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ABSTRACT

The crystal growth and optical spectra of CeC2 and ThO2 vere
studied to determine their porential usefulness as laser matarials. Crystal
growth was carried out by the flux technique. Phase equilibria and solubility
determinations were made in order to develop a flux for the eventual growth of

laser-size crystals.

The trivalent rare earthy, tetravalent niobium and uranium and
some nobel metal ions were incorporated into single crystals of CeO2 and ThOZ.
Transmission measurements were made throughout the wavelength region between
2000A and 100,0003. When samples were ohserved to fluoresce with X-ray, UV
or visible excitation, their emission spectra, oxcitation spectra, and fluores-

cent lifetime were rtudied. The effact of charge compensation on these proper-

ties was also studied,

semeamermn e
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SECTION I

Cerium dioxide and thorium dioxide crystallize in the fluorite
structure with latt’ce constants of 5.4110 and 5.600A respectiveiy. The

<
bt 1 1.044, making the substitu-

ionic radius of Ce4+ is 0.962 and that of Th
tion of all the rare earths possible. In the fluorite structure, the cations
occupy a site of high symmetry, substitution into which was hoped to give a

phosphor with a long fluorescent lifetime. However, if the substituted fluor-
escent ion is not tetravalent, the type of charge compensation will determine

the site symmetry.

~

Studizs made on Er”" and Yb3+ in Th02 using ESR1 have shown that
the rare earth car occupy both cubic and trigonal sites. The cubic predomi-
nates at low rare earth concentration and the trigonal at high concentrations.
This obsoervation can be explained on the basis of the increased probability
that a charge compensating hole will reside near a rare earth ion, The same
situation miy be expected tfo occur in Ce02. It so, it should be possible to
prepare tiese crystals with the rare earth in the two difference sites and
study the effect of site symmetry on the optical emission. Further, it should
be possible to change the number of ions in a site by varying amount and type

of a charge compensation ion.

Charge compensation of a trivaleat ion in CeO2 or 'I‘hO2 can be

accomplished most easily by the following mechanisms:

T e ar S raem et T e
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me v 407l
me™ ¢ 4072
Met® &+ 2072

Charge compensation

folicwing mechanisms:

2Me+4 + 40-2
Mt + 6072
Met* &+ 2072

It is evident that thegse mechanisms will be unsuitable at high con-
centrations because they will destroy the cubic symmetry around the ion.
at low concentrations, cubic site symmetry will not be attained unless the com-

pensating center is beyond the Coulomb field of the dopant. Further, since

optical studies of Gd3+

2
two sites for a trivalent ion in this compound,

sites to be observed ThO2

1. Experimental Program

The experimental program was divided into two areas, crystal growth

and measurements.

nique.

period of work, experiments were mainly couductad on Ce02.

apparent that Tho2

and U°F 1n CaF,

or CeOz.

tndicate there are many more than

The crystal growth experiments were confined to the flux tech-

The phase equilibriwn and solubilities were explored.

had many important advantages over Ce02, and the emphasis was

we may expect more than two

Report No. 8197

+ 0 vacancy

Even

During the €irst

However, it became

shifted to Th02 during the second period of work. The measurements made were i
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emission spectra, transmission, fluorescent lifetime and excitation spectra,
So that emphasis could be placed on the growth of large crystals, work on

hydrothermal equilibria was not performed, as forecast in the Semiannual

Report.,

e
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SECTION 11

FLUX GROWTH OF CeO2 AND Th02

Because of the extremely high melting points of CeO2 and ThO2
(2800°C and 3800°C respectively), the flux technique is most attractive for
the growth of these crystals. ¥While a number of fluxes have been reported re-
cently for the growth of Th023, there was a complete void in the litersture
about the growth of crystals of CeO2 and ThO2 at the beginning of this program.
To make these materials available for study, the pnase equilibria, solubilities,

crystal morphology and crystal growth in various molten salts were 2«nlored.

