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Abstract

The thermoluminescence (TL) of synthetic zircons
into which some impurities have been individually insert-
ed is investigated. The results obtained show that, after
X-irradiation at 77K, the synthetic zircons present three
kinds of thermoluminescent emissions. The first is relat-
ed to the OH" ions, the second is typical of the SiO44'
groups, and the third is characteristic of RE3* jons with
RE = Dy, Tb, Gd, Eu, or Sm (RE = rare earth).

The OH™ emission is a large band at 285 nm which
appears at 115 and 160K.

The Si044' TL emission consists of a 365 nm band
observed at 100, 165, 205, 260, and 325K. The mecha-
nisms associated with these TL peaks are fairly well de-
scribed in terms of an electron trapped in the field of
two positive charges, one substituted to silicon ion, the
other to a neighbouring oxygen ion.

For temperatures up to 350K, the characteristic
emissions of RE3* are the consequence of an energy
transfer mechanism from the TL emission as a result of
recombination in Si044' host groups or OH" centres to
the RE** emitting activators. At temperatures higher
than 350K, there are also some other RE>* characteris-
tic peaks which are interpreted in terms of charge
transfer mechanisms.

The systematic compilation of results obtained with
a series of natural zircons from various origins shows
that the main TL properties are explained by the mecha-
nisms described above.

Key Words: Synthetic and natural zircons, thermolumi-
nescence, trapping and emission centres, defects and
impurities in crystal, radiation damages, irradiation
effects, metamictisation.
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Introduction

When they are heated, some natural minerals such
as zircon, quartz, etc., exhibit the so-called thermolumi-
nescence (TL) phenomenon [56]. Usually, they are
large gap materials and contain several kinds of lattice
defects (imperfections, impurities) which are able to trap
charge carriers.

The TL process requires two stages. In the first
step, free electrons and holes are produced by ionising
radiations and diffuse through the crystal until they are
attracted by lattice defects; in which they remain hold as
long as the temperature is not raised. For example, an
electron can be trapped in a negative ion vacancy and a
hole in the site of a cation vacancy. In terms of energy
band scheme, these defects are related to energy levels
allowed in the so-called forbidden band (Fig. 1). The
second step consists to heat the mineral in order to pro-
vide it with enough energy to evict the trapped charges
from their traps. The released charges can fall back to
their stable position. For instance, the ejected electron
can diffuse through the conduction band and recombine
with a trapped hole. If the recombination is radiative,
the energy of recombination is given out in the form of
light called thermoluminescence. The TL model de-
scribed here is the simplest model of TL. Other series
of processes can also take place [57]. As regards the
manner by which the irradiation is given out, one can
discern: the natural TL in which the irradiation is pro-
vided by natural radiations {cosmic rays, ultra-violet
(UV) solar light, radioactive elements, etc.} and the arti-
ficial TL in which the formation of TL centres is caused
thanks to laboratory ionising radiation sources.

As long as the irradiation does not destroy the lat-
tice structure, the intensity of TL increases with a pro-
longed exposure to the radiations. This property is used
in archaecometry [2, 3, 80], geology dating [90] and in
ionising radiation dosimetry by TL [64].

In a given lattice, each TL peak is characteristic of
one lattice defect. So, TL can be also used for the char-
acterisation of materials [46].

Several studies have shown that the natural zircon is
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Figure 1. Diagram of energy levels describing the

mechanisms of TL phenomenon in the case of crystal
containing only two kinds of defects giving rise to one
electron trap T and one recombination centre C.

(a) Electron and hole trapping. Ionising radiation of
hy, . energy is absorbed in the material; free holes and
electrons are produced and trapped at defects C and T,
respectively.

(b) As long as they do not acquire sufficient energy to
escape, the trapped holes and electrons remain in their
traps. The lifetime 7 of the electrons in the traps is de-
termined by the trap depth E and the crystal tempera-
ture.

(¢) Thermostimulation. When the temperature of mate-
rial is raised, trapped electrons may acquire sufficient
energy to escape. The released electrons may recom-
bine with the holes at luminescent centre C and, if the
recombination is radiative, light is emitted with energy
hyv, i and TL curve can be observed.
thermoluminescent [16, 38, 44, 45, 48, 49, 75]. The
obtained TL curves are difficult to interpret because the
role of trapping or luminescence centres can be played
by the numerous impurities included in the natural zir-
con lattice. Besides, natural zircons also contain traces
of radioactive elements which maintain continual o-bom-
bardment and cause structural damages (metamictisa-
tion).

It is generally admitted that the a-decay damage
results in characteristic changes of physical properties,
e.g., volume expansion, decrease in density, birefrin-
gence, optical transmission [35], and reduction of TL in-
tensity [91]. Usually, zircons are classified as high den-
sity (4.7) or low density (3.9) zircons. The high density
zircon is transparent or semitransparent, weakly colour-
ed, and has refractive indices of 1.92 and 1.98 with a
birefringence of 0.06. It is regarded almost completely
as crystalline zircon, containing a small amount of radia-
tion damage [103]. In contrast, low density zircon has
darker colour or is almost opaque. It has lower refrac-
tive indices (1.78 and 1.82) and its birefringence is
smaller (= 0.005). Low density zircon corresponds to
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Figure 2. The tetragonal unit cell of ZrSiO4. After

Wyckoft [102].

highly metamict state [103]. There are also intermediate
types with intermediate physical properties (the semi-
metamict zircons)

In order to study the role played by each kind of
defects, it is better to investigate the TL of synthetic
zircons where each kind of impurity is individually
inserted.

The aims of this work are: (1) to summarize the
main results obtained from the investigation of doped or
undoped synthetic zircon TL; (2) to describe the main
TL properties of natural zircons and to interpret them by
comparison with synthetic zircon TL results; and (3) to
investigate the radiation damage in natural zircons in
relation with the TL phenomena.

Crystallography

Zircon (orthosilicate of zirconium, ZrSiO,) crystal-
lises in the Dig space group [102]. Its tetragonal unit
cell, with a;, = 0.6607 nm and c;, = 0.5982 nm [72],
contains four molecules (Fig. 2), and its structure con-
sists of interlocking SiO,4 and ZrO, tetrahedra (Fig. 3).
Each Si** ion is located at the centre of a deformed tet-
rahedron of O% ions and each Zr** is at the centre of
two tetrahedra of O%" ions (Fig. 3) such that four of the
oxygen atoms are at 0.2131 nm and four at 0.2268 nm
[72]. Oxygen is coordinated by one Si at 0.1622 nm.
Each SiO,4 tetrahedron is isolated, the linkage being
made through the zirconium atom to another SiOy tetra-
hedron [97]. Si and Zr sites have the same point sym-
metry D,

Natural zircons usually contain trivalent rare-earth
ions (RE3+), uranium, thorium and radiogenic elements
and also other substituents necessary for charge balance
[79].
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Figure 3. The chain of alternating edge-sharing SiO,
tetrahedra and ZrOg triangular dodecahedra in zircon.
After Robinson et al. [72].

On the basis of comparative ionic radii, it is gener-
ally believed that the usual doping elements are located
at the Zr** sites. This assumption is confirmed by nu-
merous works using electron paramagnetic resonance
(EPR) [7, 71,73, 76, 77, 92] or luminescence [28] tech-
niques. In natural zircons, the charge compensating
mechanism is unknown as natural material contains
many trace impurities. In the case of RE3* doped syn-
thetic zircon, the problem of maintaining elcctrical neu-
trality could mean that compensating ions in the proxim-
ity of the RE** ion produce localised distortions that
change the site symmetry [28]. Three types of symme-
try sites are identified in RE>*-doped synthetic zircon.
One of these, with the D, tetragonal symmetry, is as-
signed to ions substituted at Zr sites with the necessary
charge compensation mechanism not disturbing the site
symmetry [71]. Others have the orthorhombic symme-
try (site symmetry not higher than C,) and are of two
types; the change in site symmetry is due to nearby
charge compensation [71]. These results are confirmed
by Votyakov er al. [94].

