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Abstract 

Synthetic zircon crystals (ZrSiO 4), undoped and 
doped with y 3+, La3+, Ce3 +, pr3+, Nd3+, Sm3+, 
Eu3+, Gd3+, Tb3+, Dy3 +, Ho3 +, Er3+, Tm3+, Yb3+, 
Lu3+, were grown from a flux consisting of a mixture 
of Li2MoO 4 and MoO3 heated to 1125°C and then 
cooled to 750°C. The cathodoluminescence (CL) spec
tra of these zircons were analyzed at room-temperature 
and near liquid nitrogen temperature with a CL spec
trometer attached to a scanning electron microscope 
(SEM). This study highlights the complexity of the in
trinsic emission band extending from 200 to 500 nm. 
The relative intensities of the major emission band cen
tered at 230 nm (5.4 eV) and peaks of less energy were 
found to depend upon the crystallographic orientation of 
the crystals. Sm3+, Eu3 +, Gd3 +, Tb3 +, Dy3 +, Ho3 +, 
Er3 + and Tm3 + -doped zircons display sharp emission 
peaks being characteristic of the doping rare-earth ele
ment (REE). These lines are frequently multiplets but 
only the average position of the peaks are reported be
cause of the instrumental conditions used in this study. 
The CL intensities of the intrinsic and extrinsic features 
were found to depend on the crystal orientation, and 
numerous experimental factors such as the electron beam 
energy and the beam current density. 

Key Words: Zircon, undoped synthetic zircon, REE
doped synthetic zircon, cathodoluminescence, cathodo
luminescence anisotropy, intrinsic luminescent centers, 
REE luminescent ions. 
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Introduction 

Emission of cathodoluminescence (CL), observed 
using an electron probe microanalyzer (EPMA) or a 
scanning electron microscope (SEM), has been used as 
a petrologic tool since Long and Agrell (1965), Smith 
and Stenstrom (1965) and Coy-Yll (1969/70). The CL 
images of minerals can be compared with secondary or 
backscattered electron images (BSE) and X-ray mapping 
(Remond et al., 1970, 1992; Remond, 1977). Such 
image comparisons were recently published for zircon 
crystals (Henry and Toney, 1987; Hanchar and Miller, 
1993). 

Cathodoluminescence microscopy has been shown 
to provide a rapid method for revealing the spatial dis
tribution of defects in minerals, some of which being 
associated with the presence of trace elements. How
ever, CL spectroscopy, as a general analytical tool for 
the identification of impurities in minerals, is not always 
possible. While a unique relation exists between the 
wavelength (energy) of X-ray photons and the elements 
present in the target, no such unique relation exists 
between the CL emission peak or band energies and the 
nature of the impurities involved in the CL emission 
mechanisms. In addition, the CL emission is dependent 
on the mechanisms of the incident energy dissipation and 
on the dielectric properties of the crystals. 

Correlations have been shown between CL images 
and the distribution of trace elements detected by means 
of X-ray spectrometry with the electron probe microana
lyzer and with micro-PIXE (proton induced X-ray 
emission) as discussed (among others) by Remondet al. 
(1995a) and Yang et al. (1992) for the case of zircon 
(ZrSiO4). Such comparisons between ionolurninescence 
and trace element distribution with micro-PIXE has been 
reported by Yang et al. (1995). However, these com
parisons do not allow one to correlate the detected impu
rities with the luminescent centers responsible for the 
CL emission. Although most rare-earth elements (REE) 
produce sharp CL emission lines, the qualitative inter
pretation of CL emission spectra for identifying trace 
elements must be performed carefully. 
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Figure 1. Projection, modified after Speer (1982), of 
the zircon structure on (100), showing the chains of 
alternating SiO4 tetrahedra (hatched) and ZrO 8 triangular 
dodecahedra (dotted). 

Zircon is an accessory mineral widely distributed in 
igneous, metamorphic and sedimentary rocks. The in
corporation of REE ions may result in the emission of 
complex CL spectra. Dy3 + and Tb3 + were recognized 
as the most frequent activators in natural zircons 
(Mariano, 1988, 1989; Marshall, 1988; Ohnenstetter et 
al., 1991; Remond et al., 1992; Yang et al., 1992). 
Ohnenstetter et al. (1991) and Remond et al. (1992) 
examined zircons originating from a wide range of rock 
types and observed that their CL spectra belonged to one 
of two general groups. The first group displays a broad 
emission band with a maximum in the blue region with 
superimposed sharp lines that are characteristic of Dy3 +. 
The second group presents a broad yellow/green emis
sion band, the interpretation of which is still not clear. 

In the absence of any general theoretical framework 
for relating CL spectra to crystal impurities, empirical 
approaches are mainly used and involve two steps: (1) 
Use of non-destructive analytical techniques in order to 
have a spatially resolved analysis of the impurity con
tents within the material; and (2) interpretation of the 
CL spectra to identify specific impurities, among those 
detected, which can play a role in the observed lumines
cence properties. The identification of these elements 
must be used as a guide for preparing doped synthetic 
compounds under controlled conditions. However, a 
complete understanding of CL emission spectra can only 
be achieved by considering both the impurity related 
(extrinsic CL) and the lattice defect related CL emission 
(intrinsic CL). 

The identification of REE by means of X-ray spec
trometry with the EPMA is difficult because of the low 
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concentrations to be measured and the frequent X-ray 
peak overlaps of the L or M X-ray lines for these ele
ments. CL spectroscopy of zircon minerals may avoid 
some of the above limitations and is expected to comple
ment X-ray spectrometry. 

It is the objective of this study to grow undoped and 
REE-doped zircon crystals to be used for obtaining a 
collection of CL reference spectra characteristic of each 
REE added into the zircon crystal structure. These 
materials and their CL spectra, should be a valuable 
reference for obtaining a reliable relationship between 
the complex CL emission spectra of natural zircon 
crystals and the nature of the REE present at trace 
levels. 

In this study, the raw CL data are not corrected for 
the response function of the instrnment and only qualita
tive interpretation of the spectra are cortsidered. The 
need for applying such instrumental correction factors is 
discussed after the potential use of the synthetic crystals 
and their CL spectra for reference materials and a data 
bank is demonstrated. The dependence of the CL emis
sion properties upon the excitation conditions and the 
crystallographic orientation of the zircons is important 
when they are considered as possible standards and this 
too is investigated. 

Structure 

Structure, Morphology, Zoning 

and Chemistry of Zircon 

Zircon is an orthosilicate with a body-centered tet
ragonal unit cell, belonging to the 141/amd space group 
symmetry; optically it is uniaxial positive. Its structure 
(Robinson et al., 1971; Hazen and Finger, 1979; Robin
son, 1979), shown in Figure 1, consists of chains of al
ternating edge-sharing SiO4 tetrahedra and ZrO 8 triangu
lar dodecahedra. The chains run parallel to the c-axis 
and are linked laterally by dodecahedra sharing an 0-0 
edge. There is only one crystallographic equivalent 
position for the zirconium and each Zr is surrounded by 
eight oxygen atoms at 0.2128 nm, and four at 
0.2267 nm (Hazen and Finger, 1979) constituting the 
triangular dodecahedra. 

