue part of the spectrum. The comparison of plastic and rock time-
resolved spectra in specific time window clearly demonstrate that they are
absolutely different, which made confident discrimination possible (Fig. 7.3).
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Fig.7.3. a,b Laser-induced time-
resolved luminescence spectra of
plastic used for road-side bombs
covering (a) and dolomite rock (b)
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The traditional subsurface rock characterization technique includes collection
of field samples and subsequent analysis in the laboratory for both mineralog-
ical and chemical data. A borehole or penetrometer sampler initially collects
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the samples. These traditional techniques are characterized by relatively long
time periods from sample extraction and preparation to laboratory analysis.
Laser based spectroscopies enable us to employ the new techniques for both
elemental and mineralogical determination by real-time, remote in-situ mon-
itoring using a cone penetrometer unit with luminescence, Raman and LIBS
equipments. Such systems are extensively used for environmental control of
soil and groundwater contamination (Miziolek and Cespedes 1996).

7.3
Other Planets

7.3.1
LIBS System

NASA initiated programs for solar system exploration with the task of char-
acterization of the different planets surfaces. The aim is a robotic ground
investigation of the moon and other planets surfaces. Planetary rovers have
provided and will continue to provide the mobility needed to explore terrains
using remote sensing, conduct in-situ analyses of samples, and enable the de-
tailed measurements needed to complement orbital observations (Golombek
et al. 1997). One of the aims of the mission is to gather geological data, which
may allow scientists to derive the location and quantity of minerals for future
mining and space construction operations. The major elements of interest
include: aluminum, calcium, magnesium, hydrogen, iron, oxygen, potassium,
silicon, thorium, and titanium. In order to determine the elemental composi-
tion of the rocks, including hydrogen and oxygen, an elemental spectrometer
is required.

The LIBS was recommended because of its speed of analyses, ability to ana-
lyze concentrated samples at a distance, versatility, and small mass and power
consumption. Other instruments with similar capabilities, such as various par-
ticle spectrometers, require close contact and long analyses periods, and target
larger sampling areas. Additionally, detection thresholds are typically higher
and some critical elements, such as hydrogen, are often undetectable. The LIBS
technique works well at pressures from one bar down to vacuum. As a function
of decreasing pressure, the emission intensity rises strongly, reaching a peak
roughly 10 times stronger at approximately 100 Torr pressure, before dropping
off slowly, equaling terrestrial atmospheric intensity at 0.1 Torr and dropping
slightly further in complete vacuum. For example, for Martian atmospheric
pressures between 4 and 8 Torr, intensities are several times greater than ob-
served at terrestrial atmospheric pressure. In simulated Martian atmosphere,
using a very compact 35mJ Nd-YAG laser at 19 m distance, detection limits
for nearly all elements were found to be in the range of 2-700 ppm. The LIBS
field instrument consists of two sections: the sensor head, which was mounted
on the rover mast, and the body, mounted inside the body of the rover. The
compact flash lamp-pumped Nd-YAG laser produces pulses of 10 ns duration
and 85 m]J energy at 1,064 nm. The first LIBS results were qualitative in nature,
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aimed at elucidating the mineralogy without giving exact elemental compo-
sitions. The instrument has a working range of 2-6m (Wiens et al. 2001;
Cremers et al. 2003).

7.3.2
Raman System

Raman spectroscopy, while typically used as a micro-analytical tool, can be
conducted remotely. Performance of remote Raman analysis have been re-
cently explored and realized for experiments on the surface of Mars (Sharma
et al. 2001; Sharma et al. 2003). Raman spectroscopy is a powerful technique
for mineralogical analysis, where the sharpness of spectral features of minerals
allows for much less ambiguous detection, especially in the presence of mix-
tures. Visible, near-infrared, thermal, reflectance and in many cases emission
spectroscopy of minerals all suffer from broad overlapping spectral features,
which complicates interpretation of their spectra. On the other hand, Raman
spectra of minerals exhibit sharp and largely non-overlapping features that are
much more easily identified and assigned to various mineral species.

CW lasers based Raman remote sensing has been studied and the conclu-
sion was that the high ambient light background during the day and long-lived
fluorescence are significant problems with this method. However, utilizing
a pulsed laser system and gated receiver overcome those limitations. A remote
Raman system was constructed, utilizing a small pulsed Nd:YAG laser and
5-inch telescope coupled to a spectrograph with an optical fiber and gated
intensified detector. The performance of such a pulsed-Raman system demon-
strated the possibility to receive high quality Raman spectra of carbonates,
silicates, hydrous silicates and sulfate minerals at distances from 10 to 66 me-
ters. The quality of the data is sufficient to unambiguously determine the
anionic groups present within minerals and in most cases further constrain
the mineral composition.

The object of the other project was to investigate the feasibility of inverted
SERS for analyzing small concentrations of organic molecules mixed with
rock materials in the Mars soil. Chlorophyll, used as an analog of a biomarker
molecule that could be present in small concentrations on Martian soil, yielded
Raman spectra at concentrations as low as 78 femtomoles. Such a technique
was also effective in detecting small concentrations of a powdered mineral
mixed with a large concentration of another mineral, for example powdered
pyrite mixed with silica powder. Minerals such as zeolites, where ion-exchange
reactions occur between sodium and silver, also showed enhanced Raman
scattering.

733
Combination of LIBS and Raman Systems

A minerals analysis at a distance of 10 m has been done with a modified Ra-
man system to collect LIBS data, thus obtaining quantitative values for cation
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composition in investigated samples. By analyzing the cation information col-
lected in the LIBS experiment alongside the anion information provided by
gated Raman scattering, a more complete image of the mineral’s structure and
composition can be obtained. The remote LIBS and Raman data on selected
minerals clearly demonstrates that a development of a combined LIBS/Raman
instrument will be very useful for planetary applications (Bishop et al. 2002;
Hugh et al. 2002; Sharma et. al. 2003).



CHAPTER 8

Minerals Radiometric Sorting

In many mineral-processing installations it is of critical importance to pro-
vide an efficient mineral purification. Complicated processing steps involving
grinding to very fine particle sizes carry it out. It is necessary to grind the
particles in order to liberate the impurities from a mineral. However, purifica-
tion of the coarse feed particles before grinding can provide significant benefit
in overall energy efficiency and the final product purity. When the particles
representing impurities can be separated before grinding they do not con-
taminate the feed stream for further processing and additionally they are not
unnecessarily ground. This can be achieved by radiometric sorting carried out
before the grinding stage when the particles have a size in a range of several
centimeters.

Mineral sorting is a physical process in which particles are separated on
the basis of their mineralogical composition. None of the minerals in the
material treated undergoes any chemical change. The objective of any mineral-
beneficiation process is to split the material being treated into two or more
process streams. The intention is that valuable minerals are diverted into one
stream, usually called the concentrate stream, while non-valuable minerals
present are diverted into a second stream, which is called the tailings stream.
At the same time as little as possible of the valuable minerals should be lost
to the tailing stream. Sometimes when the mineral separations are difficult,
a third stream, known as a middling stream, is produced.

Because the basis for mineral beneficiation is the physical separation of
particles of different mineralogical composition, the success of such a particle
separation as a means of separating one type of mineral from another depends
on two prerequisites:

1. The most fundamental prerequisite is that the mineral to be beneficiated
should, for the most part, be physically disengaged or liberated from the
gangue, and

2. There should be sufficient differences in the physical properties of particles
of different mineralogical compositions at the attained degree of liberation.

Provided that the physical properties of the minerals contained in the par-
ticulate ore are significantly different, the particles of distinct mineralogical
compositions can be separated physically to achieve a mineral separation.
Particles that consist predominantly of valuable mineral(s) will report to the
concentrate under the influence of the exploited physical force, but will dilute



282 Minerals Radiometric Sorting

that concentrate with the valueless mineral(s) with which they are physically
locked. Particles that consist predominantly of gangue minerals will report
to the tailings, and the contained value-bearing minerals will be lost. What
is needed to make good mineral separations is good mineral liberation, i.e.
the proportion of multi-mineral particles should be minimized. If the degree
of liberation in the run-of-mine material is insufficient, a higher degree of
liberation is achieved by a size-reduction process (crushing and grinding),
which reduces the particles into smaller fragments. In addition, each mineral
beneficiation process requires an optimum size range for efficient processing;
therefore, sizing operations are also required prior to mineral beneficiation
operations. Two types of sizing operations are recognized, namely screening
and classification. The former uses rigid surfaces that are uniformly perforated
with apertures, and the surface acts as a go-no-go gauge so that particles are
separated into oversize and undersize streams. Classification is based on the
fact that particles of the same shape and density but of different sizes settle in
a fluid (water, air) at different rates.

Ore sorting has long been used in mineral processing operations, and was
first instituted as hand sorting according to a humanly perceived difference
in the ore. Minerals applications today generally require automated sorting
methods to cope with a high tonnage throughput in an economic fashion,
and large mechanical sorters have been developed to meet this need. There
are significant opportunities for the use of such technology in many minerals
processing operations, but to date, industry applications have been limited
to a few niche processing areas such as for diamonds, magnesite, talc and
uranium ores.

The modern automated sorters (Fig. 8.1) are machines which examine feed
lumps on an individual basis, compare the measured properties of each lump
with predetermined criteria, and then separate the lumps, using an applied
force, into different products according to the measured properties. A sorter
treating —120 + 60 mm material typically treats 85-100 t/h and a unit treating
—60 + 30 mm material - 30-40 t/h. Ore types treated by sorters around the
world include different types of rocks (Mokrousov and Lileev 1979; Salter and
Wyatt 1991; Cutmore and Eberhard 2001). These sorters were installed for one
of the following duties: pre-concentration of plant feed, intermediate product
production, finished product production. The main benefits are as follows:

- A pre-concentration plant reduces the main treatment plant’s head-feed and
can remove waste rocks for a fraction of the cost of treating the material
through the complete process operation. In addition, the main plant may
be fed at its optimum feed rate with a consistent grade of material thereby
increasing overall plant economic performance. Besides that, very often the
reject grade from a sorting plant is lower than the final tailings grade from
the overall process without sorting thereby increasing overall economic
recovery.

- If some distance separates the plants and the pre-concentration plant is
situated nearer to the ore hoisting shaft or open pit then ore transport costs
can be reduced significantly.
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Fig.8.1. Schematic representation of luminescent sorter: 1-funnel; 2-vibrational feeder;
3-frame; 4-conveyer for concentrate; 5-conveyer for waste; 6-luminescence excitation source;
7-collecting optics; 8-optical filter; 9-detector; 10-air valve (Moskrousov and Lileev 1979)

- The application of sorting can increase the life of the mine by increasing
reserves to include in-situ and stockpiled previously below cut-off grade
material. It also decreases the need for selective mining and often allows the
previously stockpiled low grade or waste rock to be processed economically.

- The application of sorting can remove lumps with elevated concentrations
of harmful components.

- Because of rich deposit exhaustion and the necessity to draw the low grade
ores into production the volume of excavated rocks grows sharply and the
velocity of waste accumulation constantly increases. Huge quantities of the
mining industry waste not only fill the vaster territories of the Earth’s surface
but also influence very badly the ecological situation. But the ecological
damage from this waste may be reduced due to additional products, which
could be extracted here, because approximately 20-30% of useful minerals
now are thrown away to the tailing dumps.

Atthe present time luminescent sorters are mainly used for the processing of di-
amonds, but also for the scheelite, fluorite and others types of ores (Mokrousov
and Lileev 1979; Salter and Wyatt 1991; Gorobets et al. 1997a). The sources
of luminescence excitation in these sorters are X-ray tubes and UV lamps,
where the first is more powerful and the second is more selective. The UV
impulse lasers employment as excitation sources enables us to combine the
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very high power and extreme selectivity with the opportunity to use it for the
discrimination of not only spectral, but also kinetic parameters of lumines-
cence. Besides, other laser based spectroscopic techniques may be used with
the same equipment. In the case of sorting the method must be much more
effective than in remote sensing, since the distance from the excitation source
to the sample is less, background from the daylight is absent and lumps of rock
are washed and uniformly oriented. Despite of all this, this kind of sorting is
not yet used. The main reason is the extreme complexity of natural raw ma-
terials and the absence of systematic investigations of mineral laser-induced
spectroscopies.

8.1
Laseroluminescent Sorting

According to spectral-kinetic parameters, the optimal conditions of lumines-
cence excitation and detection, so called selection window (SW) parameters,
were calculated in the following way. At optimal for the useful component ex-
citation, the luminescence spectra, decay time and intensity were determined
for this mineral and for the host rock. After that, on the personal computer was
calculated the proportion between useful and background signals for the full
spectral region for each 50 ns after laser impulse. For calculation the spectral
band was simulated by the normal distribution and the decay curve by the
mono-exponential function. The useful intensity was multiplied by the weight
coefficient, which corresponds to the concentration at which this component
must be detected.

Relations between luminescence intensity in the corresponding SW and
useful components concentration in the lumps were examined statically on
an individual basis. For this task pilot equipment was developed, working in
a polychromator regime with decay time registration in each spectral chan-
nel. Part of the channels monitors the luminescence of useful component
and the remaining part detects the background. Personal computer analyses
all information and calculates the contribution of background to the infor-
mation about the mineral of importance. This pilot allows us to make one-
source or two-sources excitation, to detect luminescence immediately after
laser pulse or after a definite time and to account for the matrix effect, when
the optical parameters of host rock influence on the luminescence intensity
(Gaft et al. 1989¢).

The main problem for luminescent sorting is the absence of natural lumines-
cence in the case of very many industrially important minerals. In such cases
artificially induced luminescence may be used. White (1984), for example, de-
scribed such an approach to the differentiation of samples. Here the natural
luminescence of accept and reject fractions is similar. The basis of separation of
magnesium-bearing ore particles is obtained by first conditioning the exposed
magnesium-rich mineral with a surface coupling agent of hydroxquinoline,
then irradiating the conditioned ore to excite and induce fluorescence and
then effecting separation of the magnesium-rich minerals from the lean ore
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particles by detection of the difference of the intensity of the fluorescence. This
method detects ores having high magnesium contents on the surfaces of the
pebbles. Such an approach was also proposed for beneficiation of the precious
metal ores (Gaft et al. 1991a; Gaft et al. 1991Db).

8.2
LIBS Sorting

The available sensing technologies include nuclear, optical, electrical, mag-
netic, acoustic, thermal, and various others specific to the ore. Mostly the
properties are used, which are indirectly connected with mineralogical com-
position of accepted and rejected minerals. The only method, which directly
determines the major elements of separated minerals is the XRF technique.
Nevertheless it is not suitable for the light elements, usually with an atomic
number less than 20. If the energy of characteristic emission is less than 5 keV,
the interference is very strong because of air absorption and water on the min-
erals surface. Besides, in many cases the XRF method is not selective enough,
because many elements present with characteristic emission similar to those
of valuable components (Table 8.1).