Various mechanisms of compensation charge have
been proposed. At high concentrations of RE, when
there is a high probability of substituting two RE in
adjacent sites Zr, charge balance can be achieved by for-
mation of O centres [7] with production of SiO,’,
8i0;%, 8i0,* radicals [78]. Vinokurov er al. [92] pro-
pose a model in which charge compensation is provided
in Zr** - Y3+ substitution by OH" replacing O%" in the
second coordination sphere (Fig. 4). Following Dawson
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Figure 4. A part of the unit cell of zircon showing the
positions of the ions of Zr, RE, H, and O. The oxygen
O, is defective and the proton is linked to O,. After
Vinokurov et al. [92].

et al. [19], the hydroxyl ions are in several different
sites in the lattice. Caruba er al. [13] suggest charge
balance by an (OH), & SiO, substitution which results
in: (ZryRE,)(Si04);_(OH)4.-

Experimental

Synthetic zircon samples studied have been synthe-
sised and doped by a hydrothermal method in conditions
close to the one of the natural zircon crystallisation.

Our investigations are focused on two synthetic zir-
con kinds called Z, and Z, respectively. The first
crystallises in ZrSiO, structure, but the presence of an
infrared (IR) absorption at 3520 cm’! lead us to attribute
the formula Zr(8i0,);_,(OH),, to the hydroxylated zir-
con Zg in which one SiO4 group is replaced by one
(OH), tetrahedron [13]. The IR absorption band disap-
pears when Zg is annealed at 1100°C for 24 hours. In
this case, Zg is de-hydroxylated producing zircon Z,

Zircon synthesis and doping methods have already
been described [41, 43]. Investigations performed by
the mean of classical methods such as EPR, IR absorp-
tion, etc., and, above all, thermoluminescence have
allowed us to identify some luminescence and trapping
centres involved in the synthetic zircon TL.

The TL measurements have been made between lig-
uid nitrogen temperature (LNT) and 700K at a constant
rate of 30K/min in a secondary vacuum or from room




temperature (RT) to 800K at the same heating rate in an
air environment. The irradiation is performed in situ, at
LNT or at RT, with an X-ray tube (W-target, 45 kV).
The spectral analysis of TL peaks can be performed
between 250 and 800 nm using 10 to 20 nm bandwidth
interference filters. The experimental details are given
in previous papers [41, 43].

Trapping and Emission Centres in
X-Irradiated Synthetic Zircon

Contribution of OH" ion [41]

Figure 5 shows the TL curves recorded after X-ray
irradiation at 77K from unannealed and annealed un-
doped Zg. Itis observed that an unannealed undoped Z
sample exhibits two intense TL peaks at 115K and 160K
and a much weaker one at 340K. The comparison of
the TL curves for unannealed and annealed Zg reveals
that, as a general rule, the effect of annealing is to
reduce the intensity of the low temperature peaks (T <
250K) and to give rise to a peak at 325K or increase the
one at 340K while shifting its maximum.

The decreasing of the TL intensity is very important
for the 115K peak which has nearly disappeared. The
decreasing of the low temperature peaks coincides with
the de-hydroxylation of the sample. In other words, the
presence of OH™ groups is responsible for the emission
around 285 nm observed in the 115K and 160K TL
peaks of unannealed hydroxylated zircons (Fig. 6). This
emission band is broad, very unsymmetrical and shows
several shoulders. The asymmetrical shape of the emis-
sion band and the presence of secondary maxima suggest
that it has a vibronic character. The energy difference
(0.43 eV) just corresponds to the O-H stretching energy
in zircon [41]. After annealing, we observe the vanish-
ing of the most energetically part of this spectral emis-
sion (Fig. 6). The 325K TL peak of annealed Zp
exhibits a 365 nm emission band (Fig. 7).

As it is shown by IR absorption, TL and EPR
experiments [41], X-irradiation at 77K can lead to OH
dissociation in two different ways:

OH + hyy - O + HO
OH + hvy - OH + ¢

(1a)
(1b)

where neutral hydrogen H° and electron e are removed
from their initial sites, diffuse through the crystal lattice
and are "frozen in" structure lattice defects of zircon
where they remain trapped. Heating leads to the release
of H® at 115K:

H® + O" = (OH)" » OH" + hv,_ (285 nm) (2a)

em

and, then, of trapped electron e at 160K according to:
OH + ¢ - (OH)" = OH" + hy, (285 nm) (2b)
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In both cases, recombination is radiative and the
existence of a common step for deexcitation explains the
observed similarity in the emission spectra of both TL
peaks.

The EPR measurements demonstrate clearly the
presence of H® in X-irradiated zircon and it disappear-
ance for temperatures higher than 130K.

A non-assigned emission at 280 nm is observed by
Votyakov er al. [93, 94] in X-ray excited luminescence
of hydrothermal zircons. This band, relatively intense
at 105K and predominant for temperature lower than
150K, vanishes progressively when the temperature of
measurement is raised and disappears at about 350K. It
probably originates from mechanisms described above.

Contribution of the Si044‘ groups [42]

The TL of nominally undoped ZrSi04 (Z) is main-
ly characterised by an emission band centred at 365 nm
[42], observed in the 100K, 165K, 205K, 260K, and
350K TL peaks (Fig. 8). This band is similar to the one
observed in annealed Zg (Fig. 7) and is associated with
Dy3* emission (see the next section) due to the traces of
Dy3* present in our synthetic zircons. Two weak peaks
which are made up by a dissymetric emission band peak-
ing at 285 nm are also shown around 120K and 160K.
They reveal the presence of a small amount of OH™ in
the zircon lattice. An unidentified red emission around
780 nm with maxima at 168K, 280K and 385K is also
observed. It could be due to Fe3* jon as observed by
Gaft et al. [31] in photoluminescence.

The near UV emission is reported in numerous
works [25, 26, 70, 93, 94]. Fedorovskikh et al. [25,
26] observe this band in radioluminescence of
ZrSiO4:Eu3+ [25] and in cathodoluminescence of zir-
cons doped with Dy or Eu [26]. These authors notice
that the maximum of this emission lies in the 340-380
nm region for RT and is displaced toward longer wave-
lengths (450-450 nm) when the temperature is reduced
at 77K [26]. According to them, the UV emission,
which appears also in K,ZrSi, O, would be apparently
due to excitation of Zr-O chains.

The emission band observed by Votyakov et al. [93]
at 350-380 nm in X-ray luminescence of synthetic zir-
cons disappears when the temperature of measurement
reaches 600K.

The near UV emission has been observed by catho-
doluminescence for a great number of silicates [54], all
of which, possess tetrahedral SiO44' groups and we
think, same as Leverenz [54], that this emission is speci-
fic to this group or, more generally, of the Si-O bond.
It is an host lattice emission. We have verified that such
an emission appears also in TL spectra of HfSiO4 and
ThSiO, (Fig. 9) synthesised in the same conditions as
zircon [42].
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Figure 6. Spectral distribution for the 115K TL peak
from an undoped Zg sample a) before and b) after
annealing (1375K, 24 hours), interpreted as resulting
from an emission characteristic of the OH™ groups (curve
c¢) and a 365 nm emission (curve d) [41].
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Our interpretation is the following [42]: during the
X-irradiation one outer shell electron is taken out from
one Si044' group oxygen and transferred to one silicon
ion where it remains trapped. In this case, the captured
electron is placed in the field of two positive charges
e, the one localised on oxygen ion which has lost the
electron, the other on silicon ion. Various authors have
noticed that, in Si044‘ tetrahedron, the effective valence
of Siion is close to +1 [10, 55, 67]. We can then use
the H2+—1ike model propossd by Curie [18] resulting in:
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Table 1. Comparison between predicted and observed
E trap depth values of ZrSiO4. The predicted values are
calculated from eq. (5) and the observed values are de-
termined from eq. (6). The uncertainties have been
evaluated according to the standard deviation obtained
for numerous measurements [40].