Morphology and zoning 

Morphologically, crystals usually show a combina
tion of prisms and dipyramids, however, some. zircons, 
tabular on {001}, have also been found (Cesbron et al., 
1985). A typological classification based on the prefer
ential development of the {100} and {110} prisms or the 
{101} and {211} dipyramids, which could be correlated 
to the (Na2O + K2O)/Al 2O3 ratio (agpaicity index) and 
to the temperature has been proposed (Pupin and Turco, 
1972, 1975; Pupin, 1976, 1980). 
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Zircon frequently are inhomogeneous and display 
complex and sometimes oscillatory chemical zoning, ow
ing to chemical and physical changes in the silicate melt 
or solution from which they crystallized; identical but 
simpler zonations can also be found in synthetic crystals 
growing from a flux. It is also common to observe epi
taxial overgrowths around a primary core, representing 
later generations of zircon and differing in composition. 

Chemistry 

The theoretical formula, ZrSiO 4, of zircon does not 
reflect the complexity of its chemical composition and, 
consequently, of its CL emission. A complete solid so
lution exists between zircon and hafnon HfSiO 4 (Correia 
Neves et al., 1974), however Hf does not exceed 3 % in 
most natural zircons. According to Robinson (1979), 
this element could concentrate at the rims. Zircons 
commonly contain not only hafnium but also yttrium, 
lanthanides, actinides, phosphorous and lead. Usually, 
yttrium and the heavy rare earth elements (HREE) pre
dominate, as their ionic radius are close to that of Zr4 +; 
nevertheless light rare earth elements (LREE), with a 
larger ionic radii, can also be present. 

These elements are frequently accompanied by phos
phorus and this suggest the classical xenotime-type sub
stitution scheme proposed by Dennen and Shields (1956) 
which implies that Zr4 + is replaced by Y3 + + Ln3 + in 
the dodecahedral site, whereas p 5+ replaces Si4 + in the 
tetrahedral site: 

Zr 4+ + Si4+ .=± pS+ + REE 3+ [l] 

In most cases, the amount of phosphorus required is 
not sufficient and several authors suggest that the ddicit 
of charges between Zr4 + and REE 3 + is compensated by 
the replacement of o2· by (OH)" in the tetrahedral site 
(Vinokurov et al., 1971; Caruba et al., 1974, 1975; 
Medenbach, 1976; Robin.son, 1979; Caruba, 1979; 
Ohnenstetter et al., 1991), according to the formula: 
(Zr1~ t REE~+) (SiO4)i_x (OH) 4x-t Dt. Caruba et al. 
(1974) even hydrothermally synthesized an hydroxyl 
zircon with about 10% Dy replacing Zr. 

The tetrahedral substitution [(OH) 4]4· ~ [SiO4]4· 

was first proposed by Frondel (1953) and Frondel and 
Colette (1957) but fluorine can also be present, replacing 
the hydroxyl ions (Camba et al., 1985). Another possi
bility for high REE concentration is the coupled substi
tution proposed by Eskova (1959) and Soltnsev and 
Scherbakova (1974): 

2 Zr4+ .=± (Nb,Ta) 5+ + REEH [2] 

Y2O3 can reach up to 16.5 wt%, however most of 
the natural zircons do not exceed 3 wt% Y2O3. A total 
of 25 wt% Y 20 3 + REE 2O3 has been reported by 
Medenbach (1976) but most of the high REE natural 
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zircons appear as a microscopic mixture of zircon and 
xenotime. The Y 20 3 decreases in magmatic zircons 
from oceanic towards migrnatitic granites, whereas HfO2 
shows the opposite trend; thus, the zircons from oceanic 
granites are characterized by high Y, low Hf, and ex
tremely low U and Th values (Pupin, 1992). Niobium 
can occur in zircon and attain values up to 5 % Nb in the 
Thor Lake rare-metal deposit (Smith et al .. 1991). 

Usually the concentration of actinides ranges from 
4 to 5000 ppm for U and from 2 to 2000 ppm for Th 
(Speer, 1982); however, contents up to 6 wt% of total 
actinides are known. Uranium is incorporated selec
tively on the {101} and {2il} pyramidal and {100} pris
matic faces, producing hour-glass and "Maltese cross" 
structures (Carpena et al., 1987). In actinide-rich 
zircons, defects are produced by the bombardment in
duced by the natural radioactive alpha-decay and zircons 
become progressively amorphous, leading to the aperiod
ic metamict state (Chakoumakos et al., 1987). When 
about 20 % of the atoms are displaced, the crystal be
comes X-ray amorphous (Pellas, 1954). 

Materials and Methods 

Synthesis of zircons 

Zircon was first synthesized by Sainte-Claire Deville 
and Caron (1858) by heating zirconia at high tempera
ture under a SiF 4 atmosphere. The first lithium molyb
date flux-grown zircons were obtained by Hautefeuille 
and Perrey (1898) and the hydrothermal synthesis of zir
con, using silica and zircono-hydroxide gels was first 
performed by von Chrustschoff (1892). The hydrother
mal method (Caruba et al., 1974; Caruba et al., 1988) 
usually produces very small crystals of about 100 mm 
and requires the use of a natural crystal as a seed; using 
a fluoride mineralizer, the size can reach the centimeter 
range (Dharrnarajan et al., 1972; Uhrin et al., 1974). 
The seed can be a serious problem in that outer parts of 
the seed can be dissolved (Caruba et al., 1974) before 
the beginning of the epitaxial growth, and then contami
nate the hydrothermal solution with unwanted trace-ele
ments since natural zircons never are chemically pure. 
We selected the flux method to avoid this problem and 
the crystals were grown from a flux consisting of equal 
proportions of Li2MoO 4 and MoO 3, in which stoichio
metric quantities of SiO2 and ZrO 2 were dissolved after 
careful mixing; the quantity SiO2 + ZrO2 represented 
1.34% of the flux mass. The purest available products 
were used; nevertheless ZrO 2 contains up to 470 ppm of 
P, 93 ppm of Fe, 54 ppm of Ca; 24 ppm of Hf, 6 ppm 
of Th and less than 5 ppm of Sm. Spectrographically 
pure REE were usually introduced as oxides, more rare
ly as carbonate, and were accompanied with ammonium 
phosphate in order to take into account the xenotime
type substitution: 
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Zr4 + + Si4 + .=t pS+ + (Y, Ln)3+ [3] 

Calculated REE(PO~ represented 6 % of the quantity of 
SiO2 + ZrO2 introduced in the flux. 