LIBS presently is mainly used for quantitative and semi-quantitative analy-
ses. Much less attention has been paid to the potential of LIBS for qualitative
analysis, which may be effectively used in radiometric sorting of minerals. In
this sense we do not need to determine a detailed chemical composition of the
minerals, but rather the aim is to find the specific lines, which enable us to
identify the corresponding mineral. LIBS mineral sorting is in its early stages,
but the prospects are very good. We developed the corresponding database of
time-resolved LIBS under 1,064, 532, 355 and 266 nm laser excitations for the
spectral range from 200 to 900 nm.

The main minerals in our library are apatite, calcite, fluorite, dolomite,
borosilicates, zircon, scheelite, quartz, feldspars, micas, oxides of Mn, Fe, Ti,
Al, Pb, native gold, silver (Table 8.2). The temporal history of the plasma was
obtained by recording the emission features at predetermined delay times
for the gated intensifier, while the intensities of the lines were obtained by
integration of the peak area. To determine the temporal behavior of element
related emissions, plasma emission spectra of mostly important elements were
recorded at different delay times. Such information is very helpful in order to
obtain a good compromise between the signal/noise ratio and the emission
intensity of the selected lines. It is clear that the proper time delay is related
to the energy of the laser, its wavelength, the target characteristics and the
surrounding atmosphere (Sabsadi and Cielo 1995). Our results are mainly
agreed with known temporal behavior of emissions from different species in
the air: ions appear at early times (< 2ps), followed by neutral atoms (2 to
10 ps), and then simple molecules (> 10 ps) (Radziemski et al. 1983).

The data from Table 8.2 evidence that practically in all cases it is possi-
ble to find the emission lines, which enable us to differentiate between ac-
cepted and rejected elements. Based on the minerals LIBS library, a method
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Table 8.1. Characteristic association of metals in rocks (Ostapenko 1990)

Range of XRF Element Interfering element
spectrum I I III
High energy W Fe, Cu, Zn, Mo, Sn, As  Pb, Bi
Pb Fe, Cu, Zn, Sb, Ba, Sn W Bi
Hg Fe, Sb, Ba, As w Pb
Bi Fe, Mo, Sn, Zn w Pb
Average energy Ba Fe, Pb Sb, Sn Cs
Cs Fe Ba
Sb Fe, Cu, Zn, Hg, Pb, As Ba Sn
Zn Fe, Cu, As, Zn, W, Pb Mo, Ba Sb
Mo Fe, Cu, W, Pb, Zn, As Sn, Cs, Ba
Low energy Zr Fe, Ti
Rb Li, Be, Cs, Ta
As Fe, Sn, Sb Cu, Zn Hg, Pb
Zn Fe, Mo, Sb, Sn, Ba Fe, As,Pb Cu
Cu Mo, Sb, Sn, Ba Fe, As,Pb Nij, Zn
N Fe Co, Cu
Fe Ti
Cr Fe
Pb Fe, Cu, Sn, Sb W, Hg,As Bi
W Mo, Sn Pb, As,Fe Cu, Zn

has been developed for real time detection and content evaluation of min-
erals or trace concentrations of elements in minerals as they are conveyed
on a moving belt, using the intensity ratios of the emission lines character-
istic for specific elements or minerals. Because associated minerals always
have different chemical compositions, namely major or minor elements, the
relative intensities, defined by their characteristic spectral lines, enables all
phases to be consistently identifiable and assessed within a short time span
which is consistent with both LIBS and the moving belt system (Gaft and
Nagli 2004).

Three main methods of pebbles irradiation and survey are used in radio-
metric sorting: a) integral where irradiation and survey zone is bigger than
the pebble with maximal dimensions, namely simultaneous analyses of the
whole sample; b) scanning with narrow aperture where irradiation and survey
zone have a strip form perpendicular to pebbles movement trajectory, namely
passive scanning using pebbles movement; c) point scanning where irradiation
and survey zone is much smaller than pebbles dimensions, where at each time
interval a small part of pebbles surface is analyzed, while an active scanning is
accomplished in direction perpendicular to pebbles movement.



LIBS Sorting 287

Table8.2. LIBS lines of different elements important for mineral sorting

Agl 328.1, 338.3, 405.5, 418.5, 421.0, 478.7, 487.4, 520.9, 546.6, 567.7
AlTI 308.2, 309.3, 394.4, 396.2, 515.0, 560.0, 618.0

Aul 242.8,267.8,311.1, 389.8, 406.5, 461.2, 479.5, 596.8, 627.8
BI 249.6

Ball 413.6, 455.4, 493.4, 614.2, 650.0

Cal 422.7, 430.0, 445.0, 527.0, 558.0, 617.0, 656.0, 672.0,
Call 317.0, 370.0, 373.0, 393.3, 396.7, 644.0

Crl 298.6, 301.8, 358.0, 359.5, 425.5, 427.5, 429.0, 520.9
Crll 268.1, 283.5, 360.5

Cul 324.8, 327.4, 510.6, 515.3, 521.8

FI 532.0, 603.8, 604.5

Fel 274.0, 358.0, 374.0. 382.0

KI 766.5, 769.9

Lil 610.0, 670.8

Mgl 285.2, 383.8,518.3

Mgl 279.5,280.2

Mnl 403.3

Mn II 257.6, 259.5, 279.7, 293.3, 403.3

Nal 589.00, 589.6

(01 615.0, 777.5, 822.0, 845.0

P 253.4,255.3 4,000

Pbl 280.2, 357.2, 363.9, 368.3, 405.8, 423.5

Sil 250.7,263.1, 288.3, 391

Sill 386.0, 413.0, 504.0, 576.0, 634.0, 637.0, 657.0

Snl 270.6, 284.0, 286.3, 301.1, 303.4

Till 308.0, 317.0, 323.0, 334.0

Zn Il 213.9, 330.3, 334.5, 412.0, 429.0, 471.0, 481.0, 636.0
Zr 11 268.1, 339.2, 347.8, 350.0, 360.2

It is evident that LIBS sorting may not be accomplished by integral irradi-
ation, because it is based upon plasma analyses generated on relatively small
area by focused laser beam. Nevertheless, if each pebble is composed of only
one mineral, one laser pulse will be representative enough in order to deter-
mine the pebble composition. For uniformly embedded ores the situation is
different and 2-5% of the pebble area has to be covered for the confident
identification of useful mineral. Non-uniformly disseminated ores demand
even more detailed scanning, which has to be determined individually for
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each specific case. Lets consider parameters of laser and detector, which may
be suitable for such cases. The following sorting conditions are selected as
the mostly representative: the pebbles size of —20 + 40 mm and movement
velocity in irradiation zone of 1 m/s. In such case the maximum sample area
is 1,600 mm? and 30-80 mm? has to be scanned for uniformly disseminated
ores during 40 ms when the pebble will be under laser beam. According to
our experience, one laser pulse at 1,064 nm with energy of 5 mJ and duration
of 8 ns generates plasma from the area of 0.2 mm?. Contemporary Nd-YAG
lasers, for example Quanta-Ray PRO-290, may generate 1,000 m]J/pulse with
frequency rate of 50 Hz. In such case approximately 0.2 x 200 = 40 mm? may
be sampled during one pulse. Working with 50 Hz frequencies, one pebble will
be analyzed twice and 80 mm? sampling may be achieved, which is compatible
with practical demands.

8.3
Combination of Sorting Techniques

Luminescence and LIBS techniques may be used simultaneously with the same
basic equipment. This property may be effectively used in minerals sorting.
Besides that, other methods such as Raman and SHG may be effective.

8.3.1
Diamonds

Diamond bearing host rocks are crushed, then the diamonds are separated
form the lighter minerals by gravimetric methods such as rotating pans. This
produces a heavy mineral concentrate. One of two things is done with the
concentrate. The concentrate is blended with water and passed over a grease
table to catch the diamonds. The diamonds will adhere to the grease whereas
most of the remaining minerals do not. In another option, the concentrate is
passed in a dry state through an X-ray sorting machine, which identifies the
diamonds by the X-ray induced fluorescence.

8.3.1.1
Luminescence Sorting

Diamond luminescence was studied mainly with the two following aims: to
carry out a fundamental investigation of its physical properties and to deter-
mine the optimal conditions for luminescent sorting of diamond bearing rocks.
For the first task, diamond photoluminescence was studied at liquid nitrogen
temperature at which luminescence centers are marked by characteristic zero-
phonon lines and are much more informative then at room temperature. For
the second task, were diamond is one of the first minerals for which lumines-
cence sorting was used, luminescence properties should be studied at 300 K.
In the first stages it was established that X-ray luminescence of the A-band
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always characterizes natural diamonds, while certain diamonds are without
photoluminescence under UV lamps excitation. Thus it was concluded that
sorting under X-ray excitation is better and such separators are used now in
the diamonds industry. This conclusion was not changed after the first experi-
ments with nitrogen lasers, which were relatively weak in order to achieve the
needed recovery.

It is important to note that the modern X-ray diamond sorters use pulsed
excitation. According to statistical analyses, 2 kg of rock contains one diamond
crystal and 108 particles of other minerals including 10° particles of minerals
with luminescence under X-ray excitation. The most abundant luminescent
minerals are plagioclase, zircon and calcite. The luminescence of diamond is
selected, first, by spectroscopic filtration, which is very good to “kill” the yellow
zircon luminescence, and, second, using the temporal behavior of diamond
emission under X-ray pulse excitation. The diamond is characterized by two
decay components of the A-band, short of 100 ns and long of 3-10 ms, while
plagioclase has decay time of 10 ps and calcite of 40 ms. During X-ray pulse
with a 10 ms duration, plagioclase reaches its excited state on 100%, while for
calcite this parameter is only of 1-2% and for diamond of 10-15%. Detection
is accomplished in time-delayed mode, where it is started 10 ms later after
the end of X-ray pulse. During this time the plagioclase emission is totally
quenched, while the calcite signal remains on the 1-2% level. Diamond signal
becomes twice lower, but it is well above the noise and may be electronically
treated.

At the present time new deposits have been discovered which contain dia-
monds without luminescence under X-ray excitation. Sometimes the portion,
which is unrecoverable in X-ray luminescent sorters, is big enough to warrant
the development of a new sorting method. The luminescence spectra were
investigated under excimer (193, 222, 248 and 308 nm), nitrogen (337 nm) and
dye laser (340-360 nm) excitations (Fig. 8.2).
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Fig.8.2. Laser-induced luminescence spectra of diamonds at 300 K
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It was found that for such diamonds the UV excitation by powerful UV lasers
is very effective. The best way is to use the luminescence excitation by two lasers
with different wavelength - the excimer laser with the line at 222 nm which
excites the A-band, and the nitrogen laser which excites mainly $3 and “578 nm”
centers. The A-band is present in approximately 95% of investigated diamonds,
but with a big intensity variation. Practically all the diamonds with the weak A-
luminescence are characterized by strong luminescence under nitrogen laser
excitation. Detection is carrying out at two spectral-kinetic selective windows -
between 420 and 480 nm with a time delay of 3-9 ms and between 450 and
650 nm with a time delay of 1-20 ps. Comparative investigation yielded the
following results: in 12% of the sampling laser excitation is much more effective
and may be used even for recovering diamonds from the wastes of X-ray
sorters; in 85% of the sampling laser excitation is better and allows for higher
feeding rates and recovery efficiency; in 3% of the sampling the diamonds were
not luminescent under both kinds of excitation (Gaft 1989; Gaft et al. 1990;
Gaft 1993).

8.3.1.2
Raman Extracting

Diamond is crystallized in cubic form (OZ]) with tetrahedral coordination of
C-Cbonds around each carbon atom. The mononuclear nature of the diamond
crystal lattice combined with its high symmetry determines the simplicity of
the vibrational spectrum. Diamond does not have IR active vibrations, while its
Raman spectrum is characterized by one fundamental vibration at 1,332 cm™!.
It was found that in kimberlite diamonds of gem quality this Raman band
is very strong and narrow. In defect varieties the spectral position does not
change, but the band is slightly broader (Reshetnyak and Ezerskii 1990).

Recently a new two-stage method of extracting diamonds was proposed,
which is based on the use of laser radiation (Gudaev et al. 1997; Gudaev
et al. 1999). In the first stage, Rayleigh scattering is used for initial bene-
ficiation of the rock. The final extraction is performed on the basis of Ra-
man scattering. In the first stage, all transparent objects are extracted from
the rock regardless of the scattering features of the surface and volume. In
the second stage, diamonds are extracted from the beneficiated rock, using
the characteristic Raman signal of diamond. The advantages of the tech-
nology proposed are a significant decrease in the cost of detection devices
and their dimensions, improved ecological safety, and possible extraction
of high-quality diamonds that are not detected by the X-ray luminescence
method.

8.3.2
Industrial Minerals

Industrial minerals are natural minerals and rocks used as raw materials or
functional additives in a wide range of manufacturing and other industries.
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The characteristics of the minerals sold depend upon the physico-chemical
characteristics of the ore body from which they are extracted. Processing of the
minerals before sale can be simple (mainly crushing, grinding and classifying),
but may also be very sophisticated for the most expensive mineral types.

8.3.2.1
Calcium Carbonates

Industrial calcium carbonate (CaCO3) is mainly produced by extraction/milling
of natural ore. Suitable ore-bodies include chalk, limestone, marble, and traver-
tine. Sufficiently pure ore-bodies are selected to allow direct exploitation. The
main applications include paper, paints, plastics, pharmaceuticals, etc. Lumi-
nescence and LIBS (Fig. 8.3) sorting may be used for calcium carbonate ore
radiometric sorting.
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8.3.2.2
Datolite and Danburite

Borates and borosilicates are used in hundreds of products and processes
in ways that touch the lives of almost everyone. Major uses include glass
production, detergents, agriculture, enamels, and ceramic glazes. Apart from
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the industrial aspect, boron is an essential micronutrient, integral to a plant’s
life cycle and, as becomes increasingly obvious, essential to animal life as well.

8.3.2.2.1

Luminescence Sorting

Datolite and danburite have been sorted by neutron separation (Mokrousov
and Lileev 1979). These minerals are characterized by strong UV-violet lu-
minescence under laser excitation, which may enable us to sort them from
the quartz host rock. Because the decay time of organic matter on quartz
and Ce®' in datolite are very close, the differencies in excitation and emis-
sion spectra may be used. A pilot unit was constructed and transported to
the plant (Dalnegorskoe deposit, Russia) and sorting in a static regime was
tested for the ore preconcentration and for the reprocessing of the coarse
waste from heavy media separation (Gaft 1993). All sorting products were
analyzed on useful (B) and harmful (Ca, Fe) elements. It was found (Ta-
ble 8.3) that for datolite ore with lump sizes =50 + 30 mm it is possible to
receive technological concentrate and waste product. The technological prod-
ucts after luminescent sorting are better then after heavy media separation,
which is used in the factory. Besides, 30% from the old waste may be ex-

Table 8.3. Results of datolite CaB(SiO4)(OH) ore laseroluminescent sorting

Products before Yield Concentration Recovering

and after sorting B,03 CaCOs Fe;03 B,0s3
1. Before

Ore (=120 + 70) mm 100 8.4 17.6 4.1

After

Middling product 69.6 11.1 143 3.0 92.0

Coarse waste 304 24 25.0 6.5 8.0
2. Before

Ore (=50 + 30) mm 100 7.64 9.9 4.6 78.8

After

Concentrate 43.0 14.0 7.4 2.2 6.1

Middling product 9.0 52 120 7.0 15.1

Coarse waste 48.0 24 11.8 6.3

3. Products of liquid
separation (=50 + 30)

Before

Waste 100 4.3 32.0 2.04

After

Middling product 30 106 222 225 74

Coarse waste 70 1.6 36.0 1.95 26
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tracted with the average concentration of useful component more then in the
excavated ore.

