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ABsrRAcr

Qdfrodshmin$cence (CL) spectra from 350 to 800 nm are trnesented for synthetic fluorapatite doped with individuat
rare-earth-element (Ce, Pr, Sm, Eu, Dy, Er) activators. Luminescence peaks in these spectra" together with previously reported
.lat" for Tb, Ho and Tm, are assigned to their particular energy-level hansitions in the crystal field of apatite. CL spectra obt,ined
on REE-do@ silicate glassas reused to determine that the apprroxinale sequence of decreasing relative efrciency in luminescence
of R EE activators in the visible light region is Tb, Eu*, Oy, Sr, n, C", Ho, Tm, and Er. The interpretation of the CL spectrum of
nafiual apatite on the basis of theCT- spectraof apuitedoped with singteREEis deemed simplistic, as an individual REEthatnay
give a strong CL where present as the sole activator may not exhibit significant CL in the presence of REE of gteater efficiency in
promoting luminescence. The CL spectra of naturally occuning apatite results from a subtle interplay of at least three major fac-
to$: the relative concentrafion ofthe individual REE, its relative efficiency in promoting luminescence, and the presence or absence
of elements thaf may act as activators, suppressors or co-enhancers of CL.

Keywords: cathodolumine.scence, spectrum, apatite, rare-earth elements, luminescence efficiency, alkaline rocks.

Sonnuene

Nous pr6sentons des spectres of cathodoluminescence (CL) sur un intervalle de 350 i 8@ nm pour Ia fluorapatite synth6tique
dopde avec une terre rare (Ce, Pr, Sm, Er! Dy et Er) agrssaat individuellement comme activateur. Nous atnibuons aux pics de
Irrminescenc€ de ces spectres, consid6r6s i la lumidre des donn6es pour Tb, Ho et Tm d6jl dans Ia litt€ratue, les transitions en
niveaux d'6nergie approprides pour le shamF crigtallin de I'apatite. l.es spectres CL de verres silicar6s aussi dop6s avec des terres
rarcs servent a ddtermher la sdquence approximative de I'efficacit6 de la s€rie de terras rares i promquvqir l4 Inminescence dans
lar6gion visibledu specfe; las€quence, ddcroi$sant€, seraitTb, Eurr, Dy, Sm, Pr, Ce, Ho,Tm, etEr. Nous croyons quel'interpr€tation
d'un spectre CL d'un 6chantillon d'apatite natrrelle i la lumiB.re d'une sdrie de spectres d'apatite de synthb,se do@ avec une
seule terre rare est plutot simpliste. En isolation, une terre rarc pourrait donner un effet marqu6, qui se trouverait compldtement
masqu6en pr€senced'autres terresEtr€s ayantuneplus grande efficacitddeluminescence. Les specres Cld'6chantillons d'apatite
naturelle r6suhent d'une hterddpendaace subtile d'au moins trois facteurs principaux: Ia coucentra.tion relative d'une terre rare
individuelle, I'effrcacit6 relative de la terre rare en question, et la presence ou absence d'autras 6l6ments aptes d activer, supprimer,
ou renforcer I'effet de CL.

(Iraduit par Ia R€daction)

Mots-cl6s: cathodolilminescence, spectre, apatite, terres rares, efficacit6 de luminescence, roches alcalines.

INTRoDUc"uoN

Apatite is a common host for minor to trace amounts
of rare-earth elements (llEE") in igneous rocks.'Itre REE
replace calcium, and their presence typically results in
strong exftinsic ̂ afhodolrrminescence (CI-) when the mineral
is iradiated by an electron beam @ortnov & Gorobets

1969, Ovcharenko & Yu'ev 1971, Lagerway 1977,
I-eckebusch l99,Huaxin 1980,Mmiano 1978, 1988, 1989,
Durlkin et al. 1994). Apatite from various parageneses
exhibis distinctive CL colors. For example, apatite hosted
by granite typically displays yellow CL, whereas that in
carbonatite shows blue CL (Mariano 1988). On the basis
of the CL spectra of REE- bearing minerals and REEd@
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synttretic compounds, including apatile, the different CL
colors have been correlated with the presence ofparticular
REE activators (Morozov et al. 197O, Marfunin 1979,
Mariano 1978, 1988, 1989, Roeder et al. l98T).However,
the assignme,nt of individual luminescence peaks and their
relative contributions to the CL spectra ofnatural apatite
to a particular activator remain incompletely understood-
Assignment of CL pea.ks o puticular activators by Mariano
(1978, 1988) was based on the CL spectra of synthetic
apatite doped with REE as given byMoromv a aJ. (197O),
Nazarova (1961), Steinbruegge et aI. (1972),and Palilla
& O'Reilly (1968). Onemajorproblemin such assignments
is that individual CL activators have very different
efficiencies in producingluminescence. Thus an activator
may give prominent peaks in apatite doped with a single
REE, but thesepeaks may notbe evident when activation
occun in the presence ofotherREEofgreater efEciency
in producing luminescence. In some instances, sipificant
charge-transfer, crystal-field effects and polarization of
the CL qp€ctnm may play a role in determining the chracEr
of the observed CL spectrum.

With regard to crystal-field effectso the two Ca
positions in the apatite structure at which he REE are
accommodated have distinct stereochemistries. Fleet &
Pan (1994) havenotedthatthe struchualrole of theREE
in apatite remains unclear, as a given REE may be
distibuted over both sites. Furtler,HugSes et aI. (199L)
suggested that La to Pr should prefer the Ca(2) site,
whereas Pm to Sm should occupy the Ca(l) site. Clearly,
the CL spectrum of any activator sensitive to crystal
fields, such as Pr or Ce, will reflect ttre preferential
site-occupancy ofthe activator. These aspects ofthe CL
of apatite are the least studied and understood.

This work presents new data on the CL of synthetic
apatite doped with single REE (Xong 1995) and of
synthetic glasses doped with diverse combinations of the
REE. These dat4 together with insight from previous
studies, especially those of Morozov et aI. (1970) and
Blanc et aI. (1995), are used to review the interpretation
of the CL of naturally occurring apatite and to suggest
directions for future studies.

Expm.nmrrar

Single crystals of fluorapatite containing individual
REE (Ce, La, Pr, Nd, Sm, Euo Gd, Dy, Er, Yb, and Lu)
at the 0.1 wt.Vo (REEzO3 level were grown from a
volatile-rich melt using standard hydrothermal methods,
as described by Fleet & Pan (1995,1994).The maximum
size of crystals was about O.2 x 0.2 x 0.2 mm3. All
crystals were found to be homogeneous by electron-
microprobe analysis, back-scattered electron imagery and
CL petrography.

