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Developments In Quaititative Luminesoence Techniquos

In conjunotion with the use of luminesconcn for the idontifioation of tunar matorinis, &
banls Inboratozy study han domonateatod the fosalbility of obisining useful sorrelationn of
mineral lumineseont phonomons, Two raonoohromator-photomuliiplior attnchiments to an
elestron misroprobe have boon dovolojed which pormit the study of esthodeluminesemen
phenomena on & mioron soalo, Tho attachments oxtond the analytiend enpabititien of the
{nstruinont and facllitate: (1) racording of lnmintasonon apnotea, (35 obitalning the distribine
tion of lumineacent phases in microspocimons and butk speolmons, () evaliating and revords
ing the vaiationships betwoon fluormoonoe patternd and convontional Xeray repreanntation
of an aron soan; (4) studying radiation Influonco on Raoreeoneo deoay, and (0) eelating
lumbaossonen Intonnity to componition within a phase, Thin information grovides & hasls
moro teasonable than that formerly urod for Interpeeting roonnit obsorvations of funae

luainescence,

INTRODUCTION

The use of luminescence to characterise
lunne-purfune macerials was prompted’ by ob-
ssrvations of lunar luminescence reported by
K«:’pal (ref. 1), Rackham (ref. 2), and Cameron
und Gilheany (ref. 8). An investigation i
terrestrial minerals likely to occur én the Moon
hes demonatrated the fensibility of obtaining
quantitative measirenients of mineral lumines-

hoe: It has also ind’cated striking variations
of spectial energy distributions and excitation
ificlencies within the individual speciinen
grains and thus emphasised the importance of
w phecise localised investigation of & multiphase

.assemblage to provide an understanding of the

bulk luminescent response of the material.

In order to achiove the lovel of precision and
discrimination necessary for evaluating the
interrelations of wavelength and intens!ty with
various elements, compositions, structures, and
degres of recrystallisation, two equipment
modifications wére developed for uss with an
clectron-microprobe X-ray analyser. ‘The work
teported here describes the development and
application of two basio cathodoluminesoence
dotector unite: (1) an electron-microprobs,
interference filter attachment; and (3) an

eleotron-nlcroprobe, light-wire grating mono-
chromator assembly, Although other e1ulp-
ment unita are avallable for observing lumines-
cence phenomena (refs. 4 to 9), the microprobe
and cathodoluminessence detector units offer o
comprehensive analytical system for detailed
investigations,

Some of the elestron-excited luminesocnoe
information obtainod in this study may be
used (o prediot the physical, and to some
extent the chéniosl, properties of minerals

which may be pressnt on the lunar surface and '

which have been exposed to various forms of
radiation. This may then lead to the de-
terminatior of the spatial distributien or
avallability of specific indigenous lunar or
plasietary surface resources.

Research reported in this paper was spon-
sored by the Natlonal Aeronsutios and Space
Administration. The suthors wish to thank
Dr. Brian Mason, Curator of Meteorites,
Smithsonian Institution, for his help in sesun
ing subsamples of meteorite spssimens.

EXPERIMENTAL
Luminescence Displuy System

The two cathodolumninssoence units are used
i
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for she identifiention and distinotion of phase
nssemblages, for the detormination of the dis-
teibution of renctlon produsts, and for the
quantitative ovaluntion of the luminescent
properties for speciimens of mieroscoplo sige,
The two units fncllitate the study of eathodos
luminencones phenomenn on & mieron seale of
the speclmen without disturbing the normal
function of the mieroprobe, Elthor detectop
unit replacea the ceular tube on the mieroseope
of an Applied Koercarch Laboratories model
EMX mieroprobe, Mont nonmetallie muterl-
aln luminesce in the visible reglon when bon-
barded by relatively high energy slectrons (8 to
80 keV), Hince the intennity and specteal dis.
tributlon of the luninesconce oun vary even
with small changes In impurity content, the
lun,'nescence characterinties glve Luportant ine
formation concorning the trace composition and
growth eharacteristion of o glven phase, With
these detection unite, quantitative measure.
ments of the luminesconce specira are vbtained
without Imipeding the inherent use of the micro-
probe as an analytical taol,

The monochromator (interference filter) at-
tachment consists of & housing, s wone-
chromator, an ocular tube, a selection of
interchangeable slits, and interchangeable pho-
tomultiplier detectors, A diagram of this
attachment is shown in figure 1, ‘The attach-
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Frovas 1.—~Cathodoluminesvence interference Blter
attachment.