8.3.2.2.2

LIBS Sorting

It is possible to suppose that LIBS sorting may be better than the luminescent
one. It is clearly seen that the corresponding spectra of borosilicates, quartz
and calcite are totally different (Fig. 8.4), which make radiometric sorting easy
and confident.
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Fig.8.4. a—d Time-resolved LIBS of datolite and danburite and gangue quartz and calcite

8.3.2.3
Microcline and Plagioclase

Feldspar is by far the most abundant group of minerals in the Earth’s crust,
forming about 60% of terrestrial rocks. The classification of a wide range of
rocks is based on their feldspar content. Most frequently, commercial feldspar
is mined from pegmatite, feldspathic sands or aplite deposits. For some appli-
cations, the ore has to undergo processing in order to remove some accessory
minerals, such as quartz, mica, while in other cases their presence is advanta-
geous. The two main properties that make feldspar useful for industry are its
alkali and aluminum content. Main applications include the ceramic and glass
industries.
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8.3.2.3.1

Luminescence Sorting

For separation between microcline and plagioclase X-ray excited luminescence
is used (Gorobets et al. 1997). The main problem is that their emission spectra
are very close. Under laser excitation these minerals also demonstrate blue
emissions connected with Eu?*, which have close spectral and kinetic pa-
rameters. Nevertheless, the differences in excitation spectra (Fig. 8.5) enable

effective sorting.

/\ Eu®
Fig.8.5. Excitation and luminescence spectra of micro- /A

cline and plagioclase

8.3.2.3.2
LIBS Sorting

4 A,700 nm

Because the main reason of microcline-plagioclase sorting is to control the
Na/K ratio, LIBS may be excellent separation technology. The analytical lines
of Na and K are very strong and specific in order to promise confident identi-
fication (Fig. 8.6).
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8.3.24
Silica

Crystalline silica is the name of a group of minerals composed of silicon and
oxygen. The term crystalline refers to the fact that the silicon and oxygen atoms
are arranged in a three-dimensional repeating pattern. The main minerals in-
cluded in this group are: quartz, cristobalite and tridymite. Quartz is the most
common of them and, after feldspar, is the second most abundant mineral on
the Earth’s surface. Crystalline silica, basically in the form of quartz, has been
mined for thousands of years. It is really one of the building blocks of an-
cient and current civilizations, being also vital for modern technologies. Main
applications include glass production, foundry, ceramics, building materials,
etc. Crystalline silica has also acquired a fundamental place in the emerging
information society, as the source of silicon.

The mostly difficult problems in quartz sorting are quartz-feldspar ores
and differentiation of vein quartz into transparent and milky varieties. In the
first case LIBS separation may be effective using Al emission lines present in
feldspar, which are absent in quartz (Fig. 8.7).

For the second task second harmonic generation by quartz has been pro-
posed. The first procedure is to determine the relative intensity of SH compared
with etalon, where the ratio of SH intensities is used for sorting. In the second
procedure the laser source is working with a very high repetition rate and the
number of pulses with SH intensity above a certain level is used as the separa-
tion criterion. Sorting using non-linear optics may be very effective, because
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the number of minerals with SH generation ability is relatively low, while only
nepheline is abundant (Meisner 1994).

8.3.2.5
Fluorite

Fluorine for industrial use is almost exclusively obtained from fluorite. There
are many possible fluorite-ore types. It occurs as fissure-fill and manto-replaced
types, and in pegmatites, residual/eluvial deposits, carbonates and phosphate
deposits. It is a gangue mineral in many base metal deposits, but due to
stringent trace metal requirements often can’t be economically beneficiated to
a saleable product. Most fluorite ores are selectively mined, and ore from some
minor vein deposits is then upgraded to a saleable product by sorting.

8.3.2.5.1

Luminescence Sorting

Fluorite is used as a flux in steel making and in the smelting of ores. Lumi-
nescence sorting of fluorite is a well-known technique, which is based on the
strong blue luminescence of Eu?*.

8.3.2.5.2

LIBS sorting

The LIBS technique may be extremely useful for sorting of fluorite ores. Fig-
ure 8.8 clearly demonstrates the opportunities of time-resolved LIBS in com-
parison with the steady-state method in the case of fluorite-carbonate ores.
Fluorite and calcite both has Ca as a major element and its emission lines
dominate in the steady-state spectra making sorting impossible. After a delay
of several ps the intensity of Ca lines is strongly diminished and a F line with
a longer decay becomes visible in the fluorite spectrum.

8.3.2.6
Barite and Gypsum

Barite belongs to the bulk minerals and is very rarely used as a source of metallic
barium, but it is used in drilling fluids, paints, glass and as a filler in paper
products. Conventional open pit methods and processes usually selectively
extract barite by crushing and pulverizing. High-grade ores may not require
any further concentration prior to sale. For lower grade ores luminescence
sorting based on the UV band at 350 nm under X-ray excitation may produce
acoarse-grained concentrate (Gorobets et al. 1997). As the drilling industry will
not accept barite containing galena and other sulfides, or siderite, a saleable
concentrate cannot usually be made from the barite gangue in base metal
deposits. It may be proposed that LIBS and Raman methods may be effectively
used for radiometric sorting of barite because of strong and characteristic
emission lines of Ba and the strong Raman bands of barite (Fig. 8.9).
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Most gypsum CaSO4x2H; O is used in building construction, to make plas-
terboard or as a setting retardant in Portland cement, but there is also substan-
tial usage in developed countries as a soil conditioner. Gypsum sorting may be
made using its strong and characteristic Raman signal (Fig. 8.9).

8.3.2.7
Bauxite and Kaolinite

Practically all world production of newly smelted aluminum was made from
bauxite. The term bauxite is used for naturally occurring mixtures of aluminum
monohydrate (boehmite or diaspore) and trihydrate gibbsite AI(OH)3, includ-
ing impurities which are typically clay minerals, free silica, iron hydroxides and
titania. The luminescence of boehmite and diaspore and LIBS (Fig. 8.10) may be
used for the detection, sorting and commercial value evaluation of Al minerals.

Another Al-bearing rock, kaolin, is a purified white plastic clay primarily
composed of kaolinite Al;Si,05(OH)4 in association with small quantities of
other minerals such as feldspar, mica and quartz. It is made up of a loose
aggregation of randomly oriented stacks of kaolinite flakes. Kaolin deposits
are formed through the alteration, or kaolinisation of feldspar-rich rocks such
as granite or gneiss by hydrothermal and/or weathering processes. The miner-
alogical and chemical composition of the kaolin depends on the nature of the
parent rock and the type and degree of alteration. Kaolin’s main applications
include paper, in which it performs both filling and coating functions, and
ceramics. In this latter application, it can account for as much as 60% of the
recipe. LIBS of Al may be used for kaolinite sorting (Fig. 8.10).
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8.3.2.8
Magnesium and Manganese Ores

The low specific gravity of this metal makes it invaluable for use in lightweight
alloys used in aircraft and aerospace equipment. Magnesium is produced
through the processing of its magnesite and dolomite ores, or by precipita-
tion from natural brines. At the present time Mg containing minerals, such as
magnesite MgCOs3, dolomite, talc Mg3SisO19(OH);, limestone and smectite are
usually optically separated based on laser beam reflectance. LIBS sorting may
be extremely effective in this case because Mg emission lines are exceptionally
strong and characteristic, especially at 384 and 518 nm (Fig. 8.11).

About 90% of manganese ore is used in steel smelting. Although there are
more than 300 manganiferous minerals, the common ore minerals are largely
mixtures of manganese oxides and hydrated oxides. The usual field terms are
psilomelane for a hard massive mixture of oxide minerals, pyrolusite for a soft
black earthy mixture, and wad for impure, brown earthy oxides and hydrated
oxides. LIBS sorting may be effective in this case (Fig. 8.11).
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8.3.2.9
Chromite

The only significant chromium ore mineral is chromite, a member of the spinel
group, with the formula (Fe,Mg)O(Fe,Al,Cr),03. The important ore variables
are Cr,03 content, Cr:Fe ratio, SiO, content, amount and ratio of Al;O3; and
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MgO, and sulfur and phosphorus content. In some operations high-grade ore
is selectively mined, hand sorted and screened, and sold as lump and fines.
More commonly the high-grade lump material is removed by hand, and the
reminder is crushed and ground before beneficiation. LIBS may be used for
chromite sorting and Mg, Al, Si contents evaluation (Fig. 8.12).
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Fig.8.12. LIBS of chromite

8.3.2.10
Phosphate with High Dolomite Content

Among the deleterious materials (Fe;03, Al,03, CaO, MgO) in phosphate
rock, dolomite is the most troublesome. Dolomite causes higher consumption
of sulfuric acids, reduces filtration capacity, and lowers the P,O5 recovery in
fertilizer manufacturing. Therefore the MgO content is a very important index
in evaluating the quality of the phosphate concentrate. In Florida, the MgO in
the final phosphate concentrate is usually required to be less than 1%.

Phosphate rock is one of the basic materials for fertilizers. USA phosphate
production represents approximately one third of the World’s total, while about
70% of the US production comes from Florida. With the depletion of the low-
dolomite, easy-to-process Bone Valley siliceous phosphate deposits, phosphate
mining moves further south and southeast, and the phosphate matrix becomes
leaner in grade and high in dolomite. The phosphate deposits in the Southern
Extension will be low in P,Os and high in the dolomite impurity, and may
be divided into two zones. The upper zone may be processed using current
technology, while the lower one is highly contaminated by dolomite. Geological
and mineralogical data show that about 50% of the phosphate resource would
be wasted if the lower zone is bypassed in mining, and about 13% of the
resource would be lost if the dolomite pebble in the lower zone is discarded
(Gao et al. 2002).
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The high dolomite zones have been bypassed during mining operation be-
cause there is no technology available to process the high dolomite pebble
economically. It has been well recognized that the development of a techni-
cally and economically feasible beneficiation technology to process dolomite
pebbles is very important in order to improve the recovery of phosphate value,
extend Florida phosphate reserves and prolong the life of the Florida phosphate
industry.

This makes it more critical to control the quality of the pebble product,
particularly the MgO content. Current practices require either stockpiling of
pebble product until quality control data from sampling becomes available, or
making the shipping or discarding decision based on visual observations of
rock as it is being produced. Obviously, this practice can result in the shipping
of undesirable products to the chemical plant or the discarding of acceptable
pebbles. A reliable instantaneous analytical method is the ultimate solution to
this problem.

At present, gravitation separation and photometric sorting are mainly used
for the treatment of phosphates with high dolomite concentration (Salter and
Wyatt 1991). However, their effectiveness in many cases is limited due to min-
imal density and reflectance differences between dolomite containing lumps
and phosphate rock.

8.3.2.10.1

Luminescence Sorting

X-ray excited steady-state luminescence has been checked as a distinctive
feature for the phosphorites, Karatau (Gorobets et al. 1997a). Sedimentary
apatite (francolite) is not luminescent under X-ray excitation and red Mn?*
luminescence of dolomite was employed. As a result, concentration of MgO
in the accepted fraction was lowered from 5.0% to 2.4%. The use of this
method is limited because in many cases the X-ray luminescence of dolomite
is very low or non-existent. Besides that, other minerals without luminescence
come together with the accepted phosphate fraction, including siliceous shale,
which is harmful for the following deep beneficiation. Thus new methods have
to be developed for detection and content evaluation of dolomite in Florida
phosphates on moving belt conveyors.

Our study of sedimentary apatite from Israel proved that laser-induced
time-resolved luminescence is a perspective tool for evaluation of sedimen-
tary phosphate ores with high dolomite content (Gaft et al. 1993b). The idea
was based on the fact that natural apatite contains several characteristic lu-
minescence centers, which enables us to differentiate it from dolomite. The
most widespread characteristic luminescence center in sedimentary apatite
is uranyl (UO,)?* with a typical vibrational green band luminescence un-
der nitrogen laser excitation (Fig. 8.13a,b). Nevertheless, it appears that such
luminescence is absent in phosphate rock samples from Florida, evidently be-
cause of extremely low uranium concentration (Fig. 8.13¢,d). In order to find
potential luminescence centers, ICP-MS analyses of Florida phosphates was
accomplished. From discovered REE, theoretically Dy>* is the best candidate
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Fig.8.13. Laser-induced time-resolved luminescence spectra of dolomite and apatite

because of the favorable combination of concentration, quantum efficiency,
and spectral and temporal characteristics. Narrow lines of Dy>* with a long
decay time of 500-600 ps appear under Aex = 355 nm in Florida apatites, while
they have never been detected in Florida dolomite (Fig. 8.13e,f). The reason is
that dolomite is a very bad matrix for luminescence centers formation, even if
it has suitable concentrations of corresponding impurities.
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In the second stage, more than 200 samples of randomly chosen Florida
phosphate rock samples have been analyzed for Dy>* luminescence. The results
prove the assertion, that Dy>* lines are a good distinguishing feature between
apatite and dolomite. They are not detected in a single dolomite and it allows
100% detection of dolomite pebbles. The problem is that Dy** luminescence
intensity is strongly varying from apatite to apatite and in certain samples
it was not confidently detected under existing experimental conditions. The
average content of apatite with confident Dy>* luminescence is slightly less that
70%. To improve the distinguishing feature efficiency, the optimal excitation
has to be chosen. It is well known that Dy** has very narrow excitation bands.
In order to determine the best excitation source of Dy3+, the excitation time-
resolved spectroscopy have been accomplished. For this task the tunable dye
laser pumped by excimer XeCl (308 nm) was used. The selected dye enables
the tuning in the 345-365 nm spectral range, which corresponds to the 4F9/2
excited state of Dy>* responsible for the luminescence lines at 480 and 573 nm.
It was found that the optimal excitation for Dy>* in apatite is at 351 nm,
which enables us to increase Dy>* luminescence by 25-30% compared to
Aex = 355 nm. Besides being the optimal excitation for Dy>", the excitation at
351 nm exactly corresponds to the emission wavelength of the XeF laser.