CL observations in the visible-light region (350 to
850 nm) were undertaken using a Nuclide Luminoscope
@LM-2B), and CL spectra obrained with a Spex 1681B
Minimate spectrophotometer. This instrument is a
0.22-meter, double-dispersion grating spectrometer

conmolledbyaNM-3Ocoryder.All spectrawereobtained
with a beam voltage of 8-10 keV and a beam current of
0.7-0.8 mA. t ow-resolution spec6'41vgrs 6ftained with
5-mm entance and exit slits, whereas maximum sensitivity
and resolution were obtained with 0.25-mm slits. Specrd
of some synthetic glass standards were obtained vrith
0.5-mm slis. Changing from a 5 to aO.25 mm slit width
generates a peak sffi from 594 to 599 mm for the major
Sm+tpeak. Spectrawereobtainedusing afiber-optic probe
1250 pm in diameter and an objective maFification of
l0x, glving a sampling area of 125 pm.

The synthetic REE-doped apatite snmples containing
Ce, Pr, Sm, Eu, Dy, and Er emit chracteristic luminesce,nce
lines orpeaks in the visible spctrum under electron-beam
irradiation. Ia, Nd G4Yb andlu donotexhibitvisible-
Ught CL under the conditions of excitation used in this
study, although Ozawa (l9X)) and Motozov et al. (1970)
have documented ultraviolet or infrared luminescence.
Using an excitation potential of 25kY,Blanc et al.(1995)
have also concluded that ta, Nd, Gd, Yb and Lu do not
contribute sipificantly to the visible-tght CL sp€cfum
of apatite. They also observed that Nd gives a srong line
in tle near-infrared at 875 nm, and Gd produced a very
strong line in thenea-ultraviolet at 313 nm- Unfortunately,
Tb- or Tm-doped apatite that exhibits visible CL (Mariano
1988) was not available for the study by Xiong (195);
however, spectra of such apatite are given by Blanc et
al. (1995), and are discussed below. Blanc et al. (1995)
also demonstrated that U may give rise to very strong lines
at 300 and 336 nm, in the near-ultraviolet and confirmed
the well-known Mn line at 565 nm.

C^crHoDor.ur'fl{Escrr.lcs on REE-DopED ApATrrE

Cerium

Cedoped apatite exhibits light-blue luminescence, and
the CL specnum consists of a continuous I 'minescence
band centered at M0 nmo with trryo small superimposed
pea.ks at 593 and 637 nm (Fig. lA). The ffiere, ce in energy
level between the small peaks is about 0.14 eV.

The absorption and photoluminescence spectum of
synthetic Ce3+-doped apatite reported by Morozov et aL
(1970) consiss oftwo broad ultraviolet absorption bands
aI 240 and 3L0 nm and a photoluminescence broad band
a!42Inm.Incontrast, Blanc etal. (1995) observed avery
strong but poorly resolved doublet at 350 and 380 nm,
with a broad band at about 458 nm (Fig. 1B). The very
weak longer-wavelength peaks observed in this surdy were
apparently absent.

Although the fluorescence of Ce}+-activated compounds
has been investigated for many years (Freed l93l,I-ang
1936, Hendenon & Ranby 1957, Weber & Bieig1964,
Blasse & BriI 1967,Latd et aL l9l), no complete crystal-
field analysis is available. Thus, the observed CL peaks
cannot be unambiguously assiped to particulm electronic
transitions. The fluorescence emission ofCek originates
from a hansition from one or more of the excited 5dlevels
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FIc. 1. (A) CL spectrum of Ce-doped apatite (0.18 wt.Vo Ce2Os). Excitation conditions:
8 kY 0.8 mAn 5-nrn slits. @) CL spectrum of Ce-doped apatite (l wt-Vo CeClt 6H2O)
ftomBlanc et aL (1995). Excitation conditions; 25 kY l0-7 A, 0.5-mm slits.
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to the 2F ground state doublet. Blasse & Bril ( I 967) found
that the positions of Ce3+-induced emission peaks in
activated phosphors is dependent upon the host's
structure. Usually, they lie in the near-ultraviolet for
simple oxides, but may occur in the visible region, where
the 5d level is of exceptionally low energy. Fo1 saamFleo
Ce-doped SrS phosphon exhibit visible peaks, separated
by 0. I 8 eV, at 49 4 aDd 532 nm (Keller I 958). These may
correspond to transitions from the excited states 2Dsa and
zDsrz (2.51 eV and 2.33 eY) to the doubler ground
states 2Fsp and 2F7 p, for he 4f configuration of the Ceg*
ion. The 593 and 637 peaks in Ce-doped aparite, which
differ by similal sasrgiss, also are tentatively assigned

to this transition in tle crystal field of apatite. The
increased wavelength ofthe peaks, relative !o those found
for sulfide phosphors, suggests sigrifisanfly decreased
separation of fhe f4 energy levels in phosphate, 1.e.,
reduced spitting, relative to other crystal fields. In
addition, the low-symrnetry sites occupied by Ce in the
apatite structure (Fleet & Pan 1994) may result in
splitting of the 2D energy level into three levels (Keller
1958), with thebroad band at440 nm resulthg from the
smearing out of the upper two energy levels of the
crystal field into a continuum of average energy
about 2.81 eV. This conclusion supports those of
Blasse & BriI (1967), that the CL spectrum of Ce3* is
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strongly affected by the local crystal-field- Differences
in the spectra obtained by Xiong (1995), Blanc et al.
(1995) and Morozov et aI. (197O) may arise from
different site-occupancies of Ce in the apatite structure
or from defects in the structure, grving rise to intrinsic
luminescence.

Praseodwium

Pr-doped apatite shows brick-red luninescence, and
the CL spectrum consists of a weak peak at 487 nm plus
an intense unresolved band consisting of three peaks
located al592,615 and637 nm (FiC. 2A). There is an
indication of a peak atahot522 nm, but this could not
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Frc. 2. (A) CL spectun of kdo'ped apatite (0.19 wt%o PrzOg) . Excitation conditions; I kY
0.8 mr\ 5-mm slits. (B) CL spectrum of Prdoped apatite (0.3 wtVo hzOg) from Blanc
et al. (1995). Excitation conditions: 25 kY l(F7 An 0.5-mm slits.

be resolved from the backgroun4 even using 0.25 mm
slits. The peak at about428 nm is not a Pr line, but
probably represents a line in the background spectrum
ofthe cold cathode electron gun.