E-values TL peak

p Predicted Observed Position | Peak

nm eV eV K
Si-O| o 023 |0.15+0.05{ 100 A
Si-O | 0.650 | 039 |036+003 165 C
Si-O| 0335 || 054 | 0494009 205 E
7r-0| 0226 | 069 |067+007] 260 F,
Si-O| 0.162 || 0.87 |0.88+0.08] 325 H

E = {(R/K®) + (1/47ek)(€*/p)} 3)

where E corresponds to the trap depth and p to the
distance between the two involved positive charges, R is
the ionisation potential for the hydrogen atom, egk the
static dielectric constant, and k, an effective dielectric
constant:

(1/k,) = {(1/k) + (5/16) [(1/kp) - (1/K)]} “)

with ky = n?, n being the index of refraction.
For zircon, k = 14, n = 1.95, and eq. (3)
becomes:

E(eV) = {0.23 + [0.103/p(nm)]} (S)

The existence of several trapping centres results
from the several possible values of p (Fig. 10). The
smallest E-value, 0.23 eV, is obtained for p - o. The
higher E-value, 0.87 eV, is obtained for the shortest
value of p: 0.162 nm.

In as much as the peak at 260K is explained by a
similar mechanism in which one of the two holes is lo-
calised on Zr** (in place of Si**) [42], this model is
able to interpret the various TL peaks occurring in syn-
thetic zircons in the 77K-350K temperature range and
emitting the 365 nm-emission.

The assumption made to explain the 260K TL peak
is supported by Solntsev and Shcherbakova [77] who
have shown, by EPR measurements, that y-irradiation of
natural zircon results in simultaneous formation of two
centre types: electron centres involving capture of an
electron by a Zr** cation and hole centres involving loss
of an electron by one of the oxygen atoms.

The theoretical values of trap depths calculated from
eq. (5) are in good agreement with the experimental
values (Table 1). Besides, a relation between the trap
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Figure 11. TL curves obtained after X-irradiation at

LNT from some synthetic Z zircons respectively doped
with Dy, Tb, Eu, and Sm.

depth E and the temperature T of TL peaks has been
determined experimentally in the 77K-450K temperature
range [40] and is approximately described by:

E@eV) = {[T(K)-54] / 308} ()
The electron-hole recombination, occurring when the
zircon sample is progressively heated, take place with an
emission band situated near 365 nm. This mechanism
involves only one luminescence centre type.

Influence of trivalent rare earth impurities [43]

77K-350K Temperature range The study of syn-
thetic zircons (Zg or Zg) doped with individual rare
earth elements of the lanthanide series such as Y37,
u3+’ C63+, P13+, Nd3+, Sm3+, EU3+, Gd3+, Tb3+,
Dy3*, Ho**, EP*t, Tm®*, Yb**, Lu**, shows that
only Dy3+, To**, G+, Ev®* and Sm*+ produce an
important modification in the intensity of TL curves and
are the cause of a characteristic RE>* emission [43].

(a) Energy transfer from Si044' groups to Sm3+,
Euwt 5 b3 * or Dy3 * jons After X-irradiation at 77K,
zircons doped with Dy>*, Tb3*, Euwd™ or Sm>* give
rise to TL peaks at about 100K, 168K, 200K, and 345K
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Figure 12. Emission spectra observed after X-irradia-
tion at LNT from the main TL peak of some synthetic
Z, zircons respectively doped with Dy, Tb, Eu, and Sm.

(Fig. 11). All these peaks have emission spectra due to
the concerned trivalent rare earth (RE3+) activators
(Fig. 12) which result from transitions within their in-
complete 4f-shell. These emissions consist of groups of
narrow lines unresolved by our measurement technique.

In ZrSiO4:Dy3+, the emission spectra of the TL
peaks mentioned above are made up by three maxima
peaking at 480, 580, and 662 nm, attributed to the *Fy,
> SHspp, “Fopp = *Hyspp, and *Fgy = °Hyyp transi-
tions, respectively. The "Fg/y = 6H9/2 transition, peak-
ing at 760 nm, is also observed in some cases [40].

The spectral emission of TL peaks occurring in
ZrSiO4:Tb3+ is similar to that of the main TL peak at
168K which consists in a set of emissions at 375, 416,
488, 545, 585, anc}'615 nm corresponding to the 5D3 -
7F62’5 gnd D4 - /F6,5,4,3 transitions, respectively, of
Tb>™ ion.

The characteristic Eul* emission observed in
ZrSiO4:Eu3+ is ‘assigned to the transitions which take
glace from the 5D excited level to the 'F; (595 nm),

F, (615 nm), 'F5 (645 nm), 'F, (702 nm), and ’Fg
(755 nm) ground sub-levels.

The spectral emission of ZrSiO,:Sm>* TL peaks
consists of a number of bands at 565, 605, 660, and 715
nin. These transitions are difficult to assign because the
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compose them. The peak at 144K is only observed for high RE** concentrations.

interference filter resolution is not great enough. Never-
theless, most of the transition energies between the
g - 4G5/2, 667,2 emitting levels and the 6H13,2’ )
ground state sub-levels agree with the observed values.

In the majority of cases, the characteristic RE3*
emissions are associated with the 365 nm emission band
(Fig. 13) which has already been described as an host
lattice emission (see previous section).

It is well known that the optical excitation of RE**
fluorescence can be governed by one of three possible
processes [69]: (1) excitation in the narrow 4f levels of
the RE ions; (2) excitation in the broad levels due to 4f-
5d transitions or charge transfer mechanisms; or (3) ab-
sorption of the host lattice followed by energy transfer
from the host lattice to the RE activator.

Moreover, in the case of thermoluminescence phe-
nomenon, the RE** excitation must be provoked by the
detrapping of charge carriers.

It has been shown that Sm3*, Ev*, Tb**, or
Dy** excitation is the result of an energy transfer by
emission and reabsorption of photons taking place be-
tween Si044' host groups and the RE3+* emitting centres
[43]. This mechanism is ascertained by the fact that
Sm3+, Eu’ + Tb3+, and Dy3+ characteristic emissions
appear at the same temperatures that Si044' emissions
and that these RE>* elements can be excited by the host

lattice emission (Fig. 14). Recently, Shinno [74] has
shown that the luminescence of Dy>* (and also Pet,
Ho®*, Er*, and Tm®") in synthetic doped zircon is
excited in the 330-380 nm band and that the characteris-
tic emission of Sm>* or Eu®* element is detected when
the doped zircons are excited in the 395-425 nm band.
These observations confirm the results reported by
various workers who have studied the luminescence of
RE3* incorporated in different materials [52, 53, 69].
These authors demonstrate unambiguously that the
Dy**, Tb3*, Euv®*, and Sm®* characteristic emission
are excited in the 250-400 nm region.

Fedorovskikh et al. [27] observe that the excitation
spectrum of Eu®* in zircon contains (besides a series of
narrow bands in the region 350-620 nm) a broad band in
the region 280-320 nm which they attribute to absorption
of the excitation energy of the zircon matrix and its
subsequent transfer to the Eu’* ion.