The mixture, placed in a platinum crucible, was ini
tially heated at 1125°C for 48 hours in order to ensure 
a good homogenization, then it was cooled to 900°C 
with a cooling rate of 1 °C/h and subsequently from 900 
to 750°C with a cooling rate of 2 °C/h. Inside the muf
fle furnace, the crucibles and their lids were placed in
side covered alumina crucibles to minimize the volatili
zation of MoO3• 

Undoped and doped zircons (doped with Y and all 
the natural lanthanides, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Lu, with or without accompanying 
phosphorus), were synthesized. Crystals were recovered 
after dissolution of the flux with a mixture of hot water 
and hydrochloric acid. 
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Figure 2. (a) Secondary electron SEM image of a pure 
synthetic zircon displaying {100}, {101}, {102} and 
{112}; (b) magnification of the apex with the different 
pyramids; (c) idealized drawing of a synthetic crystal, 
with the optical orientation. € corresponds to the extra
ordinary refractive index and w to the ordinary refractive 
index. 

According to Dharmarajan et al. (1972), the solubil
ity of zircon at 1200°C in such a flux is only 1.55%. 
The synthesized crystals can reach a maximum size of 3 
mm, as short or elongated {100} prisms displaying 
the {101}, {102} and {112} dipyramids (Figs. 2a and 
2b); the apex of doped crystals is sometimes terminated 
by a reduced pinacoid {001}. An idealized drawing of 
such a crystal in given in Figure 2c. Growth zonation 
and resorption-recrystallization phenomena (these latter 
occurring with inopportune accidents such as temporary 
power failure), similar to those observed in natural crys
tals, were also produced. The complete batch of SiO2 
+ ZrO2 did not entirely crystallize as zircon and 
Li2SiO3 crystals (identified by X-ray diffraction), some
times present as very tiny inclusions inside the zircons, 
were also produced. However, with these growing con
ditions, our crystals usually were clear and of gem qual
ity. Spatially resolved X-ray microanalysis data showed 
that Hf (in amounts from 200 to 300 ppm), Mn, Cr and 
Fe (in amounts of 30 to 50 ppm) were present but were 
homogeneously distributed within all synthetic zircons 
(Remand et al., 1995b). 

Cathodoluminescence spectrometry 

Spatially resolved CL spectrometry was performed 
at room- and low temperature ( - 205K) by means of a 
CL spectrometer attached to a JEOL JSM 840A SEM, 
as previously described by Cesbron et al. (1993) and 
Blanc et al. (1994). The system includes (Fig. 3): 
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Figure 3. Schematic drawing of the CL spectrometer (without the refrigerating stage) used for this study. 
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Figure 4. Response curve of the Hamamatsu R636 
AsGa photomultiplier as a function of wavelength: (a) 
quantum efficiency in per cent; and (b) radiant sensi
tivity in mA/W. 

(a) A cooled stage specially built in the laboratory, 
allowing the sample to reach temperatures near 205K 
when the crystals were deposited on top of a metallic 
specimen holder. Temperatures are measured by means 
of two carbon resistances. 

(b) A retractable aluminum plated parabolic mirror 
placed above the specimen surface; the collected CL 
emission is focused onto the entrance slit of the spec
trometer by means of a silica glass lens as an interface 
between the specimen chamber and the Jobin-Yvon HlO 
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ultra-violet (UV) spectrometer using a concave holo
graphic grating with 1200 grooves/mm. 

(c) A Hamamatsu R636 AsGa photomultiplier with 
a 650 U response curve as shown in Figure 4. 

The wavelength resolution of the spectrometer is 8 
nm for a 1 mm width of the slits and 4 nm for 0.5 mm. 
The analyzed wavelength domain ranges from 200 to 
900 nm. Two instrumental anomalies of the spectrome
ter occur at 500-510 nm and 800-820 nm, respectively, 
the latter being ten times more significant than the first 
one. At the present time, the spectra are not corrected 
for the spectral response function of the spectrometer 
and detector. 

Results 

Undoped synthetic zircon crystals 

Intrinsic CL emission properties: As shown in 
Figure 5, the CL emission band occurring in the UV and 
near visible wavelength region (200 nm < A < 500 
nm) consists of 6 bands, labelled a1 to a6, at 230 nm 
(5.390 eV), 290 nm (4.274 eV), 310 nm (3.999 eV), 
330 nm (3.756 eV), 355 nm (3.492 eV) and 380 run 
(3.262 eV), respectively. For wavelengths greater than 
approximately 400 nm, the CL intensity continuously 
decreases to become constant for A ~ 500 nm. As the 
CL spectra was recorded in an analog mode, no spectral 
decomposition of the partly overlapping bands was per
formed. However, assuming that the emission bands a1-

a6 in Figure 5 are symmetrical with the same width, the 
half-width at half maximum, resulting from the convolu
tion product of the instrumental response function with 
the natural width of these emissions, can be estimated to 
be approximately 0.9 eV. 
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Figure 5. CL spectrum of a pure synthetic zircon, with 
the positions of the emission peaks constituting the in
trinsic band. Analytical conditions: C + Au-Pd coating, 
temperature ~ 205K, electron beam perpendicular to 
(100), c-axis of the crystal parallel to the mirror axis, 
accelerating voltage 35 kV, beam current 1 x 10-8 A, 
and 350 mV full scale of the vertical axis. 

In a strict sense, intrinsic luminescence (or near 
edge emission band or also self-activated luminescence) 
designates the emission resulting from direct recombina
tion of electron-hole pairs through the bandgap of the 
energy diagram of the crystal. The intrinsic lumines
cence consists of an emission band centered at an energy 
hv = Eg, where Eg is the absorption edge of the mate
rial. It is usual to designate all emission characteristic 
of structural defects in the host lattice as intrinsic. 
Peaks ara 6 measured at the surface of an undoped zir
con crystal are also referred to as host lattice emission 
or intrinsic emission. 

Anisotropy of the intrinsic CL emission bands: 
Figure 6 shows that the crystal orientation with respect 
to the electron beam direction and the revolution axis of 
the mirror strongly influences the relative intensities of 
the emission bands on the intrinsic emission spectrum. 
In order to illustrate the anisotropy of the CL emission, 
the crystals were mounted on the specimen holder in ei
ther of the two following orientations: (1) The electron 
beam is perpendicular to the symmetrically equivalent 
(100) or (010) faces, the c-axis of the crystal being par
allel to the mirror axis. This direction, also referred as 
[001), corresponds to the extraordinary refractive index 
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Figure 6. Shape of the intrinsic band of a synthetic 
pure zircon when the electron beam is perpendicular to 
(010); (a) c-axis (extraordinary refractive index e) is 
parallel to the mirror axis; (b) the a-axis of the crystal 
(ordinary refractive index w) is parallel to the mirror 
axis. Analytical conditions: carbon coating, room tem
perature, accelerating voltage 15 kV, beam current 1 x 
10-8 A. 

e: of a uniaxial positive crystal (Fig. 2c). Sometimes, it 
is called the • e-orientation". (2) The electron beam is 
perpendicular to the symmetrically equivalent (100) or 
(010) faces, the a- orb-axis of the crystal being parallel 
to the mirror axis. Both directions, [100) and [010) re
spectively, correspond to an ordinary refractive index w 
of a uniaxial positive crystal. Sometimes, this is called 
the "w-orientation". 