Morozov et al. (1970) reported that the photolumi-
nescence spectrum of Pr- doped apaute consists of
three groups of lines in the blue (450-500 nm), red
(600-710 nm) and infrared (850-910 nm) regions. In
the visible sp€ctrum, our data are in broad agreement
with these assignmentso with the recognition of a
weak band at 450-500 nm, and a more intense band at
600-650 nm, hence tle overall red CL color. However,
we did not observe the lines about 680 and 715 nm
reported by Morozov et al. (1970).
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Wavelength (nm)

Fic. 3. (A) CL spectrum of Smdoped apatite (0.16 wrTo SmzOs). Excitation conditions;
8 kV, 0.8 mAn 5-mm slis. (B) Hieh-re,solution CL spectrum of Smdo@ apatite between
550 and 730 nm, plus tle background spectnrm of output from the cold cattrode electron
Cun (EGB). Excitation conditions: 8 kY 0.8 mA 0.25-mm slits.
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Visible-light specra obtained by Blanc et al. (L95)
are similar in that they observe a poorly resolved
doublet at 601 and 613 nm. Their data differ in that
tley observed a large peak at 488 nm instead of the
weak band found in our study, together with a
significant well-resolved peak at 648 nm (Fig. 2B).
Blanc et al. (1995) also reported a very strong
ultraviolet doubLetat2t+8 arLdn 8 nm. These differences
no doubt arise from the higher excitation potential
(25 k\r) employed by Blanc et al. (1995) (8 kV in our
study).

The Pr3+ spectra are in agreement with those
previously found for a variety of Pr-doped compounds
(Sayre er al. 1955, Sayre & Freed 1955, Dieke &
Crosswhite 1963, Gravely 1970, Dornauf &Heber 1979,
Mariano 1988). However, Pr spectra show significant
crystal-field (Ftg. 2) and columinescence @ornauf &
Heber 1979) effects, which together may result in

significant differences in Pr spectra and relative
intensities ofpeaks in different hosts.

Intense luminescence peaks of Pr3+ in the red region
may be assigned to transitions between the two lowest
energy-levels 3F and 3H, and the upper levels 3Po,r and
rDz in the 4f2 configwation (Dieke & Crosswhite
1963, Dornauf& Heber 1979). The transitions from the
lowest ground-level 3H4 to the upper P and D levels are
represented by the weak band and strong peak at
487 nm and 592 nm, respectively. The higher-wave-
length peaks at 615 and 637 nm represent transitions
emong the r4 and 3Fz and 3Po,r levels, respectively.

It is important to note that although the major
luminescence-induced peaks for Pr3* are coincident
with those of Sm3+, the two elements may have very
different efficiencies in producing luminescence
(see below).
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Samarium

Smdoped apatite exhibits an orange-red lumine.scence.
The low-resolution spectrum collected v/itlh 5-mm slits
consists of four groups of bands located approximately
at 558,594,639 and 701 nm (Fig. 3A). Using 0.25-mm
slits, these bands may be partially resolved into groups
of discrete peaks accompanied by a wavelength shift of
5-6 nm (FrC. 3B).

The luminescence band at 558 nn (5-mm slits) consists
of three low-intensity peaks at564,566 and 571 nm. The
most intense band at 594 nm (5-mm slits) consists of three
lines, at 599,607 and 6L7 nm. The band at 639 nm
(5-mm slits) consists of two lines at 645 and 635 nrn" and
the weak band near the infrared at 701 nm (5-mm s1i15;
consists of two very weak peaks, at706 and7l2nm.

Our spectrum of Sm-activated apatite is similar to
specfa obtained by Marfiuin (1979) and Morozov et al.
(1970); these consist ofnumerous narrow lines distributed
in groups at 95-560, 58545, 635-655 aud 720-750 nm
The relatively low-resolution spectrum of Sm-doped
apatite reported by Blanc et aI. (L995) does not differ
significantly from that obtained in our study; although
they reported aweak peak superimposed on abroad band
at 803 nm. Their study, the present work and the spectra
of Sm-activated phosphors (Ozauta 1990) demonstate
that the most intense peak of Sm3+ is always the
highssl-slsrgy peak (ranging from 594 to 608 nm) ofthe
59M20 nm regton. In conhast, Morozov et al. (1970)
indicated that the most intense peak of Smr+-activated
apatite lies at about 650 nm. The discrepancy is due to
the differing modes of excitation employed in the different
investigations.

The I'minescence of Sm3+-activated apatite resuls
ftom aplethora of/-/electronic transitions.Axe & Deke
(1962) and Wyboume (1962) noted that the 73 multiples
of the Sm$ 4/F5 configuration giverise o 198 energy levels
through spin--orbit interactions. As the positions and
intensities of the luminescence lines in apatite are very
similar to those found in Sm-doped LaFg and LaClt
@ast et al. 1967, Magno & Dieke 1962), and samar.ium
phosphate gtass @arok et aL I 99), it is possible to id€ffiry
approximately the electronic transitions giving rise to the
apatite CL spectrum. Sm-doped LaFg in particular
provides a useful guide to transition assignment, as the
site symmetry of Sm is similal 16 that of Sm replacing
Ca in apatite. In general, luminescence due to Smh is
associated with transitions ftom the +G and aF excited
states to the ground state 6H multiplet. Unfortunately,
posnrlated energy-levels are numerous and closely spaced
(Magno & Dieke l962,Rastet a/. 1967). Thus transition
assignments are not simple, and are not unambiguous
when pronounced crystal-field effects may be present.

Bearing the abovecomments in mind, thehigh-energy
group of lines at 564,566 and 571 nm (0.25 m- slits)
may be assigned to fansitions from aGsnta6Hsn,4Fsn
and{ry nta 6Hgn, respectively. The intense peak at 599 nm
(0.25 mm slits) is probably due to the aGsn to 6Htn

transition" with the associated peaks at 607 and 617 nm
(0.25-mm sliS) being due to fiansitions from aRrz to6Hgn
andaCqnto6Hnn respectively. T\e @5 and 655 nm
lines (0.25-mm slits) may result from aG5pto6H912
transitions, and the weak low-energy peaks at 706 and
7l2nm (0.25-mm slis), from transitions ftom aGsa to
6Hrra (Farok et al. L992).