In zircon structure, the lanthanide’s replace Zr**
ions (see section Crystallography). For materials with
zircon structure, Blasse [8] has presented experimental
evidence that the transfer due to the energy overlapping
is most effective when the central atom of the absorbing
group (here SiO44'), the intermediate oxide ion and rare
earth activator in the host cationic site have a configura-
tion which is as collinear as possible. In the case of zir-
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con, the Si¢t-0*-RE3* angles are 149.81° and 99.17°,
respectively [72]. If the RE** and the central ion of
absorbing group are not linked to the same ligands (%
ions), the energy transfer probability becomes very
weak. This is the case of the 260K TL peak mecha-
nism, in which an electron is trapped in the vicinity of
a Zr*t ion. Effectively, the observed TL emission
spectrum of this peak confirms that energy transfer is
defective since the only emission really observed is
situated at 365 nm.

(b) Energy transfer from OH" to Gd>* In the case
of ZrSi0,:Gd**, two TL peaks are observed around
120K and 155K. They present an emission peaking at
313 nm and assigned to the 8P7/2 -> 8S7/2 transition of
Gd** jon. The fact that the characteristic TL peaks of
ZrSi0,:Gd** coincide with the OH emission tempera-
tures but not with the host lattice emissions is explained
as follows: the excited energy levels of Gd®* are situ-
ated at energies higher than the host emission (Fig. 14)
and, therefore, the energy transfer described above is
not valid for G&3*. On the other hand, the overlap
between the OH emission and some Gd3* levels results
in the excitation of Gd3* by energy transfer from OH".

The RE** emissions observed at around 120K on
TL curves of ZrSiO4:Eu3 *+ and ZrSiO,:Tb? * are related
to a similar mechanism of ZrSi0,4:Gd”*.

(¢) Zircons doped with S+, Y37, La3+, cet,
Pt N, Ho, Er¥t, Tmdt, YB3+, Lu* These
synthetic zircons exhibit TL curves in which any charac-
teristic emission of these individual elements cannot be
discerned. The observed curves are either very weak in
intensity or similar to the one of undoped zircons. For
Sc, La, Ce, Yb, or Lu-doped zircons, there is no doubt:
these ions are not TL activators. For the other ele-
ments, it is not an absolute certainty. Y3+ and Na3*
are well known to emit in the infrared [52], that is out
of the spectral range of our equipment. Pr, Ho, Er, and
Tm are usually luminescent when they are excited in the
330-380 nm range [52]. According to our energy trans-
fer model, it should be possible to observe their charac-
teristic emissions which are expected in visible [52].
Owing to the poor resolution of the interferential filters
used and since the main transitions of these trivalent ele-
ments are closed to the ones of Dy3+ (or Tb**) which
pollutes our samples, we are not able to detect any lumi-
nescence clearly due to these elements. However, a
weak emission observed at 520 nm from ZF:Ex3+ could
be due to the 2H,;,, »*H;s/, transition of EC*.

T > 350K temperature range In synthetic zir-
cons, some TL peaks have been observed for tempera-
tures higher than 350K. It is a question of the 435K
peak of ZrSiO4Eu3™", the SO0K and 625K peaks of
ZrSiO,:Tb> T and of the 475K peak of ZrSiO4:Sm>* of
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Figure 14. Energy levels of Dy’*, Tb’*, Gd**,

Eu't, and Sm>* ions as given by Dieke [20] and
overlapping of some of them by host lattice or OH
emission.

which the spectral emission is only constituted by the
RE** characteristic emission. The latter is only seen
after UV-254 nm excitation. In these cases, the energy
transfer mechanism is not available because there is no
host lattice emission at these temperatures. On the other
hand, these TL peaks are probably the result of charge
transfer mechanisms related to the RE3* which trans-
form into Sm2+, Eu?t or Tb4* upon radiation.

Owing to their electronic structures, Dy3+, Tb3+,
Eu3+, and Sm>* do not have the same behaviour. In
the lanthanide transition group, they are situated on both
sides of Gd®>* which is relatively stable because of its
configuration 4f7. Tb>*(4f%) has a tendency to release
a 4f-electron (to trap a hole) and then to become Tb**
(4f7), whereas, Eu3+(4f6) tends to appropriate an elec-
tron of the neighbouring anions to become Eu?*(4f7).
The two mechanisms, 488 - 4f75d transition for TH3+
and charge transfer for Ew’t, require little energy.

Furthermore, Blasse [9] has argued that, in oxygen-
containing host lattices, two types of transitions can be
distinguished: a charge transfer transition from ligands
(usually or ions) to central RE ion, and intraionic 4f —
5d transitions. The former will be found for RE ions
that are easy to reduce (Eu3+, Sm3+); the latter is more
common for RE ions that are easy to oxidise (Tb3+).
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Figure 15. Energy level diagram describing the process
of TL in zircon from 77K to 350K.

(A). Irradiation. Production and trapping of electrons
and holes. The electron traps are localised in the vicini-
ty of Si** or Zr** ions whereas the holes are trapped
by oxygen ions. The band gap of zircon has been esti-
mated at about 5.4 eV from optical absorption measure-
ments [29].

(B). Heating. (a) Thermal detrapping of electrons
trapped in Si-O system (Si044' group). (b) Radiative
recombination of the released electrons on the oxygen
sites with 365 nm-emission (host lattice emission). (c)
The host lattice emission band and the absorption transi-
tions of the RE3* jon (here Dy3+) overlapping each
other, there is an energy transfer by emission-reabsorp-
tion mechanism from host lattice to RE>* jons. The
part of non-reabsorbed 365 nm-emission is emitted. (d)
Excitation of RE3* jons. (e) Radiationless transitions
from the absorption level to the emitter level (here
F9/2) (f) Radiative transitions from the crmtler level
(*Fg,) to the ground sub-levels of RE3* (here HH/’J
13/2, 1572) With characteristic emission of RE3*.

In this way, Tb** and Eu®* ions can be act as traps
for holes and electrons, respectively. Because of their
high stability, the activation energies required for the
charge carriers detrapping might be relatively high.

So, the observed TL peaks are probably related to
the following schemes:

ZrSiOg:Eu’t (or Sm®*) irradiation:
Eut + e — Eu?™ (trapped electron)
ZrSiO,:Eu’* heating at 435K:

Ev?t » (B3 H) + ¢ >
Eul* + hyg, + released electron

ZrSiO,:Tb** irradiation:
To3*+ + et - Tb** (trapped hole)
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Figure 16. Comparison between the TL curves obtained
from a natural (sample 3) and a synthetic Dy-doped zir-
con after X-irradiation at LNT [40]. The letters indicate
the typical positions of TL peaks.

ZrSiO:Tb3* heating at 500 then 625K:
Tb*+ = (Tb**)" + et > Tb3* + hypy, + released hole

Tb** (7, 37] and Eu?* [25] have been observed in
zircon. According to the EPR results of Bershov [7], it
is probable that the hole trapped by Tb®* originates
from the nearest oxygen sites. The presence of two ox-
ygen ions at different distances from terbium causes the
appearance of the two physically different EPR spectra
observed by Bershov in natural zircon [7]. In this case,
the activation energies required for destroying the two
complexes formed by Tb** replacing Zr** correspond
to 375K-425K and 575K-625K, respectively [7]; these
values agree fairly well with our measurements in TL of
synthetic zircon (500K and 625K, respectively).