Another way to improve sensitivity is computerized spectra analysis. All
spectra measurements are accompanied by background and noise, thus all
individuals or group parameters need the preliminary data processing for the
background estimation and for the smoothing of the raw spectrum data. The
principal problem of the background modeling is to find a suitable analytical
function to model the background behavior. We developed the corresponding
algorithm, which together with the optimal excitation at 351 nm enables the
confident identification of approximately 85% of apatite samples based on Dy**
time-resolved luminescence. Nevertheless, the remaining 15% will be counted
as dolomite and removed from the following beneficiation. At the same time it
is important to emphasize that according to XRD data, the remaining apatite
without clear Dy>* emission very often contain elevated quartz and calcite
contents. It is well known that quartz has strong laser-induced luminescence,
which may conceal the Dy>* lines. Thus it is possible that using Dy>* lumines-
cence as distinguishing feature, we will be able to reject the portion of quartz
and calcite before grinding, which is good for flotation efficiency.

8.3.2.10.2

LIBS Sorting

This methodology was previously successfully used for express on-line analyses
of phosphate ores. The commercial TRACER™ 2100 Laser Element Analyzer,
a laser-induced breakdown spectroscopy instrument, was utilized for rapid
analyses of phosphate ores at the mine site (Rosenwasser et al. 2001). Excellent
calibrations were achieved for P and Mg with correlation coefficients signifi-
cantly above 0.98. The instrument demonstrated strong potential of the LIBS
for use in on-site, real-time or grading. LIBS apparatus was developed for ap-
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plications in the phosphate industry (Smith et al. 2000). This includes rapid
elemental analysis of P, Mg, Si and Fe in materials taken from various stages
of phosphate mining and processing using a rapid, off-line measurement ap-
proach. A compact LIBS spectrometer was developed and evaluated in both
the laboratory and in an industrial setting. The samples were dry fine powders
deposited on an adhesive tape. Nevertheless, such equipment is developed for
chemical analysis with an analysis time of several minutes per sample and is
not suitable for radiometric sorting. The attempt was made to develop a LIBS
analyzer for routine, rapid pseudo-on-line and real-on-line performance with
the desire to apply LIBS to on-line slurry characterization. Nevertheless it was
concluded that on-line quantitative chemical analysis in phosphate slurries
does not appear to be practical at this time using LIBS. The reasons are the
amount of water in the slurry and the large sizes of the particles analyzed
(Winefordner 2000).

In order to use LIBS for real-time evaluation of dolomite content on the
moving belt apatite and dolomite have to be confidently identified by LIBS
with onelaser pulse. Figure 8.14 demonstrates the typical breakdown spectra of
Florida apatite and dolomite under 355 nm Nd-YAG excitation with an energy
pulse of 15m]. Dolomite (Ca, Mg)(COs3), contains Mg as a major element
and does not contain P and F, and phosphate Cas(PO4)3(F0):Ca5(P04)3CO3
contains as major elements P and F, and does not contain Mg, which gives a good
opportunity to differentiate between them by LIBS. According to expectation,
it is clearly seen that the line at 604 nm, which is connected with F and P,
belongs only to apatite, while the line at 518 nm, which are connected with Mg,
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belongs only to dolomite. Thus LIBS enables confident dolomite and apatite
identification.

To check the possibility of LIBS on preliminary unknown samples, 160 peb-
bles were randomly selected on the moving belt of the Four Corners Mine. They
have been analyzed in conditions, similar to those on the moving belt, namely
from the distance of 1 m using only one laser pulse (351 nm of excimer XeF
laser). Three samples taken from the belt with time intervals of approximately
10 minutes were divided for two products each, named as “bad” (dolomite)
and “good” (apatite). All products were subjected to chemical analyses in IMS-
Phosphates analytical laboratory. The results are presented in Table 8.4. It is
clearly seen, that the “bad” fraction contains mainly dolomite with the mean
MgO/P,05 = 0.7, while the “good” fraction is mainly apatite with the mean
MgO/P,05 = 0.015, namely nearly 50 times lower. Besides that, the dolomite
products contain elevated concentrations of Fe; 03, Al; O3 and insoluble residue
compared to apatite products (by 1.5, 2.5 and 4. 7 times, respectively). Con-
sequently, removing of the rock with elevated dolomite content enables us to
lower together with Mg concentration, other harmful impurities also.

Table8.4. Chemical analyses of apatite and dolomite fractions after LIBS separation

No MgO P,0s BPL F  Fe;O3 Al,O3 Insoluble

pebbles
Reject 20 2.2 3.5 7.6 0.4 1.1 2.2 70.4
Accept 31 0.5 28.6 625 3.6 0.7 1.1 12.9
Reject 18 2.5 59 129 0.5 1.1 3.8 63.9
Accept 33 04 28.1 6142 3.3 0.8 0.8 13.3
Reject 13 4.6 4.5 9.81 0.3 1.3 2.0 56.5
Accept 45 03 274 59.80 3.4 0.8 14 14.2
8.3.2,10.3
LIBS Module Prototype

It is important to select the best laser source. For practical applications the
first harmonic of Nd-YAG (1,064 nm) is preferential, because such a laser is
powerful and exists in ruggedized industrial versions. It was found that the
spectra are principally the same as under Ay = 355nm (Fig. 8.15), but the
characteristic line of F~ is much weaker and clearly seen only after a delay
time of several microseconds when the overall intensity is already low. The
characteristic line of P at 254 nm is very weak and the strongest lines in the
spectra belong to Ca ions.

LIBS analyses under Ay = 1,064 nm enables us to conclude that the most
efficient discriminative feature between dolomite and phosphate is the ratio
between the Mgl emission at 383 nm and the Call emission at 393 -397 nm after
a relatively short delay of 500 ns. At such conditions the apatite intensity ratio
(I394.3/I384.5) = 30.2, while for dolomite (I394.3/I384.5) = 1.1, namely this ratio
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Fig.8.15. Time-resolved LIBS of Florida dolomite and apatite under A¢x = 1,064 nm

is 27 times higher in apatite compared to dolomite. At steady state conditions
this ratio is more than twice lower (approximately 10), but nevertheless it is
still very high.

Prototype LIBS sorting system is firstly developed by International Tech-
nologies Lasers (ITL) Company. In present modification, the system accom-
plishes evaluation of conveyed rocks composition. Beta site test was successfully
accomplished at 2004 on Four Corners Mine, Florida.

8.3.3
Base Metals

The base metals are those that are either found with copper or alloyed with
copper and now include all the copper, lead, zinc, arsenic and tin ores. Tin
works as a much better metal to alloy with copper than arsenic in making
bronze - but its much rarer. Zinc actually wasn’t known to the ancients as
it either was completely oxidized and went right up the furnace chimneys or
reacted with copper to make brass directly in the furnace. The very large “gray
area” in minerals applications would appear to be in sorting many base metal
ores that require less proven or completely new sensing techniques for sorting.
The perceived industry benefits have not been sufficient to support well-tested
developments in this area. There are a large number of published articles
on the development of sensing techniques for sorting base metals, a lower
number on industry demonstrations of developed technologies (particularly
in Russia), and very few on commercial operations using these technologies.
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One explanation for this rather poor record over a period of at least 20 years is
that there are entrenched misconceptions in regard to the economic viability of
sorting. A recent renewal of interest in new mineral sorting applications would
seem to indicate that this view may be changing on the basis of demonstrated
operational experience with modern sorters over the past decade.

8.3.3.1
Cassiterite

8.3.3.1.1

Luminescent Sorting

In its oldest use tin was alloyed with copper and zinc to make bronze. Tin
is still valuable today in alloys and coatings for steel. Cassiterite, a tin oxide,
is the only important ore mineral. Under powerful laser excitation cassiterite
very often is characterized by intensive luminescence (Fig. 4.27). The emission
band consists of the main band at 560 nm with a decay time of 200-250 ns,
the weaker band at 650 nm with a decay time of approximately 300 ns and the
weak band peaking at 450 nm with a very short decay time of 50 ns. Using
the shortwave part of the excitation band the blue emission becomes relatively
stronger, while under the longwave part the red emission dominates. The main
background luminescence in the cassiterite case is connected with the sorption
of organic materials, but its extremely short decay of less than 20 ns enables
effective sorting using a delay of approximately 75 ns and a gate of 1 -5 ps.

8.3.3.1.2

LIBS Sorting

Tin has many intensive lines in the breakdown spectrum, the strongest ones at
284, 286, and 303 nm (Fig. 8.16).
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Fig.8.16. Time-resolved LIBS of cassiterite
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8.3.3.2
Lead, Copper, Zinc Containing Minerals

8.3.3.2.1

LIBS Sorting

These minerals have never been mentioned as potential targets for luminescent
sorting because of the absence of natural emission even under laser excitation.
LIBS may be an excellent opportunity, because all those elements have strong
and characteristic lines. Figure 8.17 present examples of malachite (Cu), galena
(Pb), and sphalerite (Zn) breakdown spectra.
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Fig.8.17. Breakdown spectra of several base metals bearing minerals
834
Non-Ferrous Metals
Scheelite

Tungsten is mainly used in lamp filaments and steel-alloy cutting tools. Scheel-
ite and wolframite are the major ores of tungsten. At the present time even
deposits with very low tungsten concentrations (down to 0.1%) are considered
as industrial. Scheelite was the second (after diamond) mineral which was
sorted using X-ray excited luminescence enabling to select the pebbles with
elevated W contents. Using this method it was possible to sort the tails with
0.03% of WO3 and to select the product with 0.12% of WOs.
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Nevertheless, in certain cases such sorting may be difficult. For exam-
ple, fluorite, apatite and calcite under X-ray excitation also have lumines-
cence in the selective windows used for scheelite separation (Gaft et al. 1989).
Laser-induced time-resolved luminescence may be much more effective, us-
ing different excitation spectra and decay times of corresponding minerals.
Luminescence and excitation spectra demonstrate that excitation at 240 nm is
optimal for scheelite, while Mn?*, Ce®>* and Eu?" in barren rock are substan-
tially deminished. The strong difference in decay times enables us to lower
the background further, because the delay of approximately 1 s enables us
to quench the short lived Ce>*, Eu?* and organic matter, while the gate of
20 ps licvidates the long lived Mn?* background. On the other hand, in such
a time window the scheelite emission with a decay time of 5-6 ps will be
strong.

8.3.4.2
Zircon and Baddeleyite

The most important zirconium minerals are zircon and baddeleyite, often
associated with rutile and ilmenite deposits. Zircon and baddeleyite are char-
acterized by strong luminescence under powerful laser excitation. The main
background emission is connected with organic matter sorption and some-
times with fluorite. Excitation and emission spectra of zircon and baddeleyite
(Figs. 4.39, 4.41) together with their decay times demonstrate that a delay time
of 200 ns and gate of 10-50 ps combined with excitation near 300 nm enable
us to remove the background signal drastically.

8.3.4.3
Eucryptite and Spodumen

8.3.4.3.1

Luminescent Sorting

These minerals have been successfully separated by X-ray excited lumines-
cence, but the serious problem was the orange emission of carbonate host
rocks (Gorobets et al. 1997a). Eucryptite is characterized by intensive red
emission at 780 nm of Fe’* (Prokofiev et al. 1979) with a very long decay time
of 4-5ms. Because Mn?* emission in carbonates has also a long decay, the
main effect may be in using the differences in excitation and emission spectra.
Spodumen under laser excitation is often characterized by blue emission with
a decay time of 50-60 ps (Fig. 4.61) and such relatively long decay enables
effective sorting on the background of short-lived fluorite luminescence.

8.3.4.3.2

LIBS Sorting

It may be proposed that the LIBS method may be used for on-line real-time Li
bearing minerals identification because of strong and characteristic lines of Li
emission at 671 and 610 nm (Fig. 8.18).
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Fig.8.18. Breakdown spectra of several Li bearing minerals
8.3.5

Precious Metals

8.3.5.1
Gold Bearing Minerals

Gold is used extensively in the manufacture of electronics, in medicine, and as
the World’s monetary standard. This valuable metal is often found in nature
in the native form, usually associated with quartz or pyrite. When deposits
containing gold are eroded, the heavy gold may become concentrated in placer
deposits in the gravel of stream beds. Only rarely is visible gold found in good
ore. It does occur as a compound with tellurium in minerals such as sylvanite
and calaverite. On average, only five parts per million of every ton of ore mined
are actually gold. It is, for example, necessary to separate the precious metal
from the more than 100 million tons of ore milled each year in South Africa.
This is carried out in the mine’s gold plant. Initially, ore hoisted from the mine
is broken into smaller pieces by a primary crusher; secondary crushers break
it down further, followed by a milling stage to produce a fine rock dust. At this
point most of the tiny particles of gold contained in the ore have been exposed.
A cyanide solution chemically dissolves away the exposed gold particles and
the resultant liquid follows one of two routes to recover the gold now held in
solution. Gold bearing ores are now sorted by photometric and radioactive or
X-ray fluorescence methods. The first one is used for gold containing quartz,
while the accompanying rocks have a dark color. The second method detects the
certain elements, which are correlated with Au (Mokrousov and Lileev 1979).
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All these methods use selective features, which are not directly connected with
gold contents.

8.3.5.1.1

Artificially Induced Luminescence Sorting

Luminescent sorting of gold containing ores was never used because native
gold and its minerals are not luminescent. In order to overcome this problem,
the methods of artificial luminescence creation on the surface of gold bearing
minerals have been developed (Gaft et al. 1991a). Different kinds of the chem-
ical and physical treatments induce strong yellow luminescence (Fig. 8.19) on
the surface of gold minerals, while home rock remains non-luminescent. This
gives an opportunity to discriminate and to separate gold bearing lumps. Laser
excitation plays a decisive role hear, because in the case of extremely thin lu-
minescent layers which are formed on the surface, X-rays and UV lamps are
not effective excitation sources. Laser-induced luminescence for the first time
gives the opportunity of gold ore sorting according to the direct separation
feature. The best types in the gold case are conglomeratic, vein and stockwork
deposits: mainly quartz, quartz-pyrite-chalcopyrite, quartz-silicate, barite and
quartz-arsenopyrite compositions; low oxidized and with low and middle sul-
fides concentrations; with mainly gravitational and coarse Au (size more than
60-70 micron); emulsion Au in sulfides with content in mineral ~ 0.01 wt %
(Moroshkin et al. 1993).

Fig.8.19. Artificially induced luminescence on
Au (upper) and Ag bearing minerals (1 - silver
and argentenite; 2 - galenite) (Gaftetal. 1989c)

=

8.3.5.1.2

LIBS Sorting

Gold has many intensive lines in the breakdown spectrum. In gold containing
quartz the characteristic Au lines appear after a relatively long delay, the
strongest one at 312nm (Fig. 8.20). Gold concentrations in certain types of
ore are quite within the range of LIBS sensitivity. For example, quartz-sulfide
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Fig.8.20. LIBS of gold containing ore

veins of the Berezovsk deposit (Ural, Russia) contain 90—95 vol. % of quartz,
5—10 vol. % of sulfides and 18-20 ppm of Au. Massive sulfide ores of giant
VMS (volcanogenic massive sulfide) Cu-Zn-Au-Ag deposits predominate with
a subordinate amount of disseminated ores (commonly 5—15 vol. %). Gold is
relatively uniformly distributed in massive sulfide ores (average values for the
deposits 0.5-1.5 ppm), but local enrichments occur (up to 10-12 ppm of Au)
(Prokin et al. 1999).