Europium

Eu-doped apatite typically shows very bright light-blue
luminescence. Some crystals observed in this study
initially showed a light vislsl-flus lrrminescence which,
after prolonged electron-beam irradiation, changed to the
more common light-blue color. The Clspectrum obtained
using 5-mm slits consists of three relatively weak, low-
energy narrow pea.ks (587, 612, 694 nm) and ahigh-energy
broad peak centef,ed at 450 nm (Frg. 4A).The intensity
of this broad peak is inversely proprtional to the duration
of electron-beam irradiation. Higher-resolution specta
@ig. aB) obtained using 0.25-mm slits resolve the most
intense single band at 612 nm (5-mm slits) into three
lines, located at 615, 619 and 622 nm. The band at 587
(5-mm slits) can be resolved into tbree lines at 589, 592
and 596 nm. The band at 694 nm (5-mm slits) consists
of two weak peaks, at 697 and 7O2 nm.

Eu-doped apatite studied by Morozov et aI. (I97O)
shows strongly polarized red photoluminescence asso-
ciated with peaks in the 60-650 nm region. The srgnificpnt
difference in hrminescence color with respect to that
observed in rhis work stems frominability of the mercury
lamp used by Morozov et al. (1970) to stimulate the strong
high-energy transition at450 nm observed with electron
irradiation. The spectrum of Eu-doped apatite reported
by Blanc et al. (1995) is similal to that we obtained, in
that four peaks may be recopized; however, this spectrum
differs in that the peak at 45 1 nm is the only strong one.

Interpretation of spectra obteined from Eu-activated
apatite is complicated by the fact that Eu may occur as
the Eu2+ or Eu3+ ion. Although the lnminescence sp€ctra
of both ions are produced by the same type of f-f
transitionso they are quite different, as the Eu2* ion
produces a broad emission band in the blue region, and
the Eu3* ion gives a series ofnanow peaks in the redregion
(Marfunin 1979). Apatite containing Eu in both valency
states consequently exhibits complex spectra (Mariano
& Ring 1975, Roeder et al. 1987 , Mariano 1988, 1989).
Synthetic apatite that contains exclusively Eu2+ or Eu3+
has apparently not been synthesized, and even that
crystallized underlow fugacity of oxygen show CLpeaks
4* 1o gu+ (Mariano 1988, Roeder et al. 1987).'I.bre qafite
studied by Blanc et aI. (1995) was synthesized under
reducing conditions and, from the character of its
spectrum" must contain predominantly Eu2+.

Roeder et al. (1987) and Mariano (1988) atnibuted
Clpeaks at585-590,6I3-615 ,&\ 690-7(X) nm to Eu3+
activation, and the band at 450 nm, to Eu2+ activation.
These assignments were verified with CL spectra of



Eudoped glasses fomedmdervaryingfugacities of oxygen
(Roeder et al.1987). These data demonstrated that
decreasingfugacity of oxygen is accompaniedby increasing
intensity of the blue band at 450 nm with concomitant
decrease in intensity of the peaks in the red region.

The Eu-doped compositions of apatite synthesized in
this work contain only Eu2O3 in the starting materials.
However, no attemptwas madeto control oxygen fugacity
during the synthesis. The CL spectrum demonstrates that
reduction of much of theEu to the divalent staJe occurred
during synthesis, as the peaks may be assigned according
to the suggestions ofRoedereraL (1987). Consequently,
the CL spectrum is similar to ttrat of synthetic Eu-doped
apatite illustrated by Mariano (1988).

The luminescence lines of Eu3+ of apatite are similal
to thosefound in Eu-doped oxides, halides andphosphors
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@eSbazer & Deke l963,Brecher et aL L967 ,Ropp L9&,
Ozawa 1990, Toda et al. L997). The Eu3+ ion in the {f6
configuration has I 19 multiplets, which yield 295 energy
states through spin--orbit interaction. In this configuration,
Euk has three low-energy excited states 5D; (l =O,1,2)
and a ground-state multiplet Ti, consisting of seven
spin-orbit states 0 = G{) @ieke & Crosswhite 1963).
The luminescence lines of Euh in apafite may be identified
by comparison with the energy levels observed in
Eu-doped REE halides. The weak line at J$Q nm can tre
assigned to the transition from lowest excited state.The
lines from 589 to 596 nm probably reflect sDo to Tl
transitions. The lines from 615 to 6L9 are generally
assiped o the 5Do to Tz transition. The 7Fz level consiss
of tbree nondegenerate (Ar, Br, Bz) and one degenerate
(E) sublevels @recher et al. 1967). T\e Bz and E levels
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Ftc. 4. (A) CL spectrum of Eu-doped apatite (0.14 wt,Vo ElzOg). Excitation conditions:
8 kY 0.8 mr{,s-mm slits. (B) High-resolution spectrum of Eudo@ apatite from 550
to 730 nm, plus the background spocrum of output from ths s6l6 sathode electron gun
output @GB). Excitation conditions: 8 kY 0.8 mA,0.25-mm slits.
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Flo. 5. (A) CI- spectrum ofDy-
doped apatite (0.12 wtqo
DyzQ). Excitation condi-
tions: 8 kY 0.8 mA,5-mm
slits. (B), (C) and (D)
High-resolution CL spec-
tra of Dy-doped apatite i!
the 440-510 nm, 54G-
610 nm and 620-78O nm
regions, respectively, plus
the background spectrum
of output ftom the cold
cathode electron gun
(EGB). Excitation condi-
tions: 8 kV 0.8 mA,
0.25_mm slits.

(B) 4Bl M

(C) E7E 578

Wavelengilh (nm)
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are an elechic dipoleand havebeen identifiedby Brecher
et al. (1967) asthe 5Do to Tz transition of Euh in YVOq.
This dipole shows apolarized componentalong the c axis
al 615.5 nn and a perpendicular component at 619.4 nm.
Transitions to the other two sublevels are optically
forbidden. In our studies, most of the Eu-doped apatite
grains were oriented parallel to the c axis, and the
spectra are obained with the emited light propagaed nearly
perpendicular to this axis. Thus the spectra reveal the
nondegenerate transitions, which show a higher intensity
at the 619 nm line than at the 615 nm line. The line at
622nm may represent the 5D1 to T+ transition, whereas
the lower-energy peaks at697 and 7(D may represent sDe
to Fa.

The intenseband at450 nm could notbe resolvedusing
the 0.25-mm slits. As the intensity of this band exhibits
time-related decay, it is attributed to either a perturbed
energy-level ofthe activator (Rop'p 1964) orEuz+ !o Eur*
charge-transfer interactions (Ozawa 1990).