ZrSi0y: :Eu?*, Eu®* has been obtained by calcina-
tion of synthetic ZrSiOy: :Ew3* in hydrogen [25].
Bivalent europium 1is responsible for a broad band
having a maximum at 450-460 nm.

Conclusion

Depending on the temperature range, two model
types are available for interpret the TL of synthetic
zircons. In the 77-350K range, the various steps occur-
ring are summarised in Figure 15; this model involves
energy transfer processes from the host lattice emission
(HLE) to the RE** jons. At temperatures higher than
350K, the trapping and luminescence mechanisms are
related to charge conversion mechanisms.
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Table 2. TL properties of unannealed natural zircons observed after irradiation at LNT or RT from 20 and 12 samples,
respectively. T(K): mean values and standard deviation observed on TL peak temge:a!ures; %: occurrence frequencies;

OH: OH" emission; HLE: host lattice emission; Dy: Dy>* emission; Dy +Tb: Dy

* and Th®> * emissions are simultane-

ously present; Dy(Tb): the Tb3* emission can occasionally replace the Dy3 * emission. After ([44], [14]).

TL peak positions and frequency occurrence Luminescent centres
TL peak | LNT irradiation RT irradiation OH HLE RE
[44] [44] {47] [49] [44]
T(K) % T(K) % TK) TX)
A 9741 80 X 0 Dy
B 116 £ 5 20 ?
& 155+4 100 X 0 Dy(Tb)
D 181+2 | 20 0 Dy
E 219+ 3 45 Dy(Tb)
F 240+ 3 ]
i 267 £ 6
G 301 +6 65 Dy
H 343 +5 65 343 +2 92 345 0 Dy
I 378 +7 75 3793 92 373 382 0 Dy
J 458 £ 10 | 58 453 468 Dy
K 518+4 | 58 503 501 Dy
518
L 566 +7 | 58 548 541
582
M 610+5 | 26 638 623 Dy+Tb
N 658+5 | 17 673 655

In order to explain the RE** cathodoluminescence
excitation mechanism, two models are used. Yang er al.
[105] suppose that the energy transfer model apply to
zircon except that the recombination electrons are not
thermally released but are released from Si3* ions by
the incident high-energy electron beam. Fedorovskikh
et al. [26] suggest that during cathodic excitation, both
radiative and non-radiative energy transfer from the ma-
trix to the RE3™ activator are possible. On the other
hand, Remond et al. [70] think that the excitation proc-
ess 1s rather consistent with a charge conversion model.

Thermoluminescence of Natural Zircons

Peak temperature positions

The TL properties of natural zircons from various

origins have been systematically studied after X-irradiat-
ion at LNT or RT [44] (Table 2). The so-called "C"
peak, situated at 155K + 4K is always present and, in
any case, is found to be the main TL peak (Fig. 16).
The TL curves obtained after UV (254 nm), X- (45 kV),
v (37Cs), or B- (°°Sr) irradiation at RT are similar [45].
Most of studied zircons exhibit TL curves analogous to
one or the other curves reported in Figure 17 [38].
Peaks A, E, F, G, H, I, J, K, and L occur frequently
(>> 45%). These TL peak temperatures are in good
agreement with the results of Shulg’in et al. [75] and the
H, I, .., N ones agree fairly well with those of other
workers [47, 49].

TL emission centres
The OH, Dy3 * and host lattice emissions described
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Figure 17. The two kinds of TL curves observed after
irradiation at RT from natural zircons [38]. Comparison
with the TL curve of Dy doped synthetic zircon obtained
in the same conditions.

in the previous section are identified in the TL peak
emission spectra of natural zircons. These three emis-
sions occur simultaneously in the peaks A and C (Fig.
18). The host lattice emission associated with that of
Dy3+ is observed in peaks D, H, and I. Finally, the
peaks E (Fig. 19), G, J, K, and M are only constituted
by the Dy>* emission; sometimes, a very weak host lat-
tice emission is associated with these peaks. The Tb**
characteristic emission is irregularly observed for speci-
fic TL peaks. In some cases, it is associated with the
Dy3+ emission (Fig. 20), while in other cases, it is by
itself [48]. After 258 nm-UV excitation at RT, we have
also observed, occasionally and for certain TL peaks,
the appearance of the Sm3* emission [38, 45]. For the
same sample, this emission was not detected after X-ir-
radiation.

These observations are in good agreement with the
data found in the literature which confirms that Dy>*
a common TL activator in natural zircon and that is

sometimes associated to the HLE.
The spectra of natural zircon contain a feature near
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Figure 18. Emission spectra of TL peak C obtained
after X-irradiation at LNT from an unannealed natural
zircon (sample 6) and from an hydroxylated synthetic
Dy3* doped zircon Zg: Dy [44].
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Figure 19. Emission spectra of TL peak E (220K)
obtained after X-irradiation at LNT from an unannealed
natural zircon (sample 6) and from an hydroxylated
synthetic Dy-doped zircon [44].

385 nm which is a broad luminescence band clearly
apparent for the 350K (peak H) and 382K (peak I) but
very weak at higher temperatures [16, 48, 49].

Zircon samples show the strong line features charac-
teristic of Dy®* for the TL peak I (373K) but at higher
temperature lines assigned to Tb*>*, and in some cases
to Eu3™, are resolved [16]. Jain [48] observes that the
peaks at 453K and 548K (peaks J and L, respectively)
found in the TL of sand samples exhibit the Tb>*+ emis-
sion associated or not with the host lattice emission.
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Figure 20. Emission spectra of TL peaks C and E ob-
tained after X-irradiation at LNT from a natural zircon
(sample 7). Comparison with the TL emission spectrum
of synthetic Tb-doped zircon [44].

In synthetic zircons, we have shown that Dy*™,
T +, Gd3+, Eu3* and Sm®* are activators of TL but,
in this case, these elements were introduced individually
into the zircon lattice. It is not the same situation which
occurs in natural zircon where all trivalent rare earth’s
and other impurities are simultaneously present [32, 79].
In this latter case, we clearly demonstrated that Dy3 *is
the principal activator of the natural zircon [44].

In considering the processes involved, three poten-
tial causes can be suggested to explain the constant pres-
ence of Dy>* emission: (1) In natural zircon, Dy has
the higher concentration. The relative abundance of the
concerned RE is Dy > Gd > Tb = Eu > Sm [65,
79]. (2) Because of a different oscillator strength for
the same concentration of different RE3*, the relative
intensity of their luminescence spectra is dissimilar [55].
For instance, the relative intensities of various RE3* in
two crystals is given (Table 3). (3) The energy transfer
probability is better for Dy than for the other RE. At
higher temperatures, other RE are seen because there is
a charge conversion mechanism.

Trapping centres and related mechanisms

(a) TL peaks A, C, E, F, and H Table 2 shows
clearly that the positions of natural zircon TL peaks situ-
ated below 350K agree fairly well with the positions of
synthetic zircon TL peaks. It is the same for the emis-
sion spectra of these peaks. In most cases, the trap
luminescence centres related to these peaks have been
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Table 3. Repartition of relative intensities of Dy’ ™,
Tb*+, G+, Eu®*, and Sm®* luminescence spectra ob-
served in Y,0; and La,0; compounds. After Marfunin
[55].