ment veplaces the oenlar tube of the optical
mieroscope on the microprobe,  The Inter-
changeable components are  adily permutod
#o that the operator can porforin o verlety of
experiments or use the microscopo in the normal
manper without having to removo the atéach.
mont, For visual mieraseople examination, the
oeitlas s Inserted in the attachment, Then the
specimen ean bo viewed through the menoehwo-
mator, i whick ease the speclinen Is seon In
glven eolored light, or, slternatively, the mono-
chromator can he hypassed for novmal micea-
scople  observation, Deflning  slita  for  the
monochromator are nserted in place of the
avular, and thon photomultipller tubes in light-
tight hounings ave slipped onto the attachment
for olectronte dotection of Hght intensities,

The monnchromator within the attachment,
in o Bausch & Lomb wedge intorference flltor of
narrow hanidwidth (:0 nanonietom (nm)) and
38 porcent transmission, ‘The linear dispersion
is 8.0 nm/mm with o useful wavolength range
of 400 to 700 nanometers,  An odometer is used
to rend wavolength directly to the nearest 1.0.
The visible specttum is scanned by use of & syn-
chronous motor drive on the monochromator
with strip-chart recordiig of the signal, In
this manner the complete visible emission
spectrum of a luminestent area on the surface
of the saiple can be obtained, The amplified
photomultiplier signal can also be dispiayed on
the oscilloscope in & way analogous to the con-
ventional electron-backscatter image or X-ray
imeges as deseribed earlier by Heinrich (refs. 10
and 11). Recently, infrared microprobe dis-
play capabilities bavs beent developed (refs. 123
to 18); however, with this attachment, light
intensity displays at 4 particular wavelength in
the vislble spectrum can be photographically
recorded.

A second cathodoluminescence detection unit
is o light-wire grating monochromator assembly.
The light generated by the sction of the electron
beam (typloally, 30 keV and 003 micro-
ampere) on the specimeri is collented by replac-
ing the ocular of the elestron-microprobe
optical microscope with s flexible, %-nch
Bausch & l.omb nonooherent light wire.

Typical incident light-gathering efficiency of
the fiber optle rod is 60 percent at the receiving
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end, with s light-tranamitting efliciency of
& percent whaorbanee losn per foot and a trans-
mittance capabllity in the visible and neat-
infrared sonww, A veriety of slgnal readonts,
sunh as Telatype printout, strip-shart recording,
and oscillographie display, are avallahle,

A Bausch & Lomb 800-millimeter-focni-
length monachrometor with two interchangenble
diffenction gratings, one binzed at 7600 A with
600 grooves/mm ard one blazed at 3000 A
with 1200 groovesmm, permits narrowband
spectea to be obtained when necessary,

Expetimental Procedure

An one part of & systematio study of lumines-
cenee of notural materinis Hkely to ocour on
lunar and planetary surfaces, o variety of
meteorite apecimenn wero examined under
electron bambardment, Detnailed examination
of what at first appeared to be homegeneoun
materinl, free from obvious Incluslons of
extrancous phases (l.e,, metals, sulfides, aind
silicates other than enstatite), revealed stiiking
variativn iv flucreacence and chemicdl compo-
sition between meteorites, 1n ordor to charnc-
terize the extent of cuszh variation, an clectron
niicroprobe was utilived o examine enstatite
(Mg8I0y) graitis derived from the followidg
metdorite speciméns: (1) enatetite chondrites:
Abes, Adhi Kot, Atlanta, Blithfield, Khairpur,
Jajh deh Xot Lalu, and Hvittis; and (3)
enatatite achondrites: Bishopville, Cumberland
Falls, Khor Temiki, Posyanoe, and Shallo-
water. Individual gtains, 10 to 200 micronis in
diameter, were selected for analysis, and these
samplos were embedded it Y-inch-diameter
plastic rods. Polishing was dotie by the
sequetitial use of 6+, 3-, and 1-micron diamond
paste and Y-micton Gamol polishing suspen-
sicn. The samplés were cirbon coated to »
thickness of about 200 to 400 X to provide a
conduoting path for absorbed electrons and
were placed in o boass holder in the microprobeé
chamber for analysis.