Dysprosium

Dy-doped apatite exhibits a light creamy yellow
luminescence. The CL spectrum at low resolution
consists of fornbands ceintrred at47 5, 57O, 657, and7 46 m,
(Frg. 5A). Higher-resolution spectra show that the band
at 4'15 nm (5-mm slits) is resolved into four Dy-related
peaks located ar 457 ,476,481 and 4M nm (Fig. 58) plus
two peaks aUributed to cathode-ray-tube output at 465
and47l nm. Figure 5C indicates that the peak at 570 nm
(5-mm slits) is resolved into three Dy-related peaks at
575, 578 and 595 nm. The shape of the high-energy
shoulder of the 575-578 nm doublet suggests that a
firther unresolved peak exiss at about 570 nm. The weak
peak at 560 nm is a line due to electron-gun background-
Figure 5D shows that the peak at 657 nm (5-mm slits) is
a doublet (660,667 nm), and the one at 746 nm (5-mm
slits) is a hiplet (751,755,760 nm). These penks may
be enhanced by lines due to electron-gun background
in this region of the spectrum.

The spectrum of Dy-doped apatite obtained in this
work is similal to the photollminescence spechum of
Dy-activated apatite obtained byMorozov et al. (1970),
and is identical to the low-resolution spectrum obtained
by Blanc et al. (1995) after instru:mental peak-shifts are
taken hto accounl The Morozov et aI. (1970) spectrum
consists offive groups oflines in the wavelengths ranges
of 47G-5fi),57M00, 650_7m,75H00 and 850 nm.
SimilarCI-spectrahave been observed forDydopedYVOa
l-azOs andl-azO2S (Ozawa 1990). The CL spectra of the
latrer two compounds contain lines at 57O-571 nm.

Mariano (1988) notedthatthe majorDy lines in apatite
occur at 480 and 575 nm, ia gilgral agreement with this
work. Importantly, the major Dy line at 570 nrn is nearly
coincidentwiththe 558 nn Smline. Figures 8.5 of Mariano
(1988) demonstrates that these peaks may not be resolved
in low-resolution spectra. The efficiency of activation for
these two ions has been found by Buchananet al. (1967)
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Frc. 6. CL spectra of (A) Tb-doped apatite (0.1 wt.qoT@z),

@) Hodoped apatite (1 vrt.Vo HozOz), (C) Tm-doped
apatite (lEo Tmzog). All data from Blanc et al. (1995).
f,lsitatisn conditions: 25 kV, 10-7 A,0.5-mm slits.

to be approximately the same in YzOr.
Interpretation of theluminescence of theDyh ion in

the4f configuration is complicated by the large number
of energy levels present in the ground state and lowest
excited-states multiplets (Crosswhite & Dieke 1961,
Wybourne 1962, Crosswhite & Moos 1967). Tentative
assignments suggest that the 476 and 481 nm lines
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reflect transition from the lowest-energy excited
level aFgp to the lowest ground-state level 6H1572.
Peaks at 575, 660, and75L nm may be assigned to
fiansitions from aFgn or 6F tn to 6HBn 6Hw and 6Hgn
respectively. These ground-state levels must be
composed of non-degenerate sublevels to account for
the presence of the doublets and triplet observed in the
high-resolution spectrum. Peaks at 457, 484, 578 and
667 nm are wide and ditfrrse, and reilresent emission
from the higher Stark components of the electronic
levels I, L, T, and O.
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Flc.7. (A) Clspectrum of Erdoped apatite (0,@ wLVoErzO3). Excitation conditions: 8 kY
8 mA, 5-mm slits. (B) CL spectrum of Er-doped apaate U.5Vo (2NaCl + ErzOs)l after
Blanc et al. (1995). Exciation conditions: 25kV, l0-7 A, 0.5-mm slits.

Terbium

The CL spectrum of Tb-doped apatite (Fig. 6,4')
obtainedby Btanc et al. (1995)is in broad agreementwith
the photoluminesce,nce (PL) spectra reported by Morozov
et al. (1970), with a group of lines at354425 nm and
a strong line at about 545 nm. These correspond to
transitions from the excited states 5D: and 5D+ to the Fo
and 7F5 ground-state multiplets, respectively (Hayakawa
et al.1996). The states 5D: and 5D+ are separated by an
energy gap of about 5600 s6-1, and which is similar to



that observed in Tb-doped LaCl: and CaF2 @ieke &
Crosswhite 1963, Marfrmin L979).Morozav et oL (L97O)
noted that the PL specffa of Tb-doped apatite are
polarized. Hayakawa et aJ. (1996) have also demonstrated
significant concentration-quenching effects upon
transitions involvingthesDi to T5 multiplets at 540-550,
560-580 and 610-625 nm.

Holmiwn

The spectrum of Hodoped apatite @ig. 6B) presented
by Blanc et al. (1995) consiss oftbree weak peaks af 652,
545 and 354nm superimposed upon ab,road band centered
at about 5fi) nm. The strongest peaks at 652 and 545 can
be ascribed to transitions from 5Fa and sF5 to the ground
state 5Ie (Farok et al. 1996). As the luminescence effi-
ciency of Ho in apatite is very weak, even the strongest
peaks cannsl be expected to contribute significantly to
the spectra of nahral samples conreining more efficient
activators, such as Sm or Eu.

Erbium

Erdoped apatite exhibits light+lue hrminescence. The
spctrum consists of asinglebnoad band centered at about
!'-!ff nm (Frg. 7A). This spectrum is very simitar to that
of Ce3+doped apatite @g.1), butlacks any well-defined
low-energy peaks.

Sp€cha of Er-activated apatite obtained by Morozov
et al. (1970) show no visible or infrared photolumines-
cence. In contrast, Blanc et al. (1995) observed five
well-resolved peaks at 3I9, N2,471, 527 and 552 nm
(Fig. 7B). The absence of discrete Era+ fines in our speclrum
and that of Morozov et al.(1970) is surprising, given that
sharp lines are found in phosphors in the 350-400 and
5fi)-6@ nm regions (Ozawa 1990), Er-activared CaWOa
(Van Uitert & Johnson 1966') and Erd@ gla$ses (Ianabe
et aL 1995).Their absence in our study is no doubt related
to the poor efficiency of hrminescence induced by Er;
we conclude tha.t the transitions responsible forthese lines
are notactivated atan operatingvoltageof 8 kV. Thepaks
at552and577 obse,lved by Btanc eL (1995) are arributable
to aS32 atd, zHtn transitions to the al6p ground state
(Iianabe et aL 1995).