Dy3+ Tb3+ Gd3 t Eu3+ Sm3+
Y,0; 100 60 5 50 5

identified and described in the previous section. Thus,
the trapping centres related to peaks A, C, E, F, and H
are associated with the Si044' groups. In this case, the
electron-hole recombination takes place with an emission
band situated between 380 and 400 nm (instead of 365
nm in synthetic zircon). A part of the host lattice emis-
sion can be absorbed by Dy3+ (or some other RE3T)
centres, which are included in the natural zircons, and
used to excite the characteristic emission of the ones.
The emission spectrum of Dy * consists of narrow lines
in the region around 480, 580, 662, and 760 nm and,
generally, is simultaneously observed with the host lat-
tice emission. On the contrary, the HLE is not observed
in the emission spectrum of some TL peaks (i.e., peak
E, Fig. 19). This could signify that the energy transfer
is complete; it agrees with the results of Fedorovskikh
et al. [26] who report that the probability of energy
transfer is decreased as the temperature is reduced.

The OH™ mechanism is responsible for the most en-
ergetic part of the emission occurring in the peaks A and
C (Fig. 17). The temperature of the first OH" emission
(97K + 1K) has not been observed in synthetic samples
but it is possible that the recombination of electrons re-
leased by traps A takes place with some OH" previously
generated by X-irradiation at 77K (see the section Con-
tribution of OH™ ion). In this case, the OH emission
of both peaks A and C would be related to the same OH
+ e recombination process while the peak B (116K)
would correspond to the recombination of O” and H° as
explained in the previous section. There is no evidence
for this latter assumption because it is not possible to
record the emission spectrum of the TL peak B which is
very weak.

Kirsh and Townsend [49], argue that the character-
istic emissions of Dy:’Jr and the host lattice, relative to
TL peak H registered after irradiation at room tempera-
ture, do not appear at the same temperature (Table 4).
They explain the Dy>* emissicn by a charge conversion
mechanism. They interpret that during X-irradiation at
RT, some of the Dy’* ions are reduced to Dy?* by
electron capture and holes are trapped at various uniden-
tified centres. When the temperature is raised, the holes
are released and the recombination occurs at the Dy sites
with the characteristic emission of Dy3* whereas the
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Figure 21. Fading of zircon TL emissions occurring at:
(1) 325K, 480 nm; (2) 350K, 345 and 480 nm; (3)
385K, 480 nm; (4) 385K, 345 nm; and (5) 600K, 545
nm,; after storage at RT.

Table 4. Parameters of the TL peaks H and I recorded
by Kirsh and Townsend [49] at wavelengths longer than
450 nm (Dy) and at 385 nm (HLE: host lattice emission)
after X-irradiation at RT. Comparison with the parame-
ters measured, by the initial rise method, for the 480 nm
emission (Dy) and for the 365 nm emission (HLE) after
X-irradiation at RT (this work). T: peak temperature;
E: trap depth; s: frequency factor.

After [49] This work

peak | Emis. || T(K)|E(eV)| s(Hz) T(K) E(eV)
Dy | 345|0.82] 2.4.10" | 323| 0.89 + 0.07
H | HLE || 350{0.89| 1.6.10"" || 350| 1.13 +0.05

1.1.10" || 383
1.1.10" | 383

Dy | 382|1.18 1.20 £ 0.06

I HLE || 382|1.18 1.27 £ 0.06

host lattice emission appears as described before. We
have effectively observed that the two emissions (host
lattice and Dy3+) obtained after X-irradiation at RT do
not coincide (Table 4). In fact, it seems that the TL
peak at 350K is constituted by both emissions, the HLE
being predominant while the TL peak at 325K exhibits
only Dy** emission; it is difficult to resolve these two
peaks since they are very close. Figure 21, which
shows that the two components of the TL peak 350K
fade at the same rate, confirms this result.

(b) TL peaks D, G, I, J, K, L, ... The compari-
son with the synthetic zircon TL does not permit us to
explain the TL mechanisms governing the peaks D, G,
I,J,K, L, ..., which do not exist in synthetic samples
(Figs. 16 and 17); but, it is possible that, in natural
zircons, the various and numerous impurities generate
several types of defects able to trap electrons extracted
from silicate group’s oxygen ions.
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As shown in section Influence of trivalent rare
earth impurities, the presence of RE** characteristic
emissions unaccompanied by the host lattice emission in
the high temperature TL peaks can be explained by
charge conversion mechanisms. In the same way, sever-
al TL peaks with activation energies between 0.82 and
1.60 eV, and typical emission spectra of Dy>*, are at-
tributed to RE>*-hole recombination [49]. The 382K
peak (peak I) which displays both the 385 nm band and
the Dy3+ lines, might be associated with an electron
captured by a Dy3Jr ion and a hole trapped at an adja-
cent lattice O%", the recombination of which excites both
the Si044' groups and the RE ions [49].

Radiation Damage in Natural Zircons

The metamict state

Among the various impurities which are found in
natural zircons, U and Th (and their daughter products
238U, 235U, and 232Th decay series) are radioactive.
It is now well established that the radioactive decay of
these radio nuclides causes accumulated structural dam-
ages which can lead to a complete destruction of initially
well-crystallised zircons. This phenomenon, which takes
place throughout the geologic history of zircons, 1s
called metamictisation. Although the total radiation dose
consists of contribution from « and @ particles, y-rays,
recoil nuclei, and the products of spontaneous fission, it
is expected that « particles and recoil nuclei are chiefly
responsible for the radiation damages [34, 35]. In the
first occurrence, the damage is caused by two simultane-
ous processes associated with the a-decay event [23]:
(1) An « particle (~ 4.5 MeV) with a range of 10 um
dissipates most of its energy by ionisation and displaces
several hundred atoms creating Frenkel defect pairs. (2)
The a-recoil atom (~ 0.07 MeV) with a range of 10 nm
produces several thousand atomic displacement creating
tracks of disordered materials. These two damaged
areas are separated by thousands of unit cell distances
and are expected to have different effects on the crys-
talline structure [23].

Holland and Gottfried [35] have shown that the re-
fractive index and the density of zircons decrease from
4.7 to 3.9, while the unit cell dimensions increase, with
increased total a-dose absorbed by the zircons. The unit
cell parameters a; and c, increase respectively from
0.660 to 0.670 nm and from 0.598 to 0.609 nm with ab-
sorbed a-doses increasing from O to 0.41 - 1016 o-de-
cay events/mg. For «-dose higher than 0.41 - 1016
o-decay events/mg the parameters remain unchanged.
Holland and Gottfried [35] have also shown, with
Hurley and Fairbairn [36] that structural defects cause
diffuse lines of X-ray diffraction photographs, decrease
the intensity of the lines and, when the radiation reaches
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6 - 10!5 a-decay events/mg, cause the disappearance of
the lines.

The breakdown of the structure is envisaged as a
four-stage process in which the structure is first satu-
rated with displacements, then the saturated structure
breaks down into crystallites of ordered zircon which
ultimately break down into a glass [35].

In the model developed by Pellas [68], the crystal
structure of zircon is broken down into four phases dur-
ing the process of metamictisation. These four phases
are primarily an expanded zircon phase which contains
a high concentration of interstitials and vacancies. Con-
tinued radiation damage finally results in a break up of
the zircon lattice into ZrO,, SiO, and amorphous zircon.

Bursill and McLaren [11] have argued that the sim-
plest defects expected to be generated by the internal ra-
diation are isolated vacancies and interstitials, but the
electron microscope they used was not able to resolve
these defects. However, these authors could detect the
presence of crystalline ZrO, in some metamict zircons.
The Pellas’ model is also confirmed by Wasilewski et
al. [97] who think that, in the first stage, the primary
damage is the production of interstitial atoms which
cause deformation of the isolated SiO, tetrahedron, and
by Vance er al. [89], who have shown that the principal
defect in radiation damaged zircon is the displaced oxy-
gen ion. On the other hand, no evidence of SiO, or
ZrO, has been found in radiation damaged zircons [4,
24, 34, 87, 103]; some have concluded that the end
product seems to be a glass rather than a mixture of
Si0, and Zr0O, [34, 87, 103].