8.3.5.2
Silver Bearing Minerals

8.3.5.2.1

Natural Luminescence Sorting

Man has used this metal for centuries. It sometimes is found in native silver,
but is more commonly found combined with sulfur as argentenite. Most of
the World’s supply of silver is obtained as a by-product when other metals
such as lead, zinc, and copper are processed. Silver is used in photography, in
medicines, and in coins.

Natural silver halogenides, which are secondary ores for silver production,
are characterized by intensive luminescence under powerful laser excitation
(Fig. 4.67). The main source of the background luminescence is the sorption
of organic matter. The relatively long decay time of their luminescence may
enable us to lower the short-lived background emission by several orders of
magnitude.

8.3.5.2.2

Artificially Induced Luminescence Sorting

Native silver and argentenite are not luminescent in their natural form, but as
in the case of gold, it is possible to induce the artificial emission (Fig. 8.19).



Combination of Sorting Techniques 313

8.3.5.2.3

LIBS Sorting

Silver has many intensive lines in the breakdown spectrum, the strongest ones
at 328 and 338 nm in the UV part of the spectrum and at 520 and 546 nm in
the visible (Fig. 8.21), which it may be potentially used in radiometric sorting.
Silver is relatively uniformly distributed in massive sulfide ores (average values
for the deposits 10-50 ppm), but local enrichments occur (up to 150-300 ppm
of Ag) (Prokin et al. 1999).
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Fig.8.21. LIBS spectra of Ag containing minerals
8.3.6

Fuel Minerals

There is an ongoing need within the international coal mining and utilization
industry to better characterize coal and combustion products. Areas of partic-
ular interest include: improved coal characterization; the need for quantitative
data on mineral distribution for better understanding of combustion behav-
ior; and a generic analysis method for various environmental waste issues
surrounding the industry, including coal dust analysis. Both coal particulates
and unbroken coal, can be measured by LIBS, which makes the technique at-
tractive to mine geologists, combustion engineers, waste and environmental
scientists alike. The method can discriminate the elements that belong to most
common ash-forming minerals in coal including: quartz, illite, kaolinite, cal-
cite, ankerite, siderite, apatite, chamosite, gypsum, pyrite, and iron oxides. It
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Fig.8.22. LIBS of graphite

also may be useful in order to quantify the amount of organically bound sulfur
within coals.

The breakdown spectra of graphite may be very different for pieces from the
same deposit. Spectra with higher resolution enable us to detect impurities of
Ca, Al, Mg and Si (Fig. 8.22).



CHAPTER 9

Identification of Minerals

9.1
Luminescent Minerals

Identification of minerals is not a trivial question when dealing with natural
objects. Luminescent minerals received from different mineralogists, museums
and collectors are often not correctly identified. It is a potential source of
serious errors, because the presence of a certain luminescence center in one
mineral may be trivial, while its luminescence in another mineral may represent
a certain interest. For example, emission of Mn?2* is common in calcite, but its
absence in scheelite is an interesting problem. Thus, when you find the band

s |D=250ns G=10 ps 393 Ca Titanite @
- &0 Ti CaTiSio
3 323 396 ~aliS
= 5 317 334
2 ™07 a0 375 422
£ 430 453
O T T T T T T T
300 350 400 450
nm
] T T T T T T T T
1 0xd07 4 Titanite ™ |
] CaTiSiO, |

Intensity [a.u.]
[ec]
o
X
o
1

6,0x10"
T T T T T T T T T
500 1000 1500 2000 2500
T T T T T T T T
- o] 1005 Catapleite €
3 80x10° .
B
[72]
g
<
. T T T T T T T T T
Fig.9.1. a-c Raman and break- 500 1000 1500 2000 2500

down spectra of titanite and ,
catapleite Raman Shift, cm’



316 Identification of Minerals

suitable for Mn?" in the mineral named scheelite you want to be sure that the
mineral identification is correct. In such case express Raman or breakdown
spectra may solve the problem. Two short examples are presented below.

Working with titanite, one sample has been found with luminescent behav-
ior strongly different from the others. Suspicion was raised that its identifi-
cation is not correct. In order to check it, LIBS and Raman data have been
received from the same area where luminescence spectra were determined.
Figure 9.1a demonstrates that breakdown spectra of titanite are really char-
acterized by the group of UV lines at 300 nm of Ti and by many lines of Ca,
the strongest ones at 393 and 396 nm. Nevertheless, such lines are absent in
the LIBS of the “suspicious” sample, where only a strong line of Na presents
at 589 nm and its Raman spectrum (Fig. 9.1c) is totally different from those of
titanite (Fig. 9.1b). Subsequent EDX and XRD analyses enabled us to identify
this mineral as catapleite.

Another example is a mineral named nasonite , which was not “suspicious”
because of its luminescent properties, but gave unexpected results after rou-
tine LIBS checking (Fig. 9.2a), where the characteristic lines of Pb were absent,
while the emission lines of Ca and Na were very strong. The Raman spec-
trum (Fig. 9.2b) was also different from those of nasonite. Subsequent analyses
by EDX and XRD methods revealed that it is a mixture of two minerals: prehnite
and pectolite.
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9.2
Gemology

Gemology is the study of gemstones. At the heart of gemology is gem identifi-
cation. For example, some rubies and garnets are impossible to tell apart from
each other by observation, but their values are considerably different. A precise
and accurate means to tell them apart is absolutely necessary. When dealing
with whole crystals, the ruby and garnet are easy to distinguish, but most of
the material that gets cut into gems isn’t found in whole crystals, but in broken
pieces. Using the techniques of mineralogy, they are easily distinguished from
each other. Scratch tests will determine its hardness. Other useful tests are
the reaction to acids and the flame of a blowtorch. These are categorized as
destructive tests and are obviously inappropriate for cut gems.

A method needed to be devised where cut gems could be identified without
damage. To this end scientists began to first identify the measurable physical
and optical properties of the gems. Next they devised instruments to measure
these properties. That is not to say that it doesn’t require substantial education
to identify gems. It is a large and complex subject that is continuing to increase
in complexity as new gems are discovered and new ones are created in the
laboratory.

Simulants or imitations are anything that is posing as something else. For
example, a white topaz posing as a diamond is an imitation. With the continued
development of crystal growth technology, various synthetic and imitation gem
materials are increasingly encountered in the jewelry industry. For example,
synthetic cubic zirconia, and synthetic moissanite (SiC-6H) have a very similar
appearance to diamonds, and are used as imitation diamonds. Because of
their very different chemical and physical properties, it is relatively simple
to determine the imitation. Raman spectroscopy and LIBS may be useful for
express gemstone identification, combining in-situ chemical and structural
analysis (Table 9.1, Fig. 9.3).

“Synthetic” gem refers to materials that duplicate their natural counter-
parts. Emerald, sapphires and spinel are common synthetics (Armstrong et al.
2000a). One of the most critical areas of innovation and challenge involves
alexandrite. This material is a beryllium aluminum oxide that typically ex-
hibits a red to green color change as lighting environments are altered. This
rare variety of chrysoberyl occurs in numerous places around the world, in-
cluding Russia, Sri Lanka, Africa, Brazil, and India. Some laboratory-grown
alexandrites have become so similar to their natural counterparts that there
is a confidence crisis in the marketplace. Synthetic or laboratory-grown mate-
rials duplicate natural gems in physical, optical, and chemical terms. Indeed,
synthetic materials grown under controlled laboratory conditions can exhibit
higher overall quality than their natural counterparts. The significant advan-
tage of gemstone synthesis is consistently higher yields of fine quality material,
which is a stark contrast to the relatively finite percentages of higher-quality
gems that emerge from the production of mines around the world. As a result,
gem synthesis consistently produces larger quantities of fine and uniform gem
material at a fraction of the cost of comparable natural alternatives.
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Table9.1. Luminescence, Raman and LIBS parameters of several gem stones

Mineral

Diamond
Spinel

Topaz
Danburite
Forsterite
Fluorite

Corundum
Scapolite

Apophyllite

Rhodonite

Rhodochrosite
Cassiterite
Datolite

Scheelite

Emerald

Alexandrite

Garnet

Laser-based spectroscopy

Luminescence

N3, 82,853,584, A
Cr3+

Cr3+

Eu?*, Yb%* (77K)
Mn2+

Eu®*, Yb?* (77K)

Cr3+

Sn2+

Ce3+, Eu2+,
Yb%* (77 K)

WO4, MOO4

Cr3+

Cr3+

Cr3+

Raman (cm™!)

1,332
407, 665, 766

407, 459, 553,
843,925

611
824, 855
323

418, 750, 812
459, 538, 771

432, 583, 663,
1,061

671, 975, 999

1,086

475, 632,776
597, 697, 918,
987, 1,082,
1,175

798,911, 1,010,
1,076, 1,305
398, 686, 1,012,
1,069

932

344-376,
871-927

LIBS (nm)

C (248, 406, 427)

Mg (280, 383, 518)
Al (309, 394, 396)

Al (309, 394, 396)
Si (251, 287, 507)

Ca (393, 396, 422)
B (251)

Mg (280, 383, 518)
Si (251, 287, 507)

Ca (393, 396, 422)
F (603) K (766, 770)

Al (308, 394, 396)

Ca (393, 396, 422)
Na (589) K (766,
770)

Al (309, 394, 396)
Si (251, 287, 507)

Ca (393, 396, 422)
Si (251, 287, 507)

F (603) K (766, 770)
Mn (258, 280, 293)
Si (251, 287, 507)
Mn (258, 280, 293)
Sn (271, 284, 301)

Ca (393, 396, 422)
B (251)

Ca (393, 396, 422)
W (295, 401, 407)
Al (309, 394, 396)
Si (252, 252)

Mg (280, 383)

Be (318)

Al (309, 394, 396)
Si (252, 252)

Al (309, 394, 396)
Si (252, 252)

Mg (280, 383)
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Table 9.1. (continued)

Mineral Laser-based spectroscopy
Luminescence Raman (cm™!) LIBS (nm)
Apatite Ce*t, Eu?t, Sm3*, 432,584,965  Ca (393, 396, 422)
Mn?* F (603)
Kyanite Ccrit 441,490, 896, Al (308, 394, 396)
957 Si (251, 287, 507)
Benitoite Ti*t, Ti** 535,577,932  Ba (413, 456, 493)
Ti (307, 317, 323,
334)
Si (252, 252)
Charoite Ce’t, Eu?* 640, 677,1,141  Ca (393, 396, 422)

Si (251, 287, 507)
Na (589) F (603)
K (766, 770)

Zircon (MeO,,,)"~, Dy>*, 974, 1,008 Zr (268, 339, 348)
Fe3+
Tourmaline Mn?*, Cr3*, Fe3* 375,413,643, Al (308, 394, 396)
716 Si (251, 287, 507)
Mg (280, 383)
Titanite Sm3*, Cr3*, Ti** 465,611,861  Ca (393, 396, 422)
Ti (307, 317, 323,
334)

While natural and man-made materials can share the same physical and
optical properties, there are still considerably differences, the main one being
rarity. A natural gem takes considerable time to form and is usually millions
of years old. Plus, many feel they have aesthetic qualities not found in mass-
produced materials. While natural and man-made materials appear nearly
identical, their values vary considerably. For this reason it is important to be
able to distinguish between the two.

As crystallization techniques continue to improve, the technical challenges
facing gem-testing laboratories will increase dramatically. However, regard-
less of the similarities between natural and laboratory grown products, the
telltale differences between these growth environments can be entrapped
in the chemical and physical natures of each material. Whether laboratory-
grown or natural, each growth system leaves its indelible fingerprint on the
final product. As the technical differences diminish between the natural and
laboratory-grown gemstones, the degree of laboratory sophistication neces-
sary to nondestructively distinguish between these materials must increase
significantly. Technical superiority is essential to maintain the long-term sta-
bility of the gemstone market and the credibility of laboratory testing facilities
(Armstrong et al. 2000b).
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Fig.9.3. a-f Raman spectra and LIBS of several precious stones

Because chemical and structural properties of natural and artificial gems
are very similar in this case, the possibilities of Raman and LIBS methods are
rather limited. It was found that another laser-based techniques could be very
effective for rapid spectroscopic discrimination between natural and synthetic
emeralds, rubies, and alexandrite (Armstrong et al. 2000a,b). The first one
is DRIFTS (Diffuse Reflectance Fourier Transformed Infra-Red Spectroscopy)
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and the second one is NIR (Near Infra-Red) Spectroscopy. In some cases it
was even possible to discriminate between gems made by different synthetic
processes. Once again, there is a significant benefit to having two independent
methods available.

Luminescence properties may be very effective. The main two differences
are the following (Gorobets et al. 2004).

1. Luminescence intensity with very rare exceptions is much higher in artificial
gemstones compared to natural counterparts. It may be explained by the
fact that the activator contents are usually higher in laboratory made gems,
while the quenching center concentrations are lower.

2. Fine and super-fine structure of luminescence lines of Cr** and TR?* are
narrower in artificial gems. The reason is that in natural precious stones
many optically active centers are usually present, while in artificial ones
only one or two occur.

Luminescence appears to be effective for differentiation between the artifi-
cial and natural diamonds. For example, fluorescent characteristics are used
in diamonds quality gemological certificates, for distinction between natural
and synthetic, irradiated and enhanced gem diamonds. Most type IIa (and
rare type IaB) diamonds transmit short-wave ultraviolet (SWUV) light while
most of the diamonds (type Ia) do not transmit SWUV. As well, recording of
the sample’s photoluminescence spectrum at 77 K provides an excellent way
to identified high pressure-high temperature treated (HTHP) diamond (GE
POL, General Electric). Emission peaks at 637 and 575 nm under continuous
514nm Ar laser excitation indicates the presence of a small amount of N-V
centers (single nitrogen linked to a carbon vacancy) in the gemstone. While
most but not all natural, i.e. non-treated colorless IIa diamonds also show an
N-V (637 nm) and the N-V0 (575 nm) feature, the peak height ratio 637/575
is considered indicative for treatment identification (Fisher and Spits 2000).
Diamonds with high ratios > 2.8 are HTHP treated, whereas diamonds with
low ratios < 1. 6 are natural (Chalain et al. 2000).