1. Phase Equilibria

The phase equilibrium runs were made by cooling a melt of flux
saturated with Ce0, or ThO, from 1300°C to 900°C at 5° per hour. The identity
of the:cryatallized phase was determined by X-ray diffraction or microscopic
inspection. On the basis of melting points and volatility of fluxes and temp-

erature limitations of the furmaces, the temperature range explored wes from

1350°C to 900°C.

a. Cerium Oxide

A large number of fluxes were tried for Ce02. Of these systems,

three appeared promising ard were explored in detail. These systems are:
1. Pbo - PbF2 = 3203

2. L120-M003 = 3203

3. Naz()-MoO3 - 3203
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Detcils of explorations of these systems and their solubilities

are given in Appendix I.

b. Thorium Oxide

Thorium oxide was found to be stable with roughly the same flux
compositions as CeO, in the Na,0-B 0. and PbO-PbF.,-B.0. systems. In additior,
2 27 7273 27273
the ternmary NaF-PbFz-BZO3 was explored for the growth of Thuz. Here, Th02 was
stable with as little as ~. 50 mole percent PbF2 or up to ~ 80 mole percen® NaF.
A flux containing 75 mole percent PbFZ, 16.7 mole percent NaF and 8.3 mole per-
cent 3203 was optimum for lead-containing fluxcs. A flux containing 66.6 mole

percent NaF and 33.3 mole percent 3203 was optimum for the lead-free fluxes.

2. Growth Morphology

Crystal gr~wth was accomplished by slow cooling of the flux satur-
ated with Ce(}2 or Tho2 at 1 to 5°C/hr. In these experiments, two morphologies
were found. One is a cube bonded by {100} feces and the other an octahedron

bonded by {111} faces.

The cube form is usually characterized by large regions of lamellar
growth {Figure 1) with flux included between the lamellae. The octahedral form
(Figure 2) shows no lamellar growth and usually has very large areas free of
flux inclusions. Some relstively perfect cubes of Ce0, have been formed, but
are of a much smaller percentage yield than the octahedra. However, with the

lead fluxes, ThO, cubes can form which are entirely free ¢i lamellae (Figure 3).

A '’gt of the fluxes and the morphologies of CeO2 yielded are given

in Table I. Octahedra ave only obtained from: (1) the N820-8203 system when
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Figure 2. Ceoz Octahiedra
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Na/B 2 1.0 and (2) the L120'82039M303 system when Mo/B = 1.0. The controlling in-

fluence of the information of o~tahedra is the sodium or the molybdenum con-

tent of the flux.

Figure 3. 'I‘hO2 Cubes

Mixtures of lead fluxes and NaBO2 were made in the hope that a
flux of relatively high solubility could be found which wovld yield octahedra.
It was found that the transition from cubes to octahedra could not be mad in
such mixtures without too great a decrease in solubility. The transition be-
tween cubes and octahedra does not occur suddenly, but goes through a regicn
of dendritic growth. The dendritic growth (Figure 4) has the appearance of
cubes stacked on their cornmers. This condition persists over flux compositions
0.8 to 0.7 NaBO. * 0.2 to 0.3 PbF,. Outside this flux componsition only octa-

2 2

hedra or cubes are found.
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&
TABLE 1
1
MORPHOLOGY OF CeO2 WITH VARIOUS FLUXES
Flux Composition Morphology
10 Pb0-8203 Cubes
= 10 PbF298203 Cubes
PbO-PbF2 Cubes
— L120 0 8203 Cubes
{ L120 : 28203 Cubes
H Na20-' 2)3203 Cubes
| Na20 . 8203 Octahedra
= Li20 . ZMOO3 Octahedra
L120 0 4M003 Octahedra
= L120 . 8203 0 MoO3 Cubes & Octahedia
é L120 . 8203 0 3M003 Octahedra
: - L120 +11/2 8203 o M003 Cubes
§ =
B
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Figure 4. Dendritic Ce0

2

The morphology of ThO, was found to vary with changes of flux in

exactly the same manner as the CeQ,, except that in the NaF-PbF.-B.0 system,

2 2 7273
ThO2 octahedra were not formed in the ThO2 stability region.

3. Growth of Large Crystals

a. Slow Cooling of CeO2

A large number of small crystal growth runs (100 ml crucible) were
made by using flux compositions according to the solubility curves shown in
Appendix I and slowly (0.75° to 1.0°/hour) cooling over the range (1300° to
900°C). The flux compositions were chosen as being representative of the dif-

ferent flux systems and morphology variations. It was found that on the basis

9
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of growth rate and perfection, only the NaBOz, L12H0207, and PbF-x 8203 composi-

S—

tions had potential for the growth of larze crystals.

A scale-up of the procese to a 2000 ml container was made, using these
three fluxes. Cooling rates of 1°/hour were used to keep the runs to a reasonable

length of time.

. Using the NaBO2 flux, clear octahedral crystals were obtained that
were no larger than 1 mm on an edge. It was found that going to these slow rates
actually resulted in poorer quality crystals. It is believed that this was caused
by a2 loss of NaZO from the melt by evaporation over a period of one to two weeks,

which pushes the melt composition toward the stability region for cubes. This

- hypothesis is substantiated by the appearance of small {IOU } faces on the octa-

| hedra.