Headley et al. [33] have shown that metamict zircon
possesses two distinct structures, one interpreted as
amorphous and the other as being composed of slightly
misoriented microcrystallites. Finally, the investigations
of Yada er al. [103, 104] show that metamictisation
proceeds principally by the formation of fission tracks,
directly resulting from the fast movement of nuclear
particles; recoil nuclei from them seems to play a less
important role in the destruction of structure.

According to Murakami’s group [17, 58, 59], three
stages of damage accumulation may be delineated. In
stage I (< 3 - 1019 a-decay events/mg), damage is
dominated by the accumulation of isolated points defects
which cause unit-cell expansion and distortion which ac-
counts for most of the decrease in density. In stage II
(3 - 10! - 8 . 1015 a-decay events/mg), microstruc-
ture consists of distorted crystalline regions and amor-
phous "tracks" caused by a-recoil nuclei. Stage III (> 8
© 1015 a-decay events/mg) consists of material that is
entirely aperiodic as far as it can be determined by X-
ray or electron diffraction.

The Pellas’ model [68] seems unlikely in view of
the recent X-ray spectroscopic studies of Farges and
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Calas [24]. The major changes observed during the
metamictisation of zircon correspond to a co-ordination
change around Zr which is reduced from 8 to 7 and to
a regular significant decrease of Zr-O distance. These
two observations would imply the creation of oxygen va-
cancy in the ZrO, polyhedron and tilting of the SiO,
tetrahedra. The model of metamictisation proposed by
Farges and Calas [24] is confirmed by Woodhead ez al.
[101] and by Mursic et al. [61].

Various workers have noticed the role played by
OH and H,0 in the metamict state stabilisation by local
compensation of charge [1, 15]. Following Woodhead
et al. [101], hydrous components enter the structure only
after the total metamictisation, but the amounts are not
correlated with U-Th contents. In all cases, OH is the
only hydrous species detected; it is present only in meta-
mict or nearly metamict samples [101].

An important field of research is the comparison of
radiation damage effects in artificially irradiated synthet-
ic zircon with those in natural zircon. The amorphisa-
tion dose depends on the irradiation temperature, the
energy and the mass of used particles [96]. It increases
with temperature in two stages (below 300K and above
473K) and is nearly independent of the damage source
(a-decay events or heavy ion beams) at RT [99]. A
dosage of about 10'6 fission events/cm’® appears to be
required to render a zircon amorphous [88]. For ion
implantation, the transition from the crystalline to the
metamict state occurs in the range of 1013 to 10!3 jons/
cm? [12, 34, 59]. The study of damaged accumulation
process in Pu-doped zircons shows that the amorphous
state is reached at 6.7 - 1015 a-decay events/mg [98].

Recrystallisation of damaged zircons

The results of tests made on the annealing of par-
tially metamict zircons at elevated temperatures by
Hurley and Fairbairn [36] confirm those described by
Pabst [66]. It is found that, if a crystal is not greatly
disordered, it would return to a degree of order very
close to that of a perfect crystal. According to Kulp et
al. [51], the recrystallisation of metamict zircons takes
place at temperature from 1160K to 1180K. Frondel
and Collette [30] have found that, when heated in water
vapour, metamict zircons recrystallise at temperatures
below these needed for recrystallisation in dry air. This
fact is confirmed by Bursill and McLaren [11]. Recrys-
tallisation of metamict zircons is attested by IR spectra
[40, 87, 97], by X-ray diffraction [36], by restoration of
the density, refractive index values [86], and TL inten-
sity [14, 44, 62, 91]. The physical property recovery of
very metamict samples is incomplete and suggests that
greater the damage less is the recovery [97].

Mursic et al. [60] show that zircon crystallisation by
heating up from the metamict state is promoted via a
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Figure 22. Integrated glow-curve area of Ceylon

zircons after irradiation with vy-rays as a function of the
total a-dose of the sample as given by Vaz and Sentfle
[90]. One set of measurements is obtained from the
unannealed samples, the other after they have been
heated at 1225K for 20 hours.

rearrangement of the Zr-O subunit, whereas, Weber er
al. [99] show that it occurs above 1300K and is a two-
step process that involves the initial formation of
pseudo-cubic ZrO,.

Thermoluminescence of partially metamict zircons

Krasnobaev [50] finds that the natural TL output of
zircons from different localities is a function of the total
a-dose they have absorbed. Vaz and Senftle [91] show
that the yy-ray induced TL of damaged zircons decreases
rapidly with the o-dose (Fig. 22). At an a-dose of
about 0.25 - 10'® o-decay events/mg, the TL output of
these unheated samples is reduced by 10°. At greater
a-doses, the TL emission of the samples shows no sig-
nificant change. Vaz and Senftle [91] also find that the
restoration of TL output after the sample has been an-
nealed (1225K, 20 hours) is dependent of a-dose (Fig.
22). The magnitude of the change in TL output, as well
as its maximum intensity depends both on the annealing
time and the a dose received by the samples (Fig. 23).
The results of Vaz and Sentfle [91] have been confirmed
by other workers [14, 44, 62].

We have investigated the correlation between the TL
peak C intensity presented by natural zircons and their
unit cell volumes [44]. According to the Figure 24, the
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Figure 23. Integrated glow-curve area of Ceylon zir-
cons with different a-doses (expressed in 1046 a-decay
events/mg) as a function of annealing time at 1225K as
given by Vaz and Sentfle [91]. The samples have been
irradiated with the same 7y-rays exposition before each
TL readout.

unannealed zircons can be classified into two families:
the "normal” zircons, characterised by an unit cell vol-
ume V and a TL intensity higher than I, and the radia-
tion damaged zircons, with unit cell volumes V greater
than V and TL intensities I lower than I,. The unit cell
volume values characterise the metamictisation degree of
zircons. Following the data of Holland and Gottfried
[35], the unit cell volume of well-crystallised zircons is
V, = 0.261 nm®, By absorption of about 0.4 - 16%°
a-decay events/mg, the unit cell volume become V =
0.274 nm>. For a-doses greater than 0.4 - 1016 o-de-
cay events/mg, V remains equal to 0.274 nm’ [35]. In
examination of Figure 24, it must be borne in mind that
the TL intensity is disturbed not only by the metamicti-
sation phenomenon but aiso by the impurity concentra-
tion. However, Vaz and Sentfle [91] have noticed that
the influence of the latter on the TL intensity is less than
the metamictisation process. The very important disper-
sion of the unit cell volume observed for some zircons
(such as sample 10 or 11, Fig. 24) is the result of the
inhomogeneity of the crystal. The optical microscope
investigation of these samples reveals the existence of a
metamict core surrounded by a better crystallised region.

Thus, the TL appears to be a method very sensitive
to characterise very low degrees of metamictisation [22].
The TL intensity varies by several orders of magnitude




Thermoluminescence of Zircon

N 103__1 0
“ 243
% g'r?'i 7z
o 4»1}1 15
T - :
N 6 o+ 7
lo}- gHR o
92 19
wl 17
'._ n
z 109104 10
<¥( e
L . ~ 11
S 1 gt s
== Fqal—0—A1 a5
14 6o B 17
——
18
=t
101 LVO ) 19 | i
0.260 0.265 0.270 0.275

UNIT CELL VOLUME (nnt)

Figure 24. Correlation between the TL intensity of
peak C and the unit cell volume of the studied sample.
Circles: unannealed non-metamict zircons; hollow
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squares: annealed zircons. The numbers refer to the
sample designation. The physical description and the
origin of the various natural zircons are given in [44].
V,, is the unit cell volume value of well crystallised zir-
cons, I is the threshold value of TL peak C intensity
(see text).
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Figure 25. TL emission spectra of peaks A and C ob-
tained after X-irradiation at 77K from samples 13, 14,
17, and 19. Only sample 13 presents no metamict char-
acter [44]. The three kinds of emission are observed:
OH- (285 nm), HLE (400 nm), and Dy’ * (480 nm).

and is inversely correlated with the metamictisation
degree of zircon [14].
After annealing (1270K, 24 hours), all the damaged
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zircons, except sample 17, have found again their origi-
nal values (I > I, V. = V). The behaviour of sample
17, which is very metamict, confirms the observations
of Wasilewski et al. [97] who find that greater is the
initial degree of radiation damage, more difficult is to
reorganise the lattice by a given heat treatment.