Lindblom et al. (2003, 2004) recently studied differentiation of natural and
synthetic gem-quality diamonds by luminescence properties. It was found that
time-resolved luminescence spectra of natural and synthetic diamonds display
clear mutual differences. The spectra of natural diamonds revealed emission
bands caused by complex nitrogen-vacancy aggregates whereas the bands of
synthetic diamonds reflect simple nitrogen-vacancy aggregates and nickel-
containing defects. The deep-UV excited time-resolved luminescence spectra
of natural diamonds showed fast-decaying donor-acceptor pair recombination
bands at around 410 nm. With longer delay and gates the broad band shifted to
435 nm. All synthetic diamonds display luminescence from nickel-related de-
fects centered at 480 and 530 nm at 300 and 77 K, respectively, and all synthetic
diamonds had a sharp luminescence bands at 694 nm caused by the Cr** ion
impurity in corundum inclusions.

In addition, in the jewels industry there is needed to be able to quickly
identify any particular diamond and to be able to distinguish it from the
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others. For example, since the appearance of diamonds living the polishing
factory have no resemblance to diamonds that entered it, the opportunity
exists for the polished gems to be switched for less valuable ones (Curtis 1989;
Yifrach and Neta 1992). The combination of luminescence properties (spectra
of luminescence and excitation, decay time and intensity of luminescence) at
300K together with suitable program for data treatment allows for a reliable
identification of specific diamonds and distinguishing them from others. Time-
resolved spectroscopy is especially effective, because 50-70% of diamonds have
strong blue luminescence, which hinders the discrimination, and to distinguish
between N3 and N3-like centers is extremely important. Besides that, after 1 ps
delay the N3 is quenched and more individual bands with longer decay appear.

Another problem is that various processes, such as irradiation, heating,
filling of open fractures or cavities, and coating, are also used to treat low
quality gem materials to improve their color, appearance, or durability. Typical
examples of heat-treated gemstones include sapphire (corundum) and citrine
(quartz). Irradiation with gamma rays, X-rays, electrons, or neutrons is used to
alter the color of specimens of diamond, topaz, and quartz. Both diamonds and
emeralds can have surface reaching openings filled with various substances to
improve their clarity. NIR spectroscopy can be used to detect gems that have
been treated with organic clarifying agents. In some cases, the clarifying agent
can be identified. NIR seemed to be most effective for aggregates and opaque
gems such as turquoise and, potentially, jade and chalcedony (Armstrong et al.
1999). Small amounts of oils and resins used to fill cracks and fissures in
emeralds and rubies could be detected by DRIFTS (Armstrong et al. 2000b).

Using a combination of IR, UV/VIS reflection and Raman spectroscopies,
thermally treated corundum and zircon and radioactively irradiated topaz and
spodumen may be identified (Tretyakova and Tretaykova 1996).

9.3
Micro Photoluminescence

Based on the principle of the Raman microscope, a regular transmission and
reflex ion optical microscope has been modified to unable tunable pulsed
laser injection as well as fluorescence collecting via an optic fiber up to a
intensified CCD camera allowing time resolved records. For this purpose, all
optics was replaced to support high-energylaser pulses. Such equipment allows
the following (Panczer et al. 2003a; Panczer et al. 2003b):

- micro identification of the zone of interest in heterogeneous samples under
white polarized light or UV illumination;

- aspatial resolution inferior to 5 pm of the analyzed zone, an monochromatic
pulsed excitation (from 266-650 nm) and 3) and a time-resolved spectral
analysis of the emission signal. It allows also in situ microanalyses at low
and high temperature (Linkham type furnace —196 to 1,500 °C) as well as
high pressure (sapphire or diamond anvil cells).



CHAPTER 10

Waste Storage Geomaterials

In the framework of nuclear waste, and especially long-lived high-level ra-
dioactive wastes disposal, multiple barriers matrices such as waste package,
man-made barriers and geological barrier are studied (Ewing 2001). There-
fore specific doped vitreous and crystalline phases are elaborated and their
capacity to trap fission products (FP) and minor actinides, to resist dissolu-
tion and auto-irradiation is evaluated. At present, the uranium and plutonium
are extracted from the general waste flow during spent-fuel reprocessing, the
ultimate waste (C type), consisting of minor actinides (Np, Am and Cm) and
fission products FP (Tc, I, Cs and Zr), is currently vitrified by incorporation
in molten glass. Vitrification remains the most suitable process for all the
high-level waste. As a matter of fact, the amorphous structure of glass allows
the accommodation of a wide range of elements. Because of the similarity in
their chemical features and electronic configuration, REE have been chosen
for the simulate minor actinides. Their luminescent properties allow recognize

5000

4000

582 584 586 588 590 592 594 596 598 600 602 604
nm

Fig.10.1. Deconvolution of the >Dy — 7F; transition of Eu** revealing two kinds of sites in
Eu-doped complex nuclear borosilicate glass (577 nm excitation, 14 K)
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whether the elements are incorporated in the bulk of the matrix, or adsorbed
on the surface where they can be subjected to leaching out.

Figure 10.1 presents the emission lines of the > Dy — ’F; transition revealing
two kinds of environment in Eu**-doped complex nuclear borosilicate glass.
These are attributed to (1) a borate environment and (2) a silicate one, by
comparison of the ligand field parameters B, with referenced glassy matrices
(Ollier et al. 2002).

Furthermore, specific mineral matrices for use in conditioning separated
radio nuclides are also elaborated and studied on the basis of mineral struc-
tures, known in nature for their selective-insertion capabilities with respect
to certain radio nuclides and their stability over time. Among those phases,
hollandite, zirconolite, apatite and monazite are particularly studied.

Hollandite structure is derived from the quadratic rutile TiO, one with the
general formula A;BgO;6. In nature, there is a whole range of minerals that
crystallize in this structure. The difference between them lies in the chemi-
cal elements inserted as a substitute for titanium Ti in the B-site: hollandite
(Mn totally substituted for Ti), priderite (Fe’*), henrymeyerite (Fe’*), re-
dledgeite (Cr), ankangite (Cr, V). FP can be fixed in BaCsy ; Al 5Tig 5016, with
the A-site occupied by Ba?* and Cs* while AI**, Ti’* and Ti** are located
in the B-site. Zirconolite structure Ca2+erC+Tig_X)07 with 0.8 < x < 1.35,

is able to accommodate lanthanides, hafnium Hf and tri- and tetravalent ac-
tinides by insertion into the calcium Ca and zirconium Zr sites as was shown
in nature. Charge compensations are ensured by substituting trivalent cations
(AP, Ti**) in the titanium Ti** site.
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Phospho-silicate britholites, CagNd(PO4)5(SiO4)F,, with an apatite struc-
ture present high chemical durability, thermal stability and withstand radi-
ation damage, are therefore considered as good candidates for actinide re-
tention. Figures 10.2 and 10.3 show how the °Dy — ’F, transition in triva-
lent europium-doped britholites along the phosphate-silicate solid solution
allows us to distinguish different sites identified as Ca(II), Ca(I)+La(I) and
La(II) sites (El Ouenzerfi et al. 2001). Phospho- and phospho-vanadate apatites
are also considered to trap fission products (CagNdCs(PO4)gF2; Pb1g(VO4)as
(POy4)1.212).

Monazite, a rare earth orthophosphate LaCePOy, has in nature the abil-
ity to incorporate large amounts of U and Th which leads at some point to
the CaTh(POy); brabantite phase. It remains crystalline despite high a-decay
doses even in the case of very old crystals (over 2 billion years). Cathodolu-
minescence allowed estimation of the degree of auto irradiation received by
natural monazite (Nasdala et al. 2002). Photoluminescence was used as well on
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Fig.10.4. Emission spectra of Nd3* (4F3/2 — 419/2 transition) of natural monazite from
Madagascar before and after treatment at 900 °C
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Table 10.1. Comparison of full-width at half-maximum (nm) of two Nd emission lines with
Th concentration of different natural monazites and determination of equivalent annealing
fictive temperature (Madagascar sample considered as reference material). (nd: not de-
termined) (age: Schérer and Deutsch 1990; Paquette et al. 1994; Seydoux-Guillaume et al.
2002b; Schirer et al. 1994)

Monazites Madagascar ~ Norway Canada Brazil
(reference)
Age (Ma) 545 nd 1,928 474
Th (wt. %) 13.25 nd 9.03-10.33 6.92
FWHM 3 (nm) 4.6(1) 4.4(5) 4.4(3) 3.9(4)
fictive T (°C) 25 160 178 670
FWHM 1 (nm) 6.1(1) 5.7(9) 5.5(1) 5.4(2)
fictive T ("C) 25 211 400 460
Monazites China Alps Alps
Trimouns Lauziere
Age (Ma) 24 nd nd
Th (wt. %) 5.74-15.60 nd nd
FWHM 3 (nm) 3.4(7)-3.6(9) 2.3(5) 2.1(5)
fictive T ("C) 921-1140 > 1,200 > 1,200
FWHM 1 (nm) 4.5(6)-5.1(6) 3.2(3) 2.9(3)
fictive T ("C) 680-1025 > 1,200 > 1,200

natural monazites from different ages and different Th and U content, to follow
thermal healing of radiation-induced defects. The full-width at half-maximum
(FWHM) of Nd emission lines which indicates the degree of disorder, appears
to decrease linearly with the treatment temperature (Fig. 10.4). The data col-
lected from different natural monazites are compared in Table 10.1. While the
Madagascar monazite presents the largest FWHM (6.1 nm) and can be consid-
ered as having undergone the strongest metamictization, the modern alpine
monazite is the most perfectly ordered sample (FWHM 2.1 nm). The evolution
trend with temperature of the Madagascar sample, which present before an-
nealing the largest FWHM, is used to estimate the equivalent annealing fictive
temperature of the other samples. The degree of disorder appears to be pro-
portional to the thorium content and not to the age of the samples (Scharer
and Deutsch 1990; Paquette et al. 1994; Schirer et al. 1994; Seydoux-Guillaume
et al. 2002b).



CHAPTER 11

Luminescent Bio-Minerals

Hydroxyapatite Cas(PO4)30H is the main mineral constituent of bones and
teeth. The chemical composition of biological apatite is somewhat different
from the above given formula. They are usually defined as non-stoichiometric
apatites. This nonstoichiometry is caused by the presence of different ions
in very small or in trace amounts. Foreign ions might have an effect on the
chemical or physical properties of hydroxyapatite. Trace ions might affect
the mineralisation process or the dissolution of biological minerals, teeth
and bones. The effect of trace ions is also important in the investigation of
hydroxyapatite as abone implant or as coating material for Ti or other implants.
In this cases trace ions might influence the stability of the implant, the chemical
interaction at the bone and the implant interface or mechanical properties.
Whether foreign ions can substitute Ca?* in one of its crystallographical sites
in the hydroxyapatite lattice ions is a principal question in the preparation of
mineral with foreign ions. The size of the ions, their chemical properties and the
preparation conditions are among the most important factors in this respect.

La’* is of interest in its relationship to biological hydroxyapatite because
of their inhibitory effect on the demineralization of dental enamel. The form
of La’* was not clear, namely surface adsorption or lattice incorporation.
In an attempt to clarify it, laser-induced luminescence has been used
(Mayer et al. 1999). La** is not luminescent, Gd-containing samples were
prepared and studied. Figure 11.1 demonstrates Gd luminescence spectra
with 266 nm laser excitation before and after heating at 800°C. It is
clearly seen that luminescence intensity is drastically stronger after thermal
treatment. Thus precipitated samples must be heated to 800°C to enable
Gd** to replace Ca?t and become luminescent and its incorporation form
is surface adsorption.

Another example is LIBS application for real-time identification of carious
teeth (Samek et al. 2003). In the dental practice, usually more healthy tissue is
removed than ultimately necessary. Carious and healthy tooth material can be
identified through the decrease of matrix elements Ca and P in hydroxyapatite
and/or the increase of non-matrix elements, typically Li, Sr, Ba, Na, Mg, Zn
and C, using pattern recognition algorithms. A fiber-based LIBS assembly was
successfully used for this task. As for the case of phosphate ores evaluation, the
efforts aimed at normalizing the spectrum collection conditions and proce-
dures, so that the spectra are sufficiently reproducible for precise quantitative
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analysis, down to detection of a few ppm, are not required. The combination of
LIBS and discrimination analysis is a useful tool for real time in vivo[in vitro
caries identification during the drilling process when luminous short laser
pulses create plasma.



Conclusions

In the proposed book there is an emphasis on luminescence lifetime, which
is a measure of the transition probability and non-radiative relaxation from
the emitting level. Luminescence in minerals is observed over a time interval
of nanoseconds to milliseconds. It is therefore a characteristic and a unique
property and no two luminescence emissions will have exactly the same decay
time. The best way for a combination of the spectral and temporal nature of
the emission can be determined by time-resolved spectra. Such techniques can
often separate overlapping features, which have different origins and therefore
different luminescence lifetimes. The method involves recording the inten-
sity in a specific time “window” at a given delay after the excitation pulse
where both delay and gate width have to be carefully chosen. The added value
of the method is the energetic selectivity of a laser beam, which enables us
to combine time-resolved spectroscopy with powerful individual excitation.
The book deals mainly with the theoretical approach, experimental results
and their interpretation of laser-induced time-resolved spectroscopy of min-
erals in the wide spectral range from 250 to 2,000 nm, which enables us to
reveal new luminescence previously hidden by more intensive centers. Ar-
tificial activation by potential luminescence centers has been accomplished
in many cases, which makes sure identification possible. The mostly strik-
ing example is the mineral apatite, which has been extremely well stud-
ied by many scientists using practically all known varieties of steady-state
luminescence spectroscopy: photoluminescence with lamp and laser excita-
tions, X-ray excited luminescence, cathodoluminescence, ionoluminescence
and thermoluminescence. Nevertheless, time-resolved spectroscopy revealed
that approximately 50% of the luminescence information remained hidden.
The most important new information is connected with luminescence of triva-
lent rare-earth elements in minerals, such as Eu?*, Pr3*, Ho’*, Tm3*, Er¥™,
and Nd3* (Table 12.1).