Thulium

Photolnminescence @Iorozav a aI 1970) anrd CL qpectra
(Fig. 6C) of Tm-doped apatite presented by Blanc et al.
(1995) consist ofstrong lines in the blue region (351,36L,
454,475 nm) and tbree groups ofvery weak bands in the
orange-redregion (centered at650 and 800 nm). Thelauer
represent transitions from lDz to 3lI+ and 3Fz, and from
rG4 to 3fk, with the strong lines at454 and36l nm being
due to the 1D2 to 3F4 and lDz to 3[k transitions, respec-
tively (fanabe et aI. l995,Ozawal99o,Morozov et aI.
1970). The luminescence efficiency of Tm is weak
relative to other rare earths, and the strongest lines in the

REE-ACTryATED CATHODOLI,JMINESCENCE IN APATTTE 989

blue region may be exp€cted only in apatite rich in the
heavy REE.

Luvu{escmcs Erncmrcy - CATr{oDoLr.JMINEscENcE
Spnqre on GrrlssEs

The luminesceirce efficie,lrcy of theREEactivators vmie
considerably, with the REE at the midpoint of the lanthanide
series exhibiting the most intense activation in the visible
and ultraviolet regions. [n contras! the light and heavy
REE are the most intense infrared emitters @uchanan et
al. L967). The efficiency sf lrrmin65ssnce for the indi-
vidualREEin aparticulrhostcan bemeasuredin synthetic
materials where only one of the REE occurs at a fixed
concentration.

However, these data may not be entirely relevant to
natural minerals in which the REE occur as a coherent
group, with wide variation in theirrelative concentrations.
Whereas a single REE in a specific host may function as
an activator, in the presence of other REE it may serve
eitheras a sensitizer, transferring abso,rbed excitation-energ5r
to another activator, with or without itself emitting
luminescence energy @.g., Gd enhancement of Eu
fluorescence: Dornauf & Heber 1979), ot itmay quench
the emission of anotherREE, (e.g., Er quenching of Nd
fluorescence: Pelletier-Allard et al.1994). There is also
the possibility that REE present in high coacenmtions
may exhibit self.quenching; for example, the silicaie apafite
NazPreSioOzaF2 synthesizedby Ito (1968) shows no CL
(Mariano, unpubl. data).

A good test for estimating the relative efficiency of
Iuminescence of the REE can be made by measuring the
CL spectra ofsynthetic silicate glasses conraining equal
amounts of REE As we consider batthe relative efficie,ncy
of luminescence is essentially site-independeng we believe
that these data are directly relevant 1o aa understan.ling
of REE-activated CL in apatite and other luminescent
minerals.

Figure 8 shows CL spectra of two REE-bearing silicate
glass standards synthesized by Roeder (1985). The specta
in Figure 8A, for glass containing 800 ppm each of the
REE(I-a-Lu), show Cllineemissions only forTbsr, Eulr,
Sm3+ and Dy3+. All otherREE are not activated. Terbium
shows the higbest effrciency followed by Eu, with Sm
and Dy having lower and similar efficiencies. The poor
resolution in the area between 550 and 590 nm is a result
of the coalescence of line emissions from Erl Dy andSm-
The spectrum of glass containing I wt.Vo eachof the REE
(Fig. 8B) differs significantly in that the Tb emissions
in the blue part ofthe spectrum are absent, and the Eu
peak is greatly enhanced. We suggest that the higher
concentrations of Tb may give rise to incipient self-
quenchingo and that Eu emission is enhanced by charge
transfer from non-luminescing activators.

Spectra for four REE-bearing Ca-Al silicate glasses
prepared by D.L. Hamilton (University of Manchester,
U.tri) are illustrated in Figure 9. h these glasses, the REE
occur at the 4 wt.Vo level, and fortuitously, each of the
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1.19E{2

3.46E-03

REE activators that are the most efficient emitters are
isolated from each other. The spectrawere obtained under
the sme experime,ntal conditions m4 the,lefore, therelative
efficiency of luminescence can be directly observed. Tb
is the strongest emitter, followed by Eu3+, whereas Dy
and Sm are less efficient. Figure 9C shows that there is
only minor luminescence from the major line emissions
of Pr and Er, which demonstra.tes that compared to Sm,
Eu, Dy and Tb, these elements are relatively weak CL

550

Wavelength (nm)

FIc. 8. CL spectra of silicate glass standards containing REE, prepared by Roeder (1985).
(A) Glass 5-253 with La-Lu each at the level of 800 ppm REE. (B) Glass 5-254
with La-Lu each at the level of l.O wt.Vo REE. Excitation conditions: 5 kY 0.9 mA,
0.5-mm slits.

activators. This is important, given that the major lines
of Prand Sm are of simitarwavelength. NotethattheTb
lines of shorterwavelength than 570 nm shown in Figure
9D are virtually identical to those in Figures 6A and 8A
and to those found in a variety ofTb-doped synthetic
tungstates, fluorides and phosphates (Ozawa 1990); thus
Tb-induced CL seems to be essentially independent of
the crystal fields, but may be dependentupon concenffafiotl

Finally, another four silicate glasses p'repared by Drake



(A)

GerHorEurTm

REF-ACTryAtrED CATHOMLUMINESiENG INAPAIITE 99l

I

6
CLg

e
I
o
c
;
E
o
E

a
o

a
6
Co
E

;
E
o
E
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4.0 r,t % level Lumircscence efficiency deucascs h the ordcr Tb, Eu3i, Sn, Dy, Pr, Er. Excitation conditions: 5 kV, O.9 tnA,
O5-mm slits.
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Waveleryfi(nn)

& Weill (1972) provide an informative cmlnrison wift
those preparcd by llamilton; although the nEEoccurat
appmxinately the same level of concentration, they are
present in I diff€rent combination The spectra illustrarcd
in Figurc 10 show ftat th€ luminescence efficie,ncy for
the REE activaforc is essentially in the same order as
determined fum Hamilton's gless6s. Howeve4, Figure
l(E shows that prominent Pr fakr, togetrer with a
tt"11ge3+ pnah areevident in glass REHI, whictdm
not contain any of the efficient REE activators. Thse
observations indicafe thst where Pr sr C-e acur in the
presence of wch activators @gs. 8, 9d K), ftcy cannot
contribute significantly to the CL specEum.