CL spectra in Figure 6 show the difference between 
the CL emissions produced with these two orientations, 
the signal being stronger in the e-orientation (Fig. 6a) 
than for the case of the w orientation (Fig. 6b). When 
turning the crystal by a 20° step around a binary axis (a
or b- axis, parallel to the electron beam), the CL spectra 
showed progressive variations of the relative intensities 
of the emission bands indicating that the luminescent 
emission has a spatial binary symmetry (we also ob
served this "polarization effect" for the case of calcite, 
apatite, etc., unpublished observations). In addition, the 
CL emission has a revolution symmetry around the four
fold c-axis as shown in Figure 7 corresponding to the 
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nm 
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Figure 7. CL emission spectra of a pure synthetic crys
tal sawed perpendicularly to the c-axis and polished. 
The electron beam is parallel to the four-fold axis [001] 
of the crystal and the spectra correspond to two ordinary 
refractive indices (w) with a- and b-axes, respectively set 
parallel to the mirror axis. The CL emission is symmet
rical around [001]. Analytical conditions: carbon coa
ting, accelerating voltage 25 kV, beam current 6 x 10·8 

A. 
--------------------------

CL spectrum measured at 205K at the surface of a syn
thetic crystal sawed perpendicular to the c-axis before 
being polished. For the case of the CL spectra shown 
in Figure 7, the electron beam is parallel to this axis 
{i.e., perpendicular to the (001) face} and the two bina
ry axes were successively set parallel to the mirror axis. 

Relative intensities of the CL emission bands as 
a function of the excitation conditions: The intrinsic 
CL emission bands, measured at 205K, as a function of 
the incident beam current and a 10 keV electron beam, 
are shown in Figure 8 for the case of an undoped zircon 
crystal (possible impurities other than those present in 
the fluxing oxides were not analyzed in the undoped zir
con). The direction of the incident electron beam was 
normal to the (100) face of the crystal. The intensities 
of the CL emission bands were measured as the height 
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F'igure 8. Modification of the intrinsic band shape witl 
the electron beam intensity. Electron beam perpendicu• 
Jar to (100), c-axis (E-position) parallel to the mirro1 
axis, accelerating voltage 10 kV, temperature 205K. 

of the band maximum to the base lines corresponding to 
the CL intensity for wavelengths shorter than 200 nm. 
The intensity ratio Ii30/I290 of the emission bands cen
tered at 230 nm and 290 nm respectively increased from 
0.28 to 0.74 when the beam current was increased from 
1 x 10-9 A to 1 X 10-8 A. 

CL spectra in Figure 9 (E-orientation) and Figure 10 
(w-orientation). illustrate the strong dependence of the 
crystal orientation and the irradiation dose (3 keV < E 
< 35 keVand a constant beam current 1 x 10-8 A) on 
the shape and intensity of the intrinsic bands. In order 
to make the CL emission spectra comparable, only those 
obtained for incident energies ranging from 3 keV to 12 
keV are shown, with the same intensity scale (Figs. 9 
and 10). From Figures 9 and 10 (corresponding to CL 
emissions measured at room temperature) it can be 
seen that the intensity of the peak centered at 230 nm 
was higher for the case of the crystal in the e-orientation 
than that observed when the crystal was in the w-orienta
tion. Furthermore, as shown in Figure 11, the intensity 
ratios 1230 /1290 were higher for the E-orientation than for 
the case of the w-orientation. 
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Figures 9 (at left) and 10 (at right). Modification of 
the intrinsic band shape with the accelerating voltage. 
Electron beam perpendicular to the (100) plane; c-axis 
(E-orientation, Figure 9) and a-axis (w-orientation, 
Figure 10) parallel to the mirror axis. Beam current: I 
x 10-8 A; room temperature. 

REE-doped zircon CL spectra 

CL emission spectra of zircon doped with a single 
REE: CL spectra were measured at room temperature 
and after the specimens were cooled down to approxi
mately 205K successively. No significant changes in the 
shape of the CL emission spectra were observed as a 
function of the specimen temperature but only the inten
sities were found to be higher for cooled specimens than 
at room temperature. Only spectra measured at a tem
perature near 205 K are shown. All spectra were ob
tained at the same excitation conditions, i.e., accelerat
ing voltage: 25 kV; beam current: 1 x 10-8 A; magnifi
cation: x300; and working distance: 25 mm. The zircon 
crystals were directly set with Araldite glue on an alumi
num plate in order to obtain rapid cooling; no polishing 
was performed, the "as manufactured" crystal surfaces 
were carbon coated. As illustrated in the next section, 
the position of the analyzed crystal with respect to the 
directions of the electron beam and the mirror revolution 
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Figure 11. I230II290 intensity ratio for the bands cen
tered at 230 nm and 290 nm as a function of the acceler
ating voltage measured at room temperature and at 
205K. Electron beam perpendicular to (001), c-axis par
allel to the mirror axis, beam current 1 x 10·8 A. 
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axis respectively can have a marked influence on the 
shape of a spectrum; so, all spectra shown in Figure 
12.1 to Figure 12.14 (presented on pages 44-47 for the 
ease of comparisons) were obtained with the electron 
beam perpendicular to the symmetrically equivalent 
(100) and (010) faces, the c-axis of the crystal being 
parallel to the mirror axis ("e-orientation"). 

The CL emission spectra of the REE doped zircons 
in Figure 12.1 to Fig 12.14 exhibit two types of fea
tures: (1) broad emission bands occurring in the UV part 
of the analyzed wavelength domain; and (2) narrow 
peaks whose positions varied as a function of the nature 
of the REE ion being incorporated within the zircon 
crystals. The broad emission band ranging from 200 nm 
to 300 nm is similar to that observed for the case of the 
undoped zircon crystals and is intrinsic in origin. The 
other bands and the narrow peaks of weak intensities 
(but with positions varying with the nature of the doping 
element) are thus extrinsic in origin, i.e., are character
istic of the luminescent REE ions. 

Some ions, such as Y3 +, La3 +, Ce3 +, Nd 3 +, Yb3 + 

and Lu3+, do not display such lines but can give, as 
y 3+, a broad emission band of weak intensity as com
pared to the intrinsic band (Fig. 12.1). 

Only Tm3+ (Fig. 12.12) presents a peak at the limit 
of the visible and infrared (IR) domains but Gd3 +, 
To3 +, Ho 3 +, Er3 +, and Tm3 + present one or several 
well-defined lines in the UV domain, superimposed on 
the intrinsic emission band (Figs. 12.7, 12.8, 12.10, 
12.10, and 12.12, respectively). 

It must also be noted that a small peak, in the range 
495-510 nm, is sometimes present on the longer wave
length side of the intrinsic band, mainly when this latter 
is very important compared to the characteristic lines: it 
can be seen for La3+ (Fig. 12.2a), Ce3+ (Fig. 12.2b), 
Sm3+ (Fig. 12.5), Gd3+ (Fig. 12. 7) and Ho3+ (Fig. 
12.10). This peak is probably due to an instrumental 
aberration or to a 4f transition of an ubiquitous REE 
impurity. 