As a general rule, the effect of annealing is to re-
arrange the TL peak positions and to decrease their dis-
persion. In example, the mean temperatures of TL
peaks F, and H obtained, before and after annealing of
six samples, shift from 273K + 10K to 266K + 3K and
from 339K + 5K to 346K + 1K, respectively [44].

Examples of TL peak emission spectra of high den-
sity zircons ("normal” zircons) are given in Figures 18,
19, and 20. Because of their weak intensities, it is dif-
ficult to analyse the low temperature TL peak responses
of very metamict zircons, but after annealing, the deter-
mination becomes possible. The TL peak emission
spectra of annealed damaged zircons are identical to
those of well crystallised samples [40]. Particularly,
they present OH" specific emission bands at 95K and
154K (Fig. 25). This result must be compared to that
obtained in the case of the hydroxylated synthetic zircon
Zp annealing in which the OH™ emission band intensities
have been strongly reduced (section on Synthetic Zir-
con). The presence of OH™ emission in all the studied
samples is in contradiction with the work of Woodhead
et al. [101]. These authors have shown that the samples
with a event decays below = 4 - 101® a/mg do not
contain OH or H,O while all those with higher U con-
tents contain OH.

After X-irradiation at RT, the spectral study of
some unannealed metamict zircons is possible. In this
way, we can follow the evolution of TL peak emission
spectra due to annealing (Fig. 26). Before annealing,
the emission spectra of TL peak H consist of a broad
band centred around 600 nm and situated around 345K.
The annealing causes the disappearance of this emission
and gives rise to a TL peak around 325K with a Dy3+
characteristic emission (Fig. 27). The peak which ap-
pears after annealing around 385K behaves in the same
way. Its emission spectrum consists of characteristic
Dy3* transitions associated with the host lattice emission
(Fig. 28). This peak replaces the TL peaks first located,
before annealing, at 398K or 435K. A similar behaviour
is observed for higher TL peaks occurring in some
samples (Fig. 29).

The broad band centred around 600 nm arises in
fluorescence spectrum obtained under UV light and has
been related to luminescent centres produced by the
radioactive decay of the U and Th present in zircon lat-
tice [63]. Such an emission has also been observed in
UV induced TL peaks of unannealed natural zircons and
vanishes when they are strongly heated [38].
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Figure 26. TL curves recorded from samples 14 and
17, after X-irradiation at LNT: (a) before annealing and
(b) after annealing at 1275K, 24 hours, in air; and after
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Figure 27. Emission spectra of TL peak H obtained af-
ter X-irradiation at RT from two semi-metamict zircons
(samples 14 and 17) before and after annealing at
1275K, 24 hours, in air.

The rearrangement of the peak positions and the dis-
appearance of the broad 600 nm-band can be considered
as a proof of the host lattice reorganisation which results
in a restoration of normal zircon.

TL dating methods

The use of TL for dating archaeological ceramics is
well established [2, 80]. The TL dating of archaeologi-
cal (and geological) samples consists essentially of two
basic steps, the determination of the natural dose which
a sample has absorbed during its past and the determina-
tion of the corresponding natural dose. From these two
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Figure 28. Emission spectra of TL peak I obtained

after X-irradiation at RT from two semi-metamict zir-
cons (samples 14 and 17) before and after annealing at
1275K, 24 hours, in air. In sample 17, the peak I does
not exist before annealing but appears after annealing
and replaces the peak J which disappears.
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Figure 29. Emission spectra of TL peaks J and K ob-
tained after X-irradiation at RT from the semi-metamict
sample 14 before (peak J) and after (peak K) annealing
at 1275K, 24 hours, in air. The peak J disappears after
annealing and is replaced by peak I.

values, the TL age can be calculated. The period cov-
ered by the TL dating method stretches from 100 years
as far as the last heating of the ceramics [95].

Sutton and Zimmerman [80] have described a radio-
active-inclusion technique. It consists to measure the TL
presented by highly radioactive grains of zircon which
are a minor constituent of most archaeological ceramics.
Because of their high radio-active content, the natural
radiation dose will be greatly dominated by the internal
a-particle dose. The natural dose is determined from
TL measurements; the internal dose-rate calculated from
the measured U and Th contents and the age thus calcu-
lated.




Wintle [100] shows that there is a loss of charge
carriers from traps which contribute to the TL of natural
zircons in the 625K-725K region. This loss is termed
"anomalous fading" [100] and is confirmed by various
workers [5, 21, 82, 84]. Templer [82] observes that it
occurs equally at all wavelengths between 300-650 nm.
Durrani and Amin [21] find that all zircons (natural or
synthetic) exhibit anomalous fading. Such fading is ag-
gravated by radiation damage but is reduced on anneal-
ing the damaged crystal. A model for the anomalous
fading is proposed by Templer [84]. The results indi-
cate that above RT localised transitions occur and at
lower temperatures tunnelling predominates.

The anomalous fading effect which leads to an
erroneous evaluation of the archaeological age using
conventional TL method can be reduced by the photo-
transfer TL dating technique proposed by Bailiff [S].
This technique consists to transfer the charge carriers
captured in the deep traps to the shallow ones by illumi-
nation with an appropriate UV light. In zircons, the
deep traps are situated at temperature higher than 725K
and the phototransfer is made at RT or LNT [6].

The auto-regenerative TL dating method, first pro-
posed by Sutton and Zimmerman [81] and extended then
by Templer [83], consists to measure the TL regenerated
at RT [81] or at LNT [83, 85], in a certain time (several
months), by the high internal radioactivity content of
natural zircon grains and to compare it with the natural
TL first recorded.

Conclusion

The TL peaks observed in natural and synthetic zir-
cons between 77K and 350K agree fairly well and are
explained by the same model involving an energy trans-
fer mechanism from an host lattice emission related to
the Si044‘ groups to doping RE3* elements. Usually,
the latter consist of Dy3 *. An emission attributed to the
presence of OH™ ions is also observed.

At temperatures higher than 350K, natural zircons
exhibit various TL peaks generally unobserved in syn-
thetic samples. The presence of different RE3* emis-
sions is interpreted by a charge transfer mechanism in-
volving the trapping of electrons or holes by RE>* with
variation of valence states. The existence of a broad
band around 600 nm is related to the defects induced by
the metamictisation process. Following the recent model
of metamictisation, the immediate environment of the
Zr** ion must be highly disturbed, with sufficient varia-
tion in Zr-O distances and Zr-O-Si bond angles to de-
stroy the acoustic modes present in crystalline zircon
[101]. In contrast, the immediate environment of the
Si** jons must be essentially retained. The variation of
interionic distances, refractive indices, optical transmis-
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sion and dielectric constants affect the TL phenomenon
and lead first to a displacement of some TL peaks and
an attenuation of their intensities. For the high o-doses,
the intensity of TL peaks is dramatically decreased.
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