Amrc,cfiou ro Neruniurv Occunnngc ApAf,Itl

The strdies of Xiong (1995) and Blanc eraI.(l9t
demonstrate that the CL spectra of REE-activated
synthetic apatite in the visible to near-infrared region
nay contain peaks and bands rcflecting the presence of
Ce, Pr, Sm" Eu2+, Eu3+, G4 Tb, Dy, Ho, Er and Tm" The
wavelengths of the majm emission lines and bnnds are
listed in Table l. Naurally occurring apatite displ,ays a
very wide range of CL colors, but not all of the emission
lines possibte ae evide,nt in theh CI- spec'tra" Rnthermorq

tto

Wavebryh{nm)

TABI.B I. CL CflARACTERFTICS OF APATTTE
OVER.TIIE IIiITERVAL 33{lflIl u

W@th ACiElr WNegA Acire
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3ff1
381
4rn
43t
&
lJtt
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{,4
4gt
,m
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,45

r5r

CE
Co
Tb
(E)
Tb
cc(&)
Elf
(E)
Tb
Dy
Pr
rt
0lo)
Tb
Sd

56lt@ lttr
575 Dy
8t Ef
W P r
93 C€
594 h
5t2 Ef
615 Pr
637 Pr'
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@4 Ed*
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A[&EE@!F E! @@ikcdto betitdEtlE lte
Gtit'd3 th brc r vsy pd eirry iu FG.aiog
him ofucd io pqrds. .: Ek lb a
hd&

mny of the *pe4ks" in the apatite CL spectrum are in
reality compoeite bmds.

Mariano (1978, 19E8, 1989) has demonstrated thnt
the diverse CT- colon of nanrally ccudng apatifeftflect
differing proportions of CL activators. tn addition to
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Wavelength (nm) Wavelength (nm)

Flc. 10. CL spectra of REE-doped Ca-Al silicate glasses prepared by Drake &Werll (1972). Glasses contai-n each REE at the
4.O - 4,46 wLVo level. Luminescence efficiency decreases in the order Tb, Eu}, Dy, Sm. Pr, Ce, Ho, Er. Note that although
Drake & Weill (1972) repned Eu in glass REE| as EuO, the CL spectrum shows only gu3+ peaks. Excitation conditions:
5 kV,0.9 mA,5-mm slits.

the REE, he has also shown that Mn is an imFortant
activator, and its presence results in a single peak located
at 565 nm. This peak is close to the 540, 558, and 570 nm
pea.ks ofTb, Sm and Dy,respectivelt andmay completely
mask fhese lines if theseREE ae p'resent in small quantities.

The dlafa obrained in the present study and by Blanc
et al. (195) ndtcafe flat the peak assignments suggested
by Mariano (1978, 1988, 1989)for REE-activated apatite
are assentially correcl However, t"king into consideration
our data on the relative efficiency of luminescence of REE
activators, we propose thatthe CL spectrum of a particular
naoral sample of apatite results fromthe subtle interplay
of a lea* three major facOn: ( 1) the reliative concentrations
of the individual REE, (2) the relative efficiency of
luminescence of the REE present, and (3) the presence
or absence of other CL activators (e.g., Mn).

It is particularly important to note that some of the
most efficient CL activators that may be present in very
low concenffations are tle dominant contributors to the
CL spectrum. Furthermore, our studies suggest that Ce
and k may play a role in the generation of the overall
C:lL spectum only where more efficient activators are not

present. Thus Blanc et al. (1.995) have demonstrated
the presence of the strong Ce peaks at 350 and 380 nm
in several natural samples of apatite originating from
light-REE-rich envhonments.

h is enriched in many samples of apatite compulred
to Tb, yet emissions lines attributable to Pr are typically
apparently absent. It is possible that the 564+ peaks at
593 and 639 plus the Eu3+ peak at 612nm may be
enhanced by the PF+ tiplet located t5V2,615 and637 nm"
However, therelativeintensities of theEu and Smpenks
are expected to be far greater than those of Pr owing to
their relatively greater efficiency of luminescence. The
presence of Pr peaks could perhaps be revealed by
spectrum-stripping methods. However, we oonsider that
the application of such methods to CL spectra of apatite
is premature, given that the nature of its CL activation
remains incompletely understood (see below), and hlines
in particular are subject to significant crystal-field effects.

Mariano (1978, 1988, 1989) has provided detailed
interpretations of the spectra of blue and yellow apatite
from carbonatites and granitic rocks, respectively. Here,
we present spectra for apatite ftom the Coldwell alkaline

(B) 
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Sm,Nd "T*

REE 3
Y,LarCe,Pr
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REE 4
DyrHo,Er
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Flc. 1 1. CL spectum ofpink-violet-luminescent apatite in ferro-augite syenite from Center
I of the Coldwell alkaling ssnrplgx. Excitation conditions: 10 kY 0.8 mA, 5-mm slits.
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complex and from anAustralian lamproite, which differ
in some respects from previously published spectra of
apatite.

Apatite from the Coldwell alkalinc complex

The Coldwell alkalins se6plsl gontains bothA-type
oversaturated alkaline and peralkaline syenites and
undersaturated nepheline syenites Mtchell & Plaftl9g{').
In most cases, the apatite in the oversaturated rclcks from
ferro-augite syenites ofCenler I is shongly zoned and
exhibits a distinctive pink-to-violet luminescence (Xiong
1995). Most of these syenites exhibit relatively flat
patferns of whole-rock REE distribution, with a simificant
negative Eu anomaly Mrchell & Platt 1994). Patterns
of REE distribution for apatite or other REE-bearhg
minerals in these rocks have not yet been determined.

Figure I I illustraJes a t)?ical spectrum ofpink-violef
luminescent apatite from feno-augite syenite containing
abtft2wt.Vo total (REE)zOz. The CL color arises from
the p're.sence of a broad band at 375-550 nm, coupled with
poorly resolved complex peaks cent€red at about 59O, gO
and @0 nm. These data may be interpreted as follows:
the blue portion of the spectrum consists of a broad band
due to Eu2+ and Ce activation, with a superimposed Dy
peak Intinsic activation may also *aai6ute to this prtion
of the spectnm- The region from 550 to 575 nm may reflect
Mn activation; however, this region forms a continuum
with thelonger-wavelength portions of the blueband and
the shorter wavelengths of the adjacent higher-energy
REEdominated band at 590 nm. Conventionally, the peaks
at about 570 and 594 nm contributing to the continuum

are interpreted to represent Dy and Sm activation, but the
shape ofthe peaks, particularly the low-energy shoulder
of the Sm peak" indicates clearly that other components
may be presenl Possible peaks include those ofEuh and
Pr, although the latter is considered unlikely, given is
low efficiency of luminescence relative to Eu. However,
note that in this specfum, it is impossible to identify
conclusively any peaks due to Euh; theseareundoubtedly
present, but are not resolved. Although Ce is the dominanl
REE (ca. I wt.Vo CezO:) in this sample of apatite,
activation by Ce is not evident.