Influence of the crystal orientation on the REE 
CL emission line intensities: The influence of the crys
tal orientation on the shape and intensity of CL peaks is 
illustrated in Figure 13 for the case of the Dy-doped 
zircon. The two major characteristic CL emission peaks 
are centered near 485 nm and 580 nm respectively. As 
shown in Figure 13 the relative intensities of the 485 nm 
and 580 nm peaks remain in the same order of magni
tude for both orientations of the crystal, i.e., thee or the 
w refractive index being parallel to the mirror axis suc
cessively. Consistent with high resolution CL emission 
spectra reported by Remondet al. (1992) for the case of 
natural zircon containing Dy as impurity, the major CL 
emission peaks at 485 nm in Figure 13 for the case of 
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the synthetic Dy-doped zircon can easily be resolved into 
a triplet with maxima at 475, 485, and 490 nm (± 3 
nm). When the crystal has its ordinary refractive index 
w (a- or b-axis) parallel to the mirror axis (Fig. 13b), 
the intensity of the peak centered at 485 nm is lower 
than that measured with the extraordinary refractive 
index e (c-axis) parallel to the mirror axis (Fig. 13a). 
Furthermore, the three features are better resolved in the 
first orientation than the second one. When the crystal 
has its ordinary refractive index w (a- orb-axis) parallel 
to the mirror axis (Fig. 13b), the intensity of the peak at 
580 nm (consisting of a doublet) is also lower than that 
measured when the extraordinary refractive index e (c
axis) is orientated parallel to the mirror axis. In addi
tion, for the latter case, the two features are no longer 
resolved. 

The CL spectrum of the Eu3 + -doped zircon exhibits 
two major peaks at 595 and 710 nm respectively as 
shown in Figure 14. The shape of the peak at 595 nm 
is asymmetrical. Depending on the crystal orientation 
with respect to the mirror axis, the asymmetry of the 
595 nm band occurs on the long wavelength side (low 
energy side) or on the short wavelength side (high en
ergy side) of the peak. The asymmetry results from the 
presence of two incompletely resolved features labelled 
a 1 and a 2 in Figure 14 with relative intensities a 1/a 2 
varying with the crystal orientation. As shown in Figure 
14 the a 1/a 2 is higher when the c-axis is parallel to the 
mirror axis than for the case of the a-axis perpendicular 
to that direction. The peak centered at 710 nm also con
sists of a doublet marked {31 and {32 in Figure 14. How
ever, the intensity ratio {3/{32 varies as a function of the 
crystal orientation but, in an opposite direction than for 
the case of the a 1/a 2 intensity ratio, i.e., the /3//32 in
tensity ratio is the highest when the a-axis is parallel to 
the mirror axis. These intensity variations lead to an ap
parent shift in the position of the 595 nm and 710 run 
peaks when the occurrence of fine structures is omitted. 

Another example of such an inversion can be seen 
in the Sm3+ spectra (Figs. 15a and 15b). Obviously, if 
a spectrometer does not have sufficient resolution, this 
can lead to discrepancies on the maximum peak position 
if the crystal is randomly oriented as is the case in 
polished thin sections. 

Again, the increase of the CL intensities measured 
for the E-orientation with respect to that obtained for the 
case of the w-orientation is observed when comparing 
the intensities of the peaks at 550, 660, 670, 730 and 
760 nm measured for the case of the Ho3 + -doped zircon 
crystal (Fig. 16). It is noticeable that the intensity of the 
peak at 730 nm varied in such a way that it is no longer 
detected when the c-axis is parallel to the mirror axis. 
All peaks shown on the CL emission spectra of the 
Ho3+ -doped zircon (Fig. 16) exhibit fine structures with 
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Figures 12.1 to 12.14 (on pages 44-47). All the spectra were obtained with the following analytical conditions: carbon 
coating, temperature 205K, electron beam perpendicular to (100), c-axis (extraordinary refractive index E) of the crystal 
parallel to the mirror axis, accelerating voltage 25 kV, beam current 1 x 10·8 A. All the crystals were doped with 
REE3+ + p5+ with the exception ofHo 3+. Figure 12.1. Zircon doped with y3+: (a) vertical axis: 250 mV at full 
scale; (b) 50 mV. Figure 12.2. Zircon doped with: (a) La3 +, 25 mV; and (b) Ce3+, 25 mV. Figure 12.3. Zircon 
doped with pr3+: (a) 250 mV; (b) 25 mV. Figure 12.4. Zircon doped with Nd3+, 50 mV. 
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Figure 12.S. Zircon doped with Sm3+, 50 mV. Figure 12.6. Zircon doped with Eu3+, 50 mV. Figure 12.7. 
Zircon doped with Gd3+: (a) 1000 mV; (b) 50 mV. The peak at 630 nm may be attributed to a second reflection order. 
Figure 12.8. Zircon doped with Tb3+, 25 mV. 
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Figure 12.9. Zircon doped with Dy3+: (a) 500 mV; (b) 50 mV. Figure 12.10. Zircon doped with Ho3+: (a) 50 mV; 
(b) 25 mV. Figure 12.11. Zircon doped with Er3+, 250 mV. The peak marked by an asterisk is probably due to an 
instrumental anomaly. Figure 12.12. Zircon doped with Tm3+ (without p.5+): (a) 500 mV, 1. 10·9 A; (b) 100 mV, 
1 x 10·9 A. 
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Figure 12.13. Zircon doped with Yb3+: (a) 5 V, (b) 
50 mV. Figure 12.14. Zircon doped with Lu3+, (a) 1 
V, (b) 50 mV. 
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Figure 13. Spectra of a zircon doped with Dy 3+ + 
P5 +, showing the fine structure of the emission peaks 
and the influence of the crystal orientation: (a) c-axis 
[001] (extraordinary refractive index e) parallel to the 
mirror axis; (b) ordinary refractive index (w) parallel to 
the mirror axis. Analytical conditions: electron beam 
perpendicular to (100), accelerating voltage 25 kV, beam 
current 1 x 10·8 A, 205 K. 

intensities varying as a function of the crystal orien
tation. The intensities are strongly dependent on the 
orientation, the CL emission is stronger when the crystal 
has its a-axis (w) parallel to the mirror axis (Fig. 16b). 
This is also unusual as the signals in the "1:-orientation" 
are also strong. Not only the "intensity inversion" is 
evident but a small CL peak appears when the crystal 
has its a-axis parallel to the mirror axis (Fig. 16b). 
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Figure 14. Spectra of a zircon doped with Eu3 + + 
p5+ showing the intensity inversion for some doublets: 
(a) c-axis parallel to the mirror axis; (b) a-axis parallel 
to the mirror axis. Analytical conditions: electron beam 
perpendicular to (010), beam current 1 x 10-8 A, accel
erating voltage 25 kV, temperature 205 K. 

The Data Base 

All specimens of either undoped or REE 3 + -doped 
zircon crystals exhibited broad CL emission bands in the 
UV and blue domains. These emission bands must be 
associated with inherent defects characteristic of the ma
trix while the narrow emission peaks observed for the 
case of the REE doped zircons are extrinsic characteris
tic CL emissions. The term intrinsic was used to desig
nate the luminescence involving lattice defects or impuri
ties accidentally introduced during the manufacture of 
the crystal (purity of the starting products, nature of the 
crucible, etc.) and which are different from those specif
ically added to play the role of activator of the lumi
nescence of the crystal. The ambiguity resulting from 
the use of intrinsic emission instead of host lattice 
emission or self-activated emission is discussed in the 
next paper of this volume (Remondet al., 1995b). 