Luminescence information on transition elements is substantially improved.
Besides well known Mn2* centers, emission of Mn°* was found and Mn**
proposed as a possible participant in minerals luminescence. Luminescence
characteristics of Mn®*, Cr>*, Ti**, V2%, V3* Ni*, Sb3* are presented and their
possible role in minerals luminescence is considered. Luminescence of Pb2*,
Bi’*, Bi?*, Ag*, Cu™ has been found. Reabsorption lines of molecular H,O and
0; in apatite and diamond have been identified.
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Center

Ce3+

Pr3

+

Nd3+

Sm

Sm

2+

Conclusions

Table 12.1. REE luminescence centers detected in minerals

Alum

Aex  T(ps)

360—400 308 0.02

228
239
268
480
480
600
650
858

890
1,070
1,340

395

416

446

588

672

743

846

565
599
645

630
688
700
734

10
460 100
20

360 300

355 10-30

308 2,250

Transition

5d!-4f!
(*Fsp)

*F3p-t1o
*F3p-*I
*F3p-*I3p
2Fsjp~*Fs)
2Fs;y~*Fop
2Pijp-*Iop
‘Grp-*hip
*Gyp—*hap
*Gyp—*hsp
4Gyp—"sp
*Gsp—®Hs)a
4Gsp—CHypy
Gsjp-°Hop

5d-4f
7D0—7F0
7D0—7F1
71)0_71:;2

Minerals

Apatite, barite,
anhydrite, calcite,
feldspars,
danburite, datolite,
esperite,
apophyllite,
charoite, fluorite,
hardystonite

Apatite, scheelite,

zircon, anhydrite,
zircon, titanite

Apatite, scheelite,
fluorite, barite,
titanite, zircon,
anhydrite, calcite,
rhodonite,
feldspars

Apatite, zircon,
scheelite, monazite,
fluorite, anhydrite,
titanite, zircon,
hardystonite,
pyromorphite
Anhydrite, fluorite,
apatite
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Table 12.1. (continued)

Center AMum Aex 7 (ps) Transition  Minerals
Eu** (1) 579 >Do-"Fy Apatite, zircon,
590 SDo-"F; scheelite,
618 384 1,800 °Do-"F,  danburite, datolite,
653 5Dy-"F;3 fluorite, anhydrite,
700 5Do-"Fs  calcite, xenotime,
orangite, titanite
Eu3* 574 5D0—7F0
(1) 601 >Do-"F)
630 266 >Do-"F;
711 >Do-"Fy
Eu?* 390450 377  0.60.8  4f5d-4f  Fluorite, apatite,
barite, danburite,
feldspars,
anhydrite, zoisite,
charoite
Gd** 312 266 2,000 8P;,-8S;,  Fluorite, zircon,
anhydrite,
hardystonite
Tb>* 380 >D3-"Fg Apatite, scheelite,
415 308 600 ’D3-"F5  zircon, calcite,
437 SD3-"Fy fluorite, zoisite,
545 2,400 SDy-"Fjs monazite,
feldspars, calcite
Dy** 480 4F9/2—6H15/2 Apatite, scheelite,
575 720 *Fo/y-°Hy3,  zircon, calcite,
663 354 4F9/2—6H 112 fluorite, zoisite,
750 4F9/2—6H9/2 monazite, titanite
Er3* 545 308 23 453/2—41 152 Apatite, fluorite,
854 532 453/2—419/2 scheelite, zircon,
978 532 4 11/2—4115/2 feldspars, titanite
1,540 2,100 *I3p—"I15p2
Tm>* 364 ID,-3Hs  Apatite, scheelite,
452 360 17 'D,-*H,  zircon, calcite,
796 1G4-3Fs  fluorite, anhydrite,

aragonite,
hardystonite
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Table 12.1. (continued)

Center Mum Aex T (ps) Transition  Minerals

Yb3* 993 308 3,100 2Fsjp-*F;,  Apatite, scheelite,
zircon

Ho3* 540 360 5 55,-2Ig Zircon, scheelite,
fluorite

The possibilities of time-resolved laser based spectroscopies have been
demonstrated, combining such techniques as luminescence, Raman, break-
down and second-harmonic generation. Radiometric sorting of minerals us-
ing LIBS was patented and apparatus for evaluation of phosphate rocks with
elevated dolomite content has been developed and constructed.
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Bi**, 76, 77, 211

Bologna stone, 5

- Cce*t, 76,77, 131

color, 76
Cu', 223
Eut, 157

- Eu?*, 76,77, 156, 157

Eu’*, 157

laser-induced luminescence, 157
LIBS sorting, 296

LIBS spectra, 297

luminescence sorting, 296
luminescent haloes, 274

Mn?*, 205, 206

MnS*, 195, 196, 221

- Nd3*, 76,77, 141

07,76

pathfinder minerals, 273

Pb?*,215

Raman sorting, 296

Raman spectra, 297

Sn*, 218

$0;,76

S03,76

structure, 75

time-resolved luminescence spectra, 76,
77,219, 222,224

time-resolved Raman spectra, 266
unidentified luminescence centers, 245,
248-250

U03%*, 76

X-ray irradiation, 157

Barium-bearing minerals, 75
Bauxite, 298

LIBS spectra, 298

Benitoite, 80, 185, 196, 226, 228

charge transfer, 80
color, 80



Index

- Cr’*, 81,185

- LIBS, 319

- luminescence, 319

- Mn**, 185

- Raman, 319

- structure, 80

- Ti*t, 81, 196-198

- Ti*t, 226

- time-resolved luminescence spectra, 81

- TiOg, 81, 228

- V2,185

- Zr0%~, 226

Beryl, 97, 184, 188, 226

- aquamarine, 98

- color, 98

- Cr3*, 99,100, 175

- emerald, 97-100, 175, 318, 322

- Fe?*, 98,99, 209

- heliodor, 98

- LIBS, 318

- LIBS spectra, 320

- luminescence, 318

- Mn?*, 99

- Mn**, 184

- Mn**, 99, 184

- Raman, 318

- Raman spectra, 320

- structure, 97

- time-resolved luminescence spectra,
99, 100

- V%, 99,188

- V3,98

- VO35, 99, 226

Boehmite, 108, 177

- Cr3*,108, 109, 177

- LIBS sorting, 298

- structure, 108

- time-resolved luminescence spectra, 109

Britholite, 325

- Eu’t, 324,325

- phosphor, 8

Bromargerite

- Ag*,222

C

Calcite, 6, 58, 61, 113, 131, 142, 144, 157,
163, 166, 208, 212, 236, 250, 330
- Cée*t, 61, 62,131,212

347

- CO7, 61

- color, 59

- Dy*%, 61, 62, 162

- Eu’*, 61,62, 157

- excitation spectra, 236

- LIBS spectra, 291, 293, 297

- luminescent haloes, 274

- Mn?*, 61, 62, 200

- Nd*, 61, 62, 142

- pathfinder minerals, 273

- Pb*, 61, 62,212

- radiation induced band, 236

- radiation induced centers, 61, 62, 236

- Sm**, 61,144

- structure, 59

- Tb**, 61

- time-resolved luminescence spectra,
62,236

- time-resolved Raman spectra, 265, 266

- Tm?*, 61, 62, 166

Calcium-bearing minerals, 50

Carbon-bearing minerals, 116

Cassiterite, 45, 73, 217, 218, 307, 318

— artificial standard, 218

- LIBS, 318

- LIBS sorting, 307

- LIBS spectra, 307

- luminescence, 318

- luminescence sorting, 307

- photoluminescence spectra, 218

- Raman, 318

- Sn?*, 74,217,218

- Sn3*, 74

- structure, 73

- time-resolved luminescence spectra, 74

Catapleite

- time-resolved Raman spectra, 315

Celestine, 77, 78, 215

- Pb?*,215

- structure, 77

- time-resolved luminescence spectra, 78

Cerargerite, 112

Cerussite, 216

- Ag*,216

- Cut, 216

- Pb?*, 216

Charoite, 69, 132, 159, 330

- Ce’", 69,132

- Eu?*, 69,159
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LIBS, 319

luminescence, 319

- Mn?*, 69

Raman, 319

structure, 69

- time-resolved luminescence spectra, 69

Chlorargyrite, 45, 111, 112, 222

- Agt,222

- donor-acceptor, 111

- excitation spectra, 112

- luminescence spectra, 112

- time-resolved luminescence spectra, 112

Chlorite, 108-110

- Cr’*, 109, 110

- luminescence, 109

- structure, 108

Chromite, 299

- LIBS sorting, 300

- LIBS spectra, 300

Chrysoberyl, 99, 185, 187

- alexandrite, 8, 99, 101, 176, 317, 318

- color, 100

- Cr’*, 100, 101, 176

- Cr**-pairs, 100

- LIBS, 318

- luminescence, 318

- Mn**, 100, 101, 185

— N-lines, 100

- Raman, 318

- steady-state luminescence spectra, 101

- structure, 99

- time-resolved luminescence spectra, 101

- V2%, 100, 101, 187

Coal, 313,314

- LIBS sorting, 313

- LIBS spectra, 314

Configurational coordinate diagram, 25,
26,128,210

- Bi**,210

- Franck-Condon factor, 27

- Huang-Rhys factor, 28

Corundum, 95, 174, 184, 321, 322

- (X—A1205, 193

Al,03, 187

artificial standard, 187, 196, 199

color, 96

Cr’*, 96,97, 174

- Cr**-pairs, 96, 181

— dosimeter, 8

Index

- Fe?*, 96

- Fe?*-Fe’t, 96

- Fe’*, 96,97

- LIBS, 318

- LIBS spectra, 320

— luminescence, 318

- Mn**, 184

- N-lines, 96

- Raman, 318

- Raman spectra, 320

- ruby, 96, 97, 181, 317

- sapphire, 96, 97, 195, 196, 322

- Ti**, 195,196

- Ti*"-Fe?*, 96

- time-resolved luminescence spectra, 97

- V?*, 186

- V3*, 96,193

- V4,199

Crystal field, 21, 23, 170

- selection rules, 24

- Tanabe-Sugano diagram, 23, 24, 169,
188, 193, 199, 201

Cuspidin

- phosphor, 8

D

Danburite, 63, 131, 158, 291, 330
- Ce**, 63,131

- Dy*', 63

- Eu?*, 63,158

- Eu’*, 63

- excitation spectra, 168

- LIBS, 318

- LIBS sorting, 293

- LIBS spectra, 293

— luminescence, 318

- luminescence sorting, 292

- luminescence spectra, 168

- Raman, 318

- Sm**, 63

- structure, 63

- time-resolved luminescence spectra, 63
- time-resolved Raman spectra, 266
- Yb*, 63,168

Datolite, 63, 64, 131, 158, 291, 330
- Ce’, 64,131

- Dy**, 64

- Eu?*, 64,158



Index

- Eu’*, 64

- excitation spectra, 168

- LIBS, 318

- LIBS sorting, 293

- LIBS spectra, 293

— luminescence, 318

- luminescence sorting, 292

- luminescence spectra, 168

- Mn**, 64, 206

- Raman, 318

- Sm’*, 64

- structure, 64

- time-resolved luminescence spectra, 64

- Yb*, 64,168

Datolote

- time-resolved Raman spectra, 266

Diamond, 116-118, 241, 242, 283, 288, 290,
317, 321, 322

- A-band, 117

- 640 nm, 118

- 700 nm, 118

- 788 nm, 118

- A-band, 245

- color, 117

- gem, 117

- GR1,118

- H3,117, 118, 244, 245

- H4, 244, 245

- LIBS, 318

- luminescence, 318

- luminescence sorting, 288

- luminescence spectra, 289

- N3, 117, 242,243

- Raman, 318

- Raman extracting, 290

- reabsorption, 244

- reabsorption lines, 241

- S1,244

- S2,118, 244, 245

- S3, 118, 244, 245

- time-resolved luminescence spectra,
117,118

Diaspor, 108, 177, 298

- Cr’*, 108,177

- LIBS sorting, 298

- structure, 108

- time-resolved luminescence spectra, 108

Discrete Variational Multi Electron
multiplet-energy diagram, 29, 171, 189

349

Dolomite, 276, 300, 301

LIBS sorting, 299, 304, 305

LIBS spectra, 304, 306

roadside bombs, 275

- time-resolved luminescence spectra, 302
time-resolved Raman spectra, 266

Embolite, 111, 112, 222

- Agt,222

- donor-acceptor, 111

Emerald, see Beryl

Enstatite

- Ni?*, 199

Eosphorite, 105, 184

- Cr?*, 105

- Cr’t, 184

- luminescence spectra, 106

- Mn?*, 105

- Mn*t, 184

- structure, 105

Epidote, 104-106, 159

- Cr**, 106

- Dy**, 105, 106

- Eu?*, 105, 106, 159

- Mn?*, 105

- Sm**, 105

- steady-state luminescence spectra, 106

- structure, 105

- Tb**, 105, 106

- time-resolved luminescence spectra, 106

- V2,105, 106

- V3%, 105

- zoisite, 104, 159

Esperite, 67, 69, 132, 204, 330
- Ce**, 68,69, 132

- Dy*t, 67

- excitation spectra, 69

- Mn?*, 67-69, 204

- reabsorption lines, 67

- Sm*, 67

- structure, 67

- time-resolved luminescence spectra, 68

Eucryptite, 309

- LIBS sorting, 309

- luminescence sorting, 309

Excitation, 16-19

- charge transfer, 18, 19
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electronic transition, 18, 19

excitation bands, 18

excitation spectrum, 17

selective spectroscopy, 17

two-photon absorption spectroscopy, 17

F

Feldspars, 89, 90, 131, 142, 144, 158, 162,
163, 204, 294, 330

- albite, 89, 274

- amazonite, 89

- Ce*t, 90,91, 131

- color, 89

- Cr3*, 90

- Dy*%, 90,91, 162

- Er**, 90,91

- Eu?*, 90, 91, 158

- Eu**, 90,91, 158

- excitation spectra, 294

- Fe**, 90,91, 209

- Gd3*, 90,91

- LIBS sorting, 294

- LIBS spectra, 294, 295

- luminescence sorting, 294

- luminescence spectra, 294

- microcline, 90, 217, 274, 293, 294

- Mn?*, 90, 204

- Nd3*, 90, 91, 142

- Pb*, 90, 217

- Pb%*, 90,91

- plagioclase, 90, 274, 293, 294

- Sm>*, 90, 91, 144

- structure, 89

- Tb3*, 90,91, 162

- time-resolved luminescence spectra,
90, 91

- TI*, 90, 217

Fluorite, 58, 59, 132, 141, 143, 150, 162, 163,
166, 181, 283, 296, 330

— artificial standard, 181

- Ce*t, 58, 59,132

- color, 58

- Cr3*, 181

— dosimeter, 8

- Dy**, 58

- Dy**, 58, 60, 162

- Er’t,58

- Eu?*, 58, 59, 150

Index

Eu®*, 58, 59, 150
F-center, 58

Gd3*, 58, 60, 160

Ho3", 58, 60, 165

LIBS, 318

LIBS sorting, 296

LIBS spectra, 297
luminescence, 318
luminescence sorting, 296
luminescent haloes, 274
M-center, 58, 60