Figure 12 illustrates a spectrum ofyellow-h'minescent
relatively REE-poor apatite 14 *. Vo totzl (REE)zOzl,
also from ferro-augitesyenite. This spectrumis dominated
by a Dy peak at abott 475 nm and a complex peak at
575 nm, with a shoulder at 590 nm. In contrast to Figure
ll,Eyz+ or Ce do not appear to be significant activators,
even though Ce is again the dominant REE present. The
peaks at 475 and 575 nm have relative intensities similar
to those found in Dydoped apatite (Fig. 5), indicating
that Dy activation is mainly responsible for the overall
CL color, and that Mn activation is not significant. The
poorly resolved peak at 590 nm and the small peak at
@O nm are due to Sm activation. As in Figure 1L, Eu3*
peaks cannot be identified. The small peak at 540 nm
represents Tb activation. In contrast to the spectrum of
the pink-luminescing apatite, this spectrum is dominated
by heavy REE activators.

Figure 13 illustrates a spectrum of a yellow-red-
lrrminescent (bronze) apatite [4 wt-Vo (REE)2Q)], also
from feno-augite syenite. This spectum is dominated by
peaks ofDy and Sm, and Eu2+ or Ce are not significant
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activators, eyen though Ce is the dominant REE presenl
I-n contrast to the yellow apatite described above, the
575 nm Dy peak is clearly composed ofseveral peaks,
and the Sm peaks are of much greater intensity. Hence,
the 558 nm Sm line appears ati a prominent high-energy
shoulderon the575 nm Dy peak The prasence ofa small
Tb peak at 545 nm suggests that Mn activation appears
to absent. The band aI694 nm suggests the presence of
unresolved Bu}r Frcal$ at lower wavelengths.

These data show that apatite from the Coldwell
ferroaugite syenite exhibits sipifi cantly different type-s
of CL. These differences reflectchanging REEdistribu-
tions, which result from differentiation of the parental
magma and from secondary metasomatic effects. Tlpically,
yellow apatite occurs as a rim upon pink-violet apatite
and records heavy REE enrichment in the late stages of
magma evolution. Bronze apatite occurs in rocks that have
undergone strong metasomatism involving the nght REE.

Apatite in lamproite

Apatite in apegmatitic lamproite from theWaldigee
Hills, in Australi4 exhibis light-violet I'minescence.
Crystals have a h.ight-purple luminescent core and apurple
yellow to dull purple lrrminescent rim that shows oscil-
latory zoning. The apatite contnins 24wt%o SrO and is
poor in REE (not detectable by energy-dispersion analysis).
The spectrum (Fig. 14) consists of an intense broad band
(370-650 nm) with amaximumintensity atabout420 nm.
Superimposed on this band are weak brcad p€aks at 570,
590, 640 nm, which may represent Dy and Sm activation.
T\epeakat470 nm cannot be assignd and the 480 nm

99s

pea.k of Dy is undoubtedly hidden by the snong background
continuum.

Si mi I ar violet-to-blue-lrrminescing zoned apatite in
cdonatitehasb€€n described byHayward & Jones (1991),
who reported a correlation of Sr content with CL color.
Unfortunately, they did not collect CL spectra. Despite
the Sr-Cf- conelation, the inte,nse banrd u1429 n6 is rmlikely
to represent Sr activation, as all effts alkalins earth ions
haveneverbeen demonstratedto be activators in any hosl
The Clspectra of other Sr-rich apatite (Roeder et aL 1987)
do not contain this band. As the band cannot be corre-
lated with any REEactivator, itis possible thatthis unusual
CL spectum may reflect intrinsic luminescence due to
deviations fromstoichiometry ortothepnesenceof sftuctural
defects.

CoNcr.usroNs

The results of our study confirm that particular peaks
in the CL spectra of apatite may be correlated with acti-
vation by a particular rare-earth element. However, the
study of the relative efficiency of luminescence of the
REE indicates that interpretation of the CL specha of
nanual apatitemaynotbe as straighfforward as previously
thought Thus, the CL spectra of apatite doped with a single
REE mzy notb,entirely relevant to nafiral eatite, in which
all of the REE occur together in diverse concentrations
and proportions. In such an e,nvironment, crysal-field e,ffecb,
co-enhancement, co-quenching and self-quenching
undoubtedly occur, and it is these processes that determine
the overall character and subtleties of the CL spectrum.

Thus, whereas it is possible to explain in a general
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FIG. 14. CL specnun of blueluminescent Sr-rich, REE-poor apatite in from lamproite,
Waldigee Hills, Australia. Excitation conditions: l0 kV 0.8 6,q, J-mm slits.
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mannertle origin of theyellow, blue and pink-violet CL
ofapatite derived from granite, carbonatite and peralkaline
qyenite, respectively, it is notpossible to predict the observed
spectra from the REE content of tle apatite and the
spectra of apatite doped with individual REE. Subtle
variations in the ratio of quenching elements to strong
emitters may simificantly change the character of the
CL spectrum, and it is these effeits that account for the
wide variation in the observed spectra ofapatite derived
from a particular paragenesis.

In summary, we believe that further advances in
understanding the nature of CL in apatite will only be
made by investigating synthetic apatite doped with
diverse combinations of REE Forexample, itwould be
important to estabtsh the relative contributions of
Sm and Pr to the 590 nm peak by study of apatite doped
with tlese elements in various proportions. The roles of
La, Ce, andN4 which are commonly the dominantREE
in apatite as CL co-enhancers or suppressors ofthe le.ss
abundant REE, need to be e.stablished. All of these data
should be obtained on large single crystels of apatite in
order that polarization effects and site distributions of
the REE site may also be determined.

With regard to natural apatite, all further CL studies
should include determinafion of the contents of all the
REE and other pote,ntial activafors (Mn, [I) or zuppressors
(Fe) present in the sample investigated. Previous studies
have not usually included these data especially for the
heavy REE and Eq as they are not readily determined
by electron-microprrobemethods. Forunafely, techological
advances in inductively coupled plasma mettrods of
analysis now permit the determination of all 14 REE at
low levels ofconcentration with relative ease. Thus, the
relative concentrations of REE, and especially those of
the very efEcient activafors such as Tb, Gd and Dy, may
be usefully correlated with observed CL spectra.
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