1 Using the PbF2-3203 flux, crystals 3 mm on an edge have been
obtained. These crystals werv of very poor optical quality and contain color

g 2+

centers which have been traced to the incorporation of Ca , Pb2+ and Fl- into

the crystals. This is discussed in detail under the section entitied "Transmission".

Slow cooling of large L120~M003-Ce02 melts did not yield large crvs-

tals because spontaneous nucieation i{s common in this system.

b. Slow Cooling of ThO2

14
e

Tho2 has little or no color center formation from Ca2+

I

Unlike CeOz,

and Fl- and yields cubes t'.at are relatively lamellae-free from PbF2-3203

mixtures. Experiments with PbF2-3203-NaF systems showed that flux compositions

of 75 mole percent PbFz, 1.7 mole percent NaF and 8.3 mole percent 3203 produced

(oieatt U  T

b0t i

|
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crystals three times the size of those obtained from PbF2 alone. In runs cooled
from 1300°C at 0.5°/hour for one week and at 1°/hour at temperatures to 1000°C,

clear cry:ztals have been obtained which permitted fabrication of rods 1/2-inch

long by 1/8-inch diameter for laser testing.

— .

Figure 5. Seeded ThO2
ThC2 crystals grown from lead fluxes exhibit UV damage. Therefore,
experiments were conducted to use ThO2 crystals from a lead flux as seeds for
growth from lead-free fluxes. The procedure followed was to first make a solu-
tion of NaBO, or 2NaF-B,0,, saturated with Tho, at 1300°C. Then 1 seed of ThO,
is introduced and cooling is begun. The run is terminated by pouring the flux
off and cooling slowly to room temperature. Using cooling rates of 2°/hour

stepped crystals grow (Figure 5) which have sections of good ontical quality.

11
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These crystals were somewhat dissolved prior to growth and there was consider-
able spontaneous nucleation on the crucible walls. 1If these two problems are
controlled properiy, by closer regulation of the chemical composition and slower

cooling, large lead-free crystals can be grown.

c. Gradient Growth

In the gradient methoda, a seed crystal is hung in the cooler, top
reglon of a crucible and nutrient is placed in the cooler, bottom regiocn of the
crucible (Figure 6). Growth occurs by dissolution of the nutrient and deposition

on the seed.

Gradient growth of Ce0, was accomplished using LizMo 0, flux, which

2 277

gives octahedral growth. Since octahedral growth is characterized by rapid
growth of the {100} faces, it was thought advantageous to use cubes as seeds,
to obtain maximum growth. This is not desirable, because even with very small
AT between growtt region and nutrient, growth occurred rapidiy and resulted in
noor quality (Figure 7). Using an octahedral seed crystal, high~q ality growth

occurs slowly.

In experiments aimed at optimizing growth rate and crystal quality,
t..e AT and growth temperature were varied independently. It was found that
growth rate did increase linearly with AT; unfortunately, spontaneous nucleation
at the surface of the liquid also became an increasing problem. Growth temperatures
of 970°C and AT of 100° were the maximum tolerable. This gave a growth rate of
0.25 mm/day and high quality growth 2s shown in Figure 8. With large seeds it

would be possible to grow large CeO2 crystals by this method.

12
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ey Fosmmenmer:ity mm: Iﬂulum‘lw

Figure 7. Gradient=Grown Octahedral CeO2 on Cubic Seed

- Figure 8. Gradient=Grown Ce02
14
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A few gradient runs with ThO2 were made using NaBO2 flux. Growth
cenditions of 1027°C deposition temperature with a 25° AT resulted in growth of

less than 0.025 mm/day. Much more work is required in this area to give suitabie

results.

15
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i. Experimental Measurements

scopy in our laboratory (Appendix II).
measure the visible emission spectra.

excited by a 1 kw quartz iodine lamp.

e 51

duce scattered light.

the visible and infrared, respectively.

e

from 3700A to 25000A.

the visible region.

T}

ciency over the wavelength range used.

[

37004 to 700ui -
3 70004 to 9000A -
=3 [-] [-]

9000A tc 120004 -
: 120004 to 250004 -

Transmissisn measurements

or Model 4000 Spectrophotometer.

Visible emission spectra were excited by X-rays.

uvsing a .58 Meter Ebert Grating Monochromator (Perkirn-Elmer Model 231).