Mn?*, 206

Nd*, 58, 60, 141

Pr3t, 58

Raman, 318

Sm?*, 58, 143

Sm3*, 58-60, 143
structure, 58

Tb3*, 59, 162
time-resolved luminescence spectra,
59, 60

- Tm3*, 58, 60, 166

Utt, 232
Yb2+, 58, 168

Forsterite, 114, 115, 190
- Cr*, 190

laser material, 8
LIBS, 318
luminescence, 318

- Mn?t*, 114, 115

G

Raman, 318
structure, 114
time-resolved luminescence spectra, 115

Galena, 296

LIBS sorting, 308

Galenite

LIBS spectra, 308

Garnet, 102, 140, 175, 184, 204, 317

almandine, 102
cathodoluminescence, 187
color, 102

Cr**, 102, 103, 175, 176
grossular, 102

laser material, 8

LIBS, 318

luminescence, 318



Index

- Mn?*, 102, 103, 204

- Mn**, 102, 103, 184

- Nd3*, 103, 140

- pyrope, 102, 176

- Raman, 318

- spessartite, 102

- steady-state luminescence spectra, 103
- structure, 102

- time-resolved luminescence spectra, 103

- tsavorite, 192

- V2,103

- V3,192

Gemology, 317

- Diffused Reflectance Fourier
Transformed Infra-Red Spectroscopy
(DRIFTS), 320

- imitations, 317

— luminescence, 321

- Near Infra-Red Spectroscopy (NIR),
321, 322

- synthetic gems, 317

Gibbsite

- LIBS sorting, 298

Glass, 323

- waste storage geomaterials, 323

Gold, 274, 310, 311

- artificially induced luminescence, 311

- LIBS sorting, 311

- LIBS spectra, 312

- luminescence sorting, 311

Greenockite, 6

Grossular, 187

- V2,188

Gypsum, 296

- LIBS spectra, 297

- Raman, 298

- Raman spectra, 297

- time-resolved Raman spectra, 266

H

Hardystonite, 66, 67, 132, 144, 162, 163,
166, 212, 213, 330

- Cée*t, 67, 68,132,213

- Dy*', 67, 68, 162

- Eu?*, 213

- Gd**, 67, 160

- Mn?*, 67, 68, 204

- Pb%*, 67, 68,213

351

- Sm3*, 144

structure, 66

- Tb3*, 67, 162

time-resolved luminescence spectra, 68
- Tm>3*, 67, 68, 166

Hollandite

- structure, 324

- waste storage geomaterials, 323
Hydrozincite, 82, 214

- excitation spectra, 83

- Mn?t, 83

- Pb?t, 82, 83,214

structure, 82

- time-resolved luminescence spectra, 83

J
Jade, 322

K

Kaolinite, 298

- LIBS spectra, 298
Kyanite, 92, 173

- Cr3*,92,93,173

- LIBS, 319

- luminescence, 319
Raman, 319
structure, 92

- time-resolved luminescence spectra, 93
KZnF;

- Ni**, 199

L

Laser, 35-37, 44

- basic theory, 35

Laser-Induced Breakdown Spectroscopy
(LIBS), 44, 253, 278, 299, 305

- Ag, 287,313

- Al 287,295, 298, 300, 314

- Au, 287

- B, 287

- Ba, 287, 296

- Be, 287

- Ca, 287, 291, 296, 305, 314

- Cr, 287,299

- Cu, 287, 308

- F 287, 296, 304, 305
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Fe, 287, 309

geosciences, 257

K, 287, 294

Li, 287, 309

Mg, 287, 299, 300, 304, 305, 314
Mn, 287

Na, 287, 294

O, 287

P, 287, 304, 305

Pb, 287, 308

quantitative elemental analysis, 256
remote sensing, 277

Si, 287, 300, 314

Sn, 287

theory and technique, 253

Ti, 287

Zn, 287, 308

Lead-bearing minerals, 71
Leucophane, 71, 132, 159

artificial standard, 160
Ce*,71,72,132
Dy**, 71,72

Eu?*, 72, 159

Eu’*, 71,72, 159
excitation, 72

Mn?*, 72

Nd3*, 71

Sm’*, 71,72
structure, 71

Tb3*, 71
time-resolved luminescence spectra, 72
Tm3*, 71, 72, 166

Liebigite

U03+, 231

Ligand field (see crystal field), 20-22
Limestone

LIBS sorting, 299

Luminescence, 46

activator ions, 47

band scheme, 32
configuration diagram, 128
d® complex ions, 223
d'® jons, 220

decay, 29, 31
deconvolution, 38
energy transfer, 31, 124
extrinsic, 34
interpretation, 119
intrinsic, 33

Index

- ionic radii, 48, 49

- micro-luminescence, 42

- molecular centers, 229

- non-radiative decay, 30

- quenching, 30

- radiation-induced centers, 233

- radiative decay, 30

- radiative return, 20

- rare-earth elements (REE), 119, 125-
127,129

- s% ions, 209

- steady-state, 9, 37

- systematization of minerals, 45

- thermoluminescence, 34

- time-resolved, 10, 39, 40

- transition metal elements, 168

- trap, 33

M

Magnesite

- LIBS sorting, 299
Magnesium-bearing minerals, 113
Malachite

- LIBS sorting, 308

- LIBS spectra, 308

Malayaite, 75

- excitation spectra, 74

— luminescence, 74
Manganese-bearing minerals, 111
Melilite

- phosphor, 8

MgC12

- Ti**, 193

MgO, 200

- Ni**, 199, 200

Milarite, 208

Minerals prospecting, 271

- foliage background, 273

- geology applications, 271

— luminescence LIDAR, 271

- ore bodies, 273

- penetrometer, 276

Minerals radiometric sorting, 281
- laseroluminescent sorting, 284
- LIBS sorting, 285

- sorter, 282, 283

- XRF technique, 285

Molecular Orbitals Theory, 28



Index

CrOy, 225

- F-center, 233

— MoOy, 225

- 07,233

- oxygen, 239

- 55,233

- TiOg, 228

- U0,,230

~ VOu, 225

- water, 239

- WOy, 225

Molybdenite

- laser material, 8
Molybdoscheelite

— luminescent haloes, 274
Monazite, 115, 116, 325

- Dy**, 115

- Eu’*, 115,116

- Gd**, 115

- Nd’*, 115, 116, 325
phosphor, 8

- Sm**, 115,116

- structure, 115

- Tb>*, 115
time-resolved luminescence spectra, 114
uranyl, 116

waste storage geomaterials, 323

Nasonite, 316
- LIBS spectra, 316
- Raman spectra, 316

0

Obsidian, 92

- color, 92

- Fe**, 92,209

- Mn?*,92

Olivine (see Forsterite)
- Monticellite, 8
Orbitals

- 5pdf,11

P

Pectolite, 70
- Mn?*,70

353

- Pb?*,70

- structure, 70

- time-resolved luminescence spectra, 70
Point Group, 12

- Hermann-Mauguin, 12, 14

— Schonflies, 12, 14

Powellite, 45

Prehnite, 69

- Mn?*,70

- Pb%*, 69,70

- structure, 69

- time-resolved luminescence spectra, 70
Pyrochlore, 70

- Dy**,71

- Eu*t, 71

- Nd*, 71

- Sm3*, 71

structure, 70

- Tb**, 71

- time-resolved luminescence spectra, 71
Pyrolusite, 299

Pyromorphite, 72, 132, 144, 158, 215, 225
- Ag*,226

- Ce*t, 73,132,215

- Eu**,73,158

- Gd**, 132

- 0;,73

- Pb?*, 132,215

- Sm3*, 73, 144

- structure, 72

- Tb3*, 73

- time-resolved luminescence spectra, 73
- VO3, 73,226

Q

Quartz, 270, 322

- citrine, 322

LIBS sorting, 295

LIBS spectra, 293, 295

- second harmonic generation, 270, 295
time-resolved Raman spectra, 266

R

Raman spectroscopy, 44, 258, 278
- geosciences, 264

- luminescence, 263

- remote sensing, 278
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- Shifted-Subtracted Raman Spectroscopy
(SSRS), 263

- Surface Enhanced Raman Scattering
(SERS), 262, 278

- theory and technique, 258

- time-resolved, 263

Rare-earth bearing minerals, 114

Rhodochrosite, 111, 113, 208

- color, 61

- LIBS, 318

- luminescence, 318

- Mn?*, 61, 111-113, 207

- Mn-clusters, 207

- Raman, 318

- time-resolved luminescence spectra, 113

Rhodonite, 111, 113, 142, 208, 330

- LIBS, 318

- luminescence, 318

- Mn?*,111-113

- Mn-clusters, 207

- Nd*, 112,113, 142

Raman, 318

- time-resolved luminescence spectra, 113

time-resolved Raman spectra, 265

S

Scapolite

- LIBS, 318

- luminescence, 318

- Raman, 318

Scheelite, 8, 45, 55, 56, 133, 134, 137, 139,
140, 144, 155, 161-166, 224, 283, 308,
316, 330

- artificial standard, 56, 134, 140, 155, 161,
163, 165

- cathodoluminescence, 56

- CaWOQy, 140

- Dy**, 55-57, 137, 162

- Er*t, 55-57, 164

- Eu?*, 155

- Eu**, 56, 57, 155

- Ho%", 55-57, 165

- LIBS, 318

- luminescence, 318

- luminescence sorting, 309

— luminescent haloes, 274

- MOO4, 55

- Nd3*, 55-57, 139, 140

Index

- Pr’*, 55-57, 137

- Raman, 318

- scintillator, 8

- Sm’*, 55-57, 137, 144

- steady-state spectra, 163

- structure, 55

- Tb3*, 55, 57, 140, 160, 162

- time-resolved luminescence spectra, 57,
134, 155, 161, 163

- Tm**, 55-57, 166

- WOy, 55

- W03, 224,225

- Yb**, 56,57

Second Harmonic Generation (SHG), 265

- non-linear optics, 265, 267

Siderite, 296

Silica, 295

- chalcedony, 322

Silicon-bearing minerals, 88

Sillimanite, 92, 173

- Cr,93

- Cr’*, 174

- luminescence spectrum, 93

- structure, 92

Silver, 312

artificially induced luminescence, 311

- LIBS sorting, 313

- LIBS spectra, 313

- luminescence sorting, 312

Silver-bearing minerals, 111

Smectite

- LIBS sorting, 299

Sodalite, 110, 233

- §7,110, 111

- structure, 110

- time-resolved luminescence spectra, 110

Sodium-bearing minerals, 110

Sorensenite, 75

- excitation spectra, 74

- luminescence, 74

Sphalerite, 6

- LIBS sorting, 308

- LIBS spectra, 308

- phosphor, 8

Spinel, 96, 181, 204

- Co**,97

color, 97

- Cr**, 97,181

- Fe?t,97



Index

- Fe’t,97

- LIBS, 318

luminescence, 318

- Mn?*, 97, 204

- Raman, 318

- structure, 96

- time-resolved luminescence spectra, 98
Spodumen, 107, 309, 322

- color, 107

- Cr3*, 107, 108

- kunzite, 107

- LIBS sorting, 309

- LIBS spectra, 310

- luminescence sorting, 309
- Mn?*, 107, 108, 206

- structure, 107

- time-resolved spectra, 107
- TiOg, 107

Stolzite

- scintillator, 8
Strontium-bearing minerals, 76

T

Talc

- LIBS sorting, 299

Thorite, 115, 116

- Dy**, 115

Eu’*, 115, 116

- Nd*, 116

orangite, 114, 115

- Sm3*, 115,116

- Tb*, 115

- time-resolved luminescence spectra, 114

- uranyl, 116

Tin-bearing minerals, 73

Titanite, 78, 80, 138, 141, 143, 159, 164, 179,
180, 316, 330

- absorption spectrum, 167

- Cr’*, 79, 80,179, 180

- Cr*, 79

- Crt, 79

- Er’*, 165

- Eu*, 79,159

- Fe**,79

- LIBS, 319

- luminescence, 319

- Mn?*,79

- Mn**, 79

355

- Nd**, 79, 80, 141, 179, 180

- Pb?*,79

- Pr¥*,79,138

- Raman, 319

- reabsorption lines, 179

- Sm3*, 79, 143

- structure, 79

- Ti**, 79, 80

- time-resolved luminescence spectra,
79, 80

- time-resolved Raman spectra, 315

- (TiOy)*, 79

- Tm3*, 79, 80

Titanium-bearing minerals, 78, 82

- excitation spectra, 81

- luminescence spectra, 81

Topaz, 94, 172, 182, 183, 237, 317, 322

- color, 94

- Cr3*,94,95,172,182, 183

- Cr**-pairs, 95, 172

- F-center, 95

- irradiation, 237

- LIBS, 318

- LIBS spectra, 320

- luminescence, 318

- luminescence spectra, 95

- Mn**, 94, 95, 182, 183

— N-lines, 172

- O~ hole-center, 95

- R-lines, 172

- Raman, 318

- Raman spectra, 320

- structure, 94

- time-resolved luminescence spectra,
94,183

- TiOy, 95

- V4,199

Tourmaline, 104

- Cr’*, 104

- Fe’*, 104

- LIBS, 319

- LIBS spectra, 320

- luminescence, 319

- Raman, 319

- Raman spectra, 320

- structure, 104

- time-resolved luminescence spectra, 104
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U

Uranium-bearing minerals, 112

- LIDAR, 113

- time-resolved luminescence spectra, 114
- uranyl (UO,)*, 113, 229

w

Willemite, 82

- excitation spectra, 83

- Mn?*, 82, 83

- time-resolved luminescence spectra, 83
Wollastonite, 88, 174

- Cr’t, 88, 89, 174

- Fet, 88, 89, 209

- Mn?*, 88, 89, 206

phosphor, 8

structure, 88

- time-resolved luminescence spectra, 89
- V¥, 174

X

Xenotime

- artificial standard, 220

- Sb>*, 220

- scintillator, 8

- time-resolved luminescence spectra, 114

z

Zinc-bearing minerals, 82

Zippeite

- time-resolved luminescence spectra, 114

Zircon, 8, 83, 86, 87, 134, 138, 142, 144,
151-153, 161-166, 178, 194, 205, 233,
247, 309, 322, 330

— artificial standard, 86, 134, 161, 163, 165,
178, 194, 205, 234

- artificial standrard, 151, 152

- C-band, 84

Index

- Ce*t, 85, 86

- color, 84

- Cr3*, 86,178,179

- Cr*t, 84

- Cr’*, 194

- Dy**, 84-86, 162

- Er’t, 85, 86, 164

- Eut, 85, 86, 151-153

- Fe’*, 85, 86, 209

- Gd**, 86, 160

- Ho%", 86, 165

- LIBS, 319

— luminescence, 319

- luminescent haloes, 274

- Mn?*, 205

- Nb**, 84

- Nd**, 84-86, 142

- polarization, 152

- Pr®*, 84, 85,138

- radiation induced EPR, 235

- radiation-induced centers, 84, 234

- Raman, 319

- reabsorption lines, 233

- Sb3*,220

- SiO} -defects, 84

- Sm>*, 84-86, 144

- steady-state spectra, 163

- structure, 83

- Tb3", 84, 86, 160, 162

- time-resolved luminescence spectra, 85,
134, 161, 163, 234

- time-resolved Raman spectra, 266

- Tm3*, 84-86, 166

- U*, 84,233

- unidentified luminescence centers, 245,
247

- U03%*, 86

- uranyl, 85

- Yb?*, 84

- Yb3*, 84, 86

Zirconium-bearing minerals, 83

Zoisite (see Epidote), 162, 163
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