Intensity of luminescence was recorded on &
dual-pen strip recorder. The wavelength tange
from 400 to 700 nanomieters was investigated in
two ways: At monochromator settings to
mohitor and compate the blue and the red
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portion of the spectrum (for enstatite, the host
crystal uminescenco emission i in the hlue,
and the sctivatordnduced luminessence emia-
slon §8 in the red, portion of he apestrum), and
at a varlety of settings to obtain oncillographio
displays of the luminessence for comparison
with conventionnl elentron-hackeontter and X-
ray imngen,

Al the X-ray mensurements were made on
an Applied Research Laboratorles model EMX
microprobe equippad  with three dispamive
channels, X-ray intensities were read from
Hamner ﬂadaom% sonlern or printed by a Tele-
type machine, The probe woa aperated with
s 1-micron spot size, The mejority of the
intensitien were measured on o 4-inoh TAF
speotrometer using @ sealed 0.001-inch beryl-
fum-window argon detector (argon Exatron);
silicon hitensities wore measired using a 4-inoh
ADP (ammondum dihydrogen phosphato) apoo-
trometer with a 0.004-mm-thiok, carben-conted,
nonsupported, Mylar window and o flow pro-
portional counter with P-10 ges at atmospherio
pressure.

The proceduro for making Xeray intensity
measuremonts was to solect & grain using
reflested light optics and simultaneously record
the luminesconcs signal from the instsnt the
electron beam impinged on the specimen and
the X«ray signals, For individual grains de-
rived from the larger samples, iron (Fe),
manganese (Mn), chromium (Cr), éalcium (Os),
and silicon (81) were determined. The in-
tensity of the SiK, X-ray emission line signal
was utilized to monitor the phese (in this case,
onstatite, Mg8iOy). The Fe, Os, and Cr were
monitored 2o ea to determine thelr influence on
the optical fluoréscence response of the enstatite
host orystal. The Mn was monitored to deter-
mine its contribution to the activator-induced
red luminescence band for an enstatite host,
Although group IVB oxides cun increase the
hest luminescetice (in the blue), they were not
monitored since thelr presencs in thése meteor-
ite grains {s well below the 1 weight.percent
necessary to enhance the enstatits biue axnlssion
band. The LiF spectrometsr was uséd to scan
for the K, X-ray emission lines of the dlements
On, Fo, Mn, and Or; the ADP spestrometer
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waa used to identify the K. Xeray emission
linea for 8i.

Operational teshnigue woa as follows: (i)
obtain the luminescence intensity messure-
ments; (2) record flve replications at each
elument odometer setting and at the back-
ground odometer setting for that element for
o series of points within o grain or graine (vef,
10); and (8) photograph lnmincscence oscillo-
graphio displays and the conventional eathode-
:'sy'«tube eleatfon-hackecattar image and X-ray
moges,

Procedure for Aualyals of Experimentsl Data

Multivariate statistical analytical techniques
(vefn, 17 and 18) were utilized to process the
data, From this information it was possible to
determino to what extent fluorescence spootra
of the meteoritea vary from sample to snmple
arid to correlate the intensity and wavelongth
of fluorescence with chemical composition,
Since some zero values for the elements wero
present (corresponding to the probe snalysis
detaotion limis for the olement), the data trans-
formation log (X+1) was approptiate for the
statirtioal analysis,

RESULTS AND DISCU2SION

When the samples were observed micro-
scopically during elen*tort bombardment, lazgo
differencés in both . intensity and wave-
longth of the vesulth,g luminescence were
evident. Diflerent portions of o single mineral
sample emitted at wavelengtha rang!%g to both
limits of the visible spoctrum. Withih an
individual specimen the variation in intensity
and/or wavelength of fluorescence appeas to
be accounted for by corresponding variation in
chemiocal composition. Higlier conceéntrations
of Fe, Oa, and Cr tend to fluorescence.
In many cases, exsolution phenomeiix (vefs, 19
and 20) uprumtl:i)g orlu- of hlsl:‘gu b;ml l:\‘v

a pyroxetie are sharply contras monti-
totinng the optios! fluorescent emlssion intenisity
with the monochromator set in the red portion
of the visible spectrum., Both the high and
low Ca pyroxene luminesce in the blue; however,
the high Ca quenches strong luminescenss in
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the red, and consequently the oscillographic
displays clearly show the loeation of each,

Fluorescence is mont intetse in the red portion
of the spectrum, Almout all of the strong
luminescent samples contain very little e or
Ca, and the achondrite enstatite spécimenn
Juminezoe stronger than do the chondrites
throughout the visible apeotrum.,