The intrinsic CL emission spectra (Fig. 5) exhibited 
bands centered at 230, 290, 310, 330, 355, and 380 nm. 
The envelope of these emission peaks has a shape very 
similar to that reported by Votyakov et al. ( 1985) for the 
case of X-ray induced luminescence of synthetic zircons 
grown from solution in a melt and under hydrothermal 
conditions. 
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Figure 15. Spectra of a zircon doped with Sm3+ + 
p5+, showing the influence of the crystal orientations: 
(a) a-axis parallel to the mirror axis; (b) c-axis parallel 
to the mirror axis. Analytical conditions: electron beam 
perpendicular to (010), beam current 1 x 10-8 A, accel
erating voltage 25 kV, temperature 205K. 

The peak centered at 230 nm (5.39 eV) labelled a 1 
in Fig. 5 may result from several mechanisms. This 
position corresponds to the weak peak occurring on the 
quantum efficiency and sensitivity curves of the detector 
(Fig. 4). Although an instrumental artefact cannot be 
completely neglected, the peak at 230 nm is significant 
and must be regarded as being characteristic of the CL 
emission of the zircon crystals. This assumption is sur
ported by the change in intensity of that peak as a func
tion of the incident energy (Fig. 11) and beam current 
(Fig. 10), of the temperature and the incorporation of 
the REE activators (Fig. 12.1 to 12.14). For zircon, the 
bandgap is 5.4 eV as reported by Fielding (1970). In 
addition, the 5.39 eV (230 nm) value of the emission 
band a1 in Figure 5, is very close to the measured opti
cal absorption band (Cesbron et al., 1993). Thus, it is 
tempting to relate the emission peak we measured at 230 
nm with the near band edge emission, e.g., the direct 
recombination of electron-hole pairs from the conduction 
band. This value of 5.39 eV for the band gap is close 



CL of rare earth doped zircons. I 

30 
mV 

550 650 

Ho3+ 

25kV 

750 
nm 

Figure 16. Spectra of a zircon doped with Ho3 + + 
P5 + showing the influence of the crystal orientation (fine 
structure, etc.): (a) c-axis parallel to the mirror axis; (b) 
a-axis parallel to the mirror axis. Note the appearance 
of a small peak at ~ 730 nm. Analytical conditions: 
electron beam perpendicular to (010), beam current 6 x 
10-8 A, accelerating voltage 25 kV, temperature 205K. 

to that for diamond which is a semiconductor and a 
higher value should be expected for an insulating silicate 
mineral. A possible explanation is that the observed 
peak centered at 230 nm should be the tail of an emis
sion band occurring at shorter wavelengths which are not 
detected with the photomultiplier used. 

The peak maximizing at 230 nm extends from ~ 
200 nm to ~ 260 nm, a wavelength domain correspond
ing to the emission bands at 255 and 265 nm reported by 
Votyakov et al. (1985) as being impurity related, the in
tensities of these bands depend upon the synthesis con
ditions and the addition of KF, NaF and CaF2 into the 
charge. Li originating from the flux and the residual 
impurities in the ZrO 2 powder used to prepare our crys
tals may play a role in the luminescent centers associated 
with the CL emission bands in Figure 5; the presence of 
pS+ into the flux may contribute to the intrinsic emis
sion bands we observed in the present study. The pres
ence of p5+, added to the flux for maintaining the 
charge balance, leads to a change of the shape and the 
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Figure 17. Influence of the doping elements on the in
trinsic band (200-360 nm): (a) crystal with Tb3+; (b) 
crystal doped with Tb3+ + p5+. Analytical conditions: 
electron beam perpendicular to (100), accelerating volt
age 25 kV, beam current 1 x 10·8 A, 205K, c-axis (ex
traordinary refractive index 1:) parallel to the nnrror 
axis. 

intensity of the intrinsic bands but the positions of the 
CL emission peaks characteristic of a REE 3 + ion remain 
unchanged (at least accounting for the energy resolution 
of the spectrometer used) as illustrated in Figure 17 for 
the case of the Tb3 + -doped crystals. The absence of 
p5+ enhances the intrinsic band, particularly the first 
peak at 230 nm (Fig. 17a) which barely shows up when 
p5+ is present in the melt (Fig. 17b). 

The peaks labelled a2 to a6 in Figure 5 are also 
consistent with data reported in the literature. Lumines
cence emission bands occurring near 290 nm and 350-
380 nm have been reported by Iacconi and Caruba 
(1980, 1984) studying the thermoluminescence of syn
thetic zircons. An emission band centered at 280 nm 
was not assigned by Votyakov et al. (1985) while this 
broad asymmetrical band with many shoulders was at
tributed to the presence of Off groups by Tacconi and 
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Figure 18. CL emission spectrum of synthetic zircons as a function of the synthesis procedure: (a) oryslal prepared 
according to the flux method, and (b) hydrothermal overgrowth around a seed prepared as in (a). Differences in the 
intensities may result from the difference in the nature of the recombination centers. 
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Figure 19. Energy positions of the CL intrinsic emis
sion bands as a function of the interatomic distances for 
a pure zircon. 

Caruba (1977) studying natural and synthetic zircon 
crystals. No IR spectrometry measurements were per
formed on the zircons in the present study. The pres
ence of small amounts of OH- groups cannot be com
pletely excluded, however, the emission band we ob
serve at 290 nm is probably impurity related, inherent to 
the zircon lattice or synthesis conditions. The emission 
bands extending from - 350 to - 380 nm have been 
reported by Votyakov et al. (1985) and related to the de
cay of excitonic states associated with inherent defects or 
impurities such as Ti4 +. As reviewed by Iacconi 
(1995), the bands between 340-380 nm should be specif
ic of the excitation of Si-O-Zr chains. 
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Votyakov et al. (1985) showed that the relative in
tensities of the intrinsic emission bands varied as a func
tion of the temperature of the measurement and the pro
cedure used for preparing the synthetic zircons. The ef
fect of the procedure used on the CL properties was in
vestigated by comparing undoped crystals prepared ac
cording to the flux method as described above with the 
hydrothermally grown crystals (prepared according to 
the procedure of Caruba et al., 1988). The seed was an 
undoped zircon prepared using the flux method without 
the addition of ammonium phosphate. The CL emission 
spectrum of the seed in Figure 18a exhibits the two in
trinsic emission bands centered at 228 nm and 290 nm. 
The CL spectrum for the hydrothermally grown crystal 
in Figure 18b shows a shift of the host lattice emission 
bands towards longer wavelengths with respect to the 
band positions for the pure zircon used as a seed. For 
the hydrothermally grown crystal, the two host lattice 
emission bands were measured at 357 and 388 nm. Dif
ferences in intensities probably result from the nature of 
the defect centers as a function of the crystal growth 
conditions. 

The UV emission is complex and is observed for a 
large number of silicate minerals which all contain 
(Sio 4r groups, but the origins of the various features 
are still in doubt. As shown in Figure 19, the energies 
of the CL intrinsic bands we measured in the present 
study (Fig. 5) are related to the interatomic distances in 
a pure zircon given in Table 1 according to Hazen and 
Finger (1979). This observation in Figure 19 tends to 
support the view that the UV intrinsic emission is a host 
lattice emission resulting from the addition of impurities 
or possibly induced by electron bombardment. The rela
tionship shown in Figure 19 could be used in the future 
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Table 1. Relation between the energies of the "intrinsic band" peaks and the interatomic 
distances (Hazen and Finger, 1979) in a pure synthetic zircon. 

A (nm) E (ev) 

230 5.391 

290 4.276 

310 4.000 

330 3.758 

330 3.758 

330 3.758 

355 3.493 

355 3.493 

355 3.493 

380 3.263 

distance (nm) 

0.1623 

0.2128 

0.2267 

0.2430 

0.2471 5 

0.2491 

0.2749 

0.2810 5 

0.2840 

0.3068 

nature and multiplicity of the bonds 

Si-O[4] 

Zr - 0 [4] 

Zr - 0 [4] 

0 - 0 [2] 1 

0 - 0 [4] 2 

0-0[4] 3 

0 - 0 [8] 4 

0 - 0 [4] 4 

1Edge shared between a SiO4 tetrahedron and a ZrO8 dodecahedron. 
3Unshared edge in a tetrahedron; 

2Edge shared between two dodecahedra; 
4Unshared edge in a dodecahedron; 

5average of two distances. 

Table 2. Positions (A in nm) of the CL emission peaks for the different REE in synthetic zircons. Values in bold char
acters correspond to major peaks; values in italic characters correspond to very weak peaks; values separated by a dash 
indicate that the peaks contain several incompletely resolved features. 

Doping ions 

y3+ 

La3+ 

Ce3 + 

Sm3 + 

Eu3 + 

Gd3 + 

Tb3+ 

Dy3+ 

Ho3+ 

Tm3 + 

Yb3+ 

Lu3+ 

Positions 

none 

none. The peak at approximately 500 nm (490 to 510 nm) is probably an instrumental anomaly. 

none. The peak at approximately 500 nm (490 to 510 nm) is probably an instrumental anomaly. 

595, 620 

none for the analyzed specimen but found at 880 nm in natural zircons. 

575, 610-620, 655-670, 725. The peak at 500 nm is probably an instrumental anomaly 

560, 595, 620-635, 710 (705-710) 

315, 630. The peak at 505 nm is probably an instrumental anomaly. 

385, 415, 440, 490, 550, 590, 625, 655-675-685, 765, 835 

485 (475--485-490), 580 (580-585), 665, 755, 840 

550 (545-550-560), 660-670, 760 

325, 405, 480, 530, 550-560, 620. The peak at 810 nm is probably due to an instrumental anomaly 

290, 345-360, 380, 455-480, 510-520, 580, 650-665, 700, 730, 755, 790-800 

none 

none 
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for a better understanding of the intrinsic emission of 
most silicate minerals. 

According to Monod-Herzen (1966), La, Ce, Yb 
and Lu ions lead to broad emission bands and only the 
Sm, Eu, Gd, Tb, and Dy ions have CL spectra exhibit
ing narrow lines when present either as major compo
nents or present as impurities in the minerals. For the 
case of Pr, Nd, Ho, Er and Tm, the narrow luminescent 
lines are produced when these elements are present in 
small amounts within the crystals. The positions of the 
narrow peaks measured at the surface of the synthetic 
REE doped zircons, in the present study, are reported in 
Table 2. The transitions corresponding to characteristic 
lines of Dy3 +, Tb3+, Er3 + and Sm3+ have been index
ed (Cesbron et al., 1993) by comparison with the ther
moluminescence (TL) spectra of zircons doped with the 
same elements (Jain, 1978; Marfunin, 1979; Iacconi and 
Caruba, 1980; Kirsh and Townsend, 1987). Owing to 
the many transitions between energy levels, the REE 
characteristic spectra are complex and many apparently 
single peaks, are multiplets as previously illustrated by 
Hanchar and Marshall (1995) and by Remand et al. 
(1992) using a CL spectrometer with a higher wave
length resolution than that used in the present study. 

As reported in Table 2, no characteristic narrow 
peaks are observable for Dy 3 + as would be expected ac
cording to Monod-Herzen (1966), or from our previous 
unpublished CL observations of different Nd doped syn
thetic phosphate minerals showing the characteristic Nd 
CL lines occurring near 800 nm. In addition, Nd was 
not detected by means of EPMA or micro-PIXE 
(Remondet al., 1995b) indicating that if Nd was incor
porated within the synthetic zircon, its concentration 
should be below the detection limit of the analytical 
method used. Thus, it is reasonable to postulate that the 
Nd was not present at sufficient concentration to provoke 
detectable characteristic CL emission lines and that the 
observed emission bands on the CL spectra in Figure 
12.4 result from lattice defects rather than being related 
with a REE luminescent ion. Nevertheless, the charac
teristic Nd3 + emission lines can be observed at 811 nm 
and 880 nm (I811/I880 = 0.2) in natural zircons contain
ing Nd at concentration level of at least 900 ppm. 
These emission lines are also present in Nd-doped 
chloroapatites (Ca5(PO4)JCl) and anhydrites (CaSO4). 

Ce3+ is also known to give an emission band in 
several minerals and we observed such a band in Ce3+ 
doped synthetic apatites (350-380 nm) and anhydrite 
(306-327 nm). In synthetic zircons, the maximum of the 
band at 335 nm (see Fig. 12.2) is probably associated 
with the intrinsic emission band rather than with the 
characteristic Ce emission although this element was de
tected by micro-PIXE at concentration levels of about 
400 ppm (Remondet al., 1995b). At such low concen-
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trations, the characteristic CL emission of the Ce doping 
ions is hidden by the intense intiinsic emission band of 
the zircon crystals. 

Conclusions 

Based on the data available in the literature and 
accounting for the instrumental factors and excitation 
conditions, the so-called intrinsic emission extending 
within the UV-blue parts of the spectrum for undoped 
and REE 3+ -doped zircons analyzed in the present study 
can be reasonably associated with defects or impurities 
inherent to the zircon crystals. However, although the 
addition of p5+ ions for preparing the synthetic zircons 
probably have a role in the intrinsic emission, the nature 
of the luminescent centers responsible for the zircon 
intrinsic emission band is still unclear. · 

The comparisons between the observed CL emission 
bands in the present study and the data available in the 
literature are difficult for the following reason: (1) the 
shape of luminescence spectra varies as a function of 
specimen preparation and, even for the same method of 
preparation, large discrepancies may occur between sev
eral crystals originating from the same batch; (2) there 
is a lack available information on the resolution, the re
sponse function and the calibration of the spectrophoto
meters used. As an example, Hanchar and Marshall 
(1995) reported that CL spectra for a synthetic Dy-doped 
zircon, analyzed by nine laboratories, exhibited large 
differences, e.g., the most intense peak was measured 
between 476.3 nm and 489 nm and was described either 
as a single peak or as a multiplet containing eight fea
tures; (3) peak shifts and relative intensity changes may 
occur as a function of the nature of the excitation and 
crystallographic orientation. 