The clinoenstatite apecimens luminesce with
relatively low .fliclenay and primarily in the
blue, and the orthorhombic enatatite spesimenn
luminesce with relntively higher efficiency both
ia the blue and in the red part of the visible
spectrum,  Fo raadily enbstitutes for Mg in
enstatite and dicpnide and In in larger concentra-
tlona in the clincenstatite specimens, The
presence of Fa quenches luminescence and alao
oon effestively reduce the Mn luminescent
emimslon contribution to red emisslon, (Mane
ganend in MgSIO) produces new emission banda
at the expenno of the original bandn of the host
crystal; the Mn activator would normally be
responsible for the long-wavelength emission
band in this case.) 'n numerous measurements
the Mo and Fe indloated o significant positive
correlation, and this assoclation usually de-
creased the red contribution to the luminescent
responss for the specimens. In addition, the
obzerved decrease in lumineacent ufficiency in
going from an orthorhomblo enstatite to o
monoclinio enstatite specimen is consistent with
the crystal-fleld-theors explanation concerning
the envifonment of the atoms when the lattice
apacing is altered afid also when there is a
reduction in site symmetry.

An examination of selected minetal gtains by
the elsotron mictoprobe revealed that the
dispersion of concentratioas of K¢, Mn, Or, and
Ca in these samples is also large. This vari
ability indicatés why = variety of intensity snd
wavelength responses may be possible within
specimen. These chemical peculiarities effec-
tively define the two groups (enstatite chon-
drites atid enstatite achondrites) (refs. 31 to
27), as well as tend to delineate the enstatite
polymorph presenit. The enstatite chotidrites
are charactetized by o kigh degres of reduction.
The principal minetal is pure of nedrly pure
MySiO, as thombic enstatite, or clinoenstatite
in part. Soine chiondrites show well-developed

LR S T
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chondritic struccure; others are primarily gran-
ular aggegacen of enstatite, The luminese: ne:
efiiciency tends to follow the textural rela:.
ships in tems of the sample purity represented
by conrse graine and, consequently, the slow
cryatallination of the grenular aggregates (poor
chondrules) compaved with the lower intensity
registered for the good chondrule types, Also,
the degree of recrystallization results in minor
chemieal and mineralogical changes which ean
influence uniqus luminescent response, For
etample, the Blithfield spacimen lacks chone
dritie atrueture, and the recrystallization in
clemly indicated by red luminescent rings
eorresponding to areas depleted in impurities by
the reeryntallication process, The enstatite
achondritea represent an everi higher degeeo of
reduction than the ehondrites, nad the achon-
drite pyroxene is ementially Fe free. This
rumy in mirrored by the greater luminescence
ntensity shown by the enstatite achondrites for
hoth the range of 400 to 800 and 000 to 700
nanometers,

Constant exposute of the enstatite specimen
point to the electron beam cuuses u fatigue of
the phioeplior which is described Ly powerlaw
decay relating intensity aid time:

Tet=*

whero I is the ir.tensity at a time, n is a constant
evaluated for the particular curve, and ¢ is the
timo in seconds. Young (ref. 28), Masssy and
Bushop (ref. 20), Leverenz (refs; 30 and 31),
and others (refs. 32 to 34) provide apptopriate
discuseions of electronic and ionis impact,
penetration, and reaction penomeiin,

CONCLUDING REMARKS

Quantitative optical fluorescence rpectra and
color pattern displuys have application in the
characterization cf inorganic solids ns demon-
strated by newly developed, nondestructivs,
analytical techniques, By conveniently uti-
lizing the analytical capabilities of an electron-
microprobe Xoray analyzér and specialized
monochromator-photomultiplier cathodolumi-
nescatice detection units, spectral deta of
micron-size particles and of preselected micron-
size aress of larger minaral grains ¢an be sol-

lected, and the variations in the “apticai flno-
rescence vesponse of ths specimens can be
correlated  with chemicnl compcaition and
atructure, The scheme of successive operatinnn
permita the inveatigation of natural phosphors
singly or in mistuves, with the mminewcence
am‘)haaiaed as a complementary disgnostio
m '

By demonstrating the influcnce and inter-
relations of such system parameters as crystal
hont, astivator, purity, and chemioal compoal-
tion, lumineacence may evantually be nsed as a
satisfactory remote sensing wochnique similar
to the statisticnl alremevey ovaluations of
varioun sand deposits accomplished hy Ro.
manovs (ref. 35) and the variety of natural
renources hy Colwell (ref, 38),
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