Consequently, the deviations between our observed 
band positions and those reported in the literature may 
be due to the different sources, i.e., electron bombard
ment in the present study, X-ray and photo-excitation in 
Votyakov et al. (1985, 1986), and thermal excitation in 
Iacconi and Caruba (1984). In fact, CL emission can 
result from the excitation by the primary and secondary 
electrons, excitation by the generated X-ray photons 
within the target, by the electrical field resulting from 
charge trapping and by the temperature increase during 
the electron bombardment of the specimen. As a conse
quence, the luminescence yield and the shape of the 
emission distribution will depend upon the preferential 
excitation process within the crystal irradiated by the 
incident electron beam. For the reasons mentioned 
above, the luminescence spectrum of a crystal containing 
several luminescent ions may not be the sum of the 
luminescence spectra of same crystals containing indi
vidual impurities. This is in contrast to the case for the 
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X-ray spectrum of a specimen, which is the sum of the 
X-ray spectrum of each element contained within a com
pound. Thus, the mechanisms of luminescence in crys
tals may lead to complex spectra consisting of many 
bands and/or narrow peaks whose wavelengths and in
tensities depend on overall properties of the mineral 
(i.e., its nature, chemical environment and concentration 
of the ions, point lattice defects, etc.). In addition, the 
experimental data should be corrected for the response 
function of the equipment. 
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Discussion with Reviewers 

D.J. Marshall: Figures 8, 9 and 10 show the variations 
in the spectrum with electron beam energy and electron 
beam current (intensity). How reproducible are these 
results? Are they the same if the data are taken in 
arbitrary order, e.g., 3, 12, 10, 5, and 7 kV versus 3, 
5, 7, 10, and 12; or if the first curve is repeated after 
the others are taken, e.g., 3, 5, 7, 10, 12, and 3 kV? 
Authors: This question relates to the general problem 
of electrostatic charging of insulators and its conse
quence on the reliability of quantitative data derived 
from all signals induced by the incident electron beam. 

The CL intensity measured at the surface of an insu
lator as a function of the excitation conditions can be 
summarized by the following expression: 

where, ib is the incident electron beam current, d the 
beam diameter, t the acquisition time, V the accelerating 
voltage and VO the "dead voltage". The CL intensity 
depends on an excitation threshold VO indicating that the 
radiative charge recombination mechanisms is a function 
of the depth below the specimen surface. By increasing 
the accelerating voltage (i.e., by increasing the electron 
penetration depth), the changes in the relative intensities 
of the intrinsic CL may indicate a variation in the den
sity of defects (created during the crystal growth) at 
different depths. After a measurement performed with 
a particular incident energy value, an electric charge will 
remain trapped within the bulk material. The depth of 
the trapped charge will depend of the incident energy 
used. When experiments are repeated by varying the in
cident energy, the initial trapped charges will differently 
modify the ionization depth distributions. 

We have previously investigated the effects of 
charging in X-ray spectrometry using soft emission 
bands; those results can be reasonably extended to CL 
emission because the microscopic causes responsible for 
electrostatic charging (electron traps within the bandgap 
of the crystal) are the same as those involved in the 
luminescence process. 

The charge conservation law at the electron beam 
spot at the specimen surface leads to: 
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where, lb is the incident beam current, I8 the specimen 
current, o and T/ the secondary and backscattered elec
tron coefficients, respectively, and dQ/dt is the trapped 
charge per unit time. For a conductive material, dQ/dt 
= 0. For insulating materials, part of the incident elec
trons remain trapped and dQ/qt is not zero except when 
a steady stated is reached. For the steady state, dQ/dt 
is equal to zero, but the steady charge Q is not equal to 
zero and an electric field is established inside the insu
lator. While examining a specimen coated with a metal
lic film, the surface potential is zero and no beam dis
placement can occur. However, while the surface coat
ing prevents against surface charging, the charge trap
ping inside the bulk of the sample still occurs and the 
created electric field may be very strong and can reduce 
the depth of penetration of the incident electrons. These 
internal fields increase the electron backscatter coeffi
cient leading to an increase of the ioniz.ation function at 
the specimen surface as compared to that for a conduc
tive material. These effects will modify the shape and 
the intensities on the CL emission spectra, when meas
ured following a high energy pre-irradiation. Experi
mental verification of this explanation is still needed. 

D.J. Marshall: Can you say a little more about why 
the spectra are affected by the intensity of the beam? 
J.M. Hanchar: Is it not possible that the different ways 
in which the zircons were grown could lead to different 
numbers of defects thus leading to variations in the in
trinsic CL emission as pointed out by Votyakov (1985). 
I do not think that the variations in the intrinsic CL are 
due to electron bombardment. I think it would be very 
difficult to tell whether trace element impurities versus 
defects related to the synthesis technique are responsible 
for the UV CL variations. 
Authors: As discussed above, a charge will remain 
trapped at a depth below the specimen surface depending 
on the incident energy. The charge will also depend on 
the incident dose. The intensities of the emitted signals 
will vary when the diameter of incident beam is varied 
or when a rastered beam is used instead of a stationary 
beam. The development of strong internal electric fields 
not only modify the energy loss distribution but will also 
induce migration of mobile ions. Such ion migration 
driven by the internal electrical field modifies the 
surface composition. Beam damage during electron 
bombardment of silicates result in the fonnation of 
oxygen bubbles which escape from the specimen into the 
vacuum [Lineweaver JL (1963) Oxygen outgassing by 
electron bombardment of glass, J. Appl. Phys. 34, 1786-
1791]. The electron irradiation will modify the filling 
of the existing electron traps and/or create new structural 
defects, modifying subsequently the intrinsic CL 
emission bands. 
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J.M. Hanchar: How can the authors rule that some of 
the CL peaks they measured in their REE doped synthet
ic zircons are due to REE impurities in the starting 
materials (either the Zr0 2, or the REE oxides and car
bonates)? I too used spectroscopic grade oxides in my 
synthetic zircon work and I detected oy3 + CL emission 
lines in my undoped as well as in my La, Ce, Nd, Ho, 
Tm, Yb, and Lu doped zircons. The oy3 + peaks were 
very small, but none the less were present in these zir
cons. In other words, have the authors correlated the 
major CL peaks for each REE doped zircon with known 
4f electronic transitions? 
Authors: According to the analytical certificate from 
Johnson Matthey, the Specpure grade REE oxides used 
contain no more than a few tenths ppm of the other REE 
oxides. These small amounts of REE may be sufficient 
to produce very weak CL characteristic peaks. However 
the intensities of these unwanted lines will be low and 
will no affect significantly the shape and the intensities 
of the CL emission spectrum of the major doping REE. 
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