Report No. 8137

SECTION III

MEASUREMENTS

This technique

was demonstrated by Low5 and was successfully gzpplied to rare earth spectro-

This experimental setup was used to
The infrared emission spectrs were
In both cases the spectra were measured

The

instrument was operated witk an over-and-under, double-pass arrangement to re-

A 1400 line/mm and 576 line/mm grating were used for

This allowed first-order scanning

The resolution of the instrument is better than 0.13 in

Four different types of detectors were used to give greater effi-

These were:

Hand-selected, red-sensitive EMI

6705 photomultiplier (5-10 surface)
RCA 7102 photomultiplier (S-1 sarface)
RZA EJ-2471 Lithium drifted diode

Perkin-Elmer lead sulfide cell

were made with a Focrkin-Elmer Model 450

16
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Lifetime measurements were made, using “he apparatus shown sche-
matically in Figure 9a. Pump light was provided by a 50-joule air spark which
has a decay time of 204 seconds (Figure 9b). ~he excitation wavelength was
selected by passing this light through a Perkin-Elmer Model 12 tonochremater.
Fluorescence from the sample was selected by the use of filters or another mono-
chromator. Lifetime was measured by phLotographing the fluorescence decay -urve
as displayed on an oscilloscope. The same apparatus was used for excitation
and transmission spectra, except that hydrogen and tungsten lamps were used iu

place of the spark source and readout was accomplished un a Speedomax G as the

wavelengths were scanned.

Unless they are indicata2d as being from other sources, all meas-
urements were -nade on single crystals grown by the fiux technique. The crys-

tals are grown from 99.999 percent pure CeOz, 99.99 percent pure ThO2 and re-
agent NaBO2 flux, unless utherwise note.. The percentage of dopants is based

on the percent added to the melt, since distribution coefficients are not known.

2. Transmission Spectra

The transmission spectra of pure and dvped CeO2 and Th02 were
measured. The primary effort was placed on finding the band edge of CeO2 and

ThOz, the influence of impurities on the edge, and the possible incorporation

of color centers.

a. UV-~-Visible

Very pure (99:99 percent) CeQ, was found to be perfectly color-

2+

2
less, having & UV edge at 25,500 cm-l (Figure 10). The addition of 0.1% Ca

results in an orange-colored cryi;al with an absorption as showa in Figure 10,

17
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F2 Spark Source

= Monochromator
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{ Oscilloscope Detector
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t o o
o o

Spike Filter

Figure Sa. Fluorescent Lifetime Apparatus

Figure 9b, Oscilloscope Trace of Spark
(Time Scale - 50 psec/Cm.)
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70 ! '

60 L

CeO,: 0.1% cat -

A /Cm
(3] w
S =
T T

1017 99, 999% Pure CeO2 .

| — , 8 » 8 ) 9 - o= X X X 1

26,0 24.0 20.0 15.0 14.0

- -3
V{(Cm 1 x 10 )

Figure 10. Absorbancy of CeO2

Since Caz+ does not absorb in these regions, the absorptions are probably color
centers caused by the holes necestary for charge compensation. As expected,
the colored crystals display higher electrical conductivity than pure CeO2 if
holes are presentﬁ. Further, the addition of a charge compensating ion such

as M06+ with the Caz+ yields crystals which have no color center. For some
reason which is as yet not understood, Fl- does not compensate Ca2+. It ap-

pears that Pb2+ also produces a slightly-colered crystal.

The addition of Fl-, Nb5+ and Tas+ results in blue crystals. Again,

these crystals are characterized by a high electrical conductivity. The blue

color can be removed by charge compensating with trivalent rare earths or yttrium.

19
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Thorium oxide h~~ a UV edge near 38,000 cm 1. Figure 11 shows

the absorption of 99.9 percent pure ThO, and 99.99 percent pure ThO2 in the

2
UV. It appears that the absorption at 32,000 cm-1 is a residual impurity be-

cause of its sharp decline in intensity in the purer material. The occurrence

of this absorbtion makes accurate determination of the edge difficult.

i B L

In the visible region of the spectrum, the same type of color cen-
ter is seen with Ca additions as witl Ce02, except that the colors are less
intense. Fluorine, Y3+ and Nb5+ gave no color centers. The lack of color

centers with Fl- additions may be a result of the fact that Th4+ is more

oo B e B v

’ l -
stable than Ce”'. The Ce'+ can be reduced to Ce3+, thereby permitting F1

9
to substitute for 0 . These color center: are of a permanent nature, and are

not bleachable.

A bleachable color center was found in ThO2 that was grown from

lead fluxes. OCrystals grown in this manner are perfectly colorless until they

L o
*Biidetipalrititd

-] -]
are exposed to UV in the 3000A to 3600A range, whereupon an absorption develcps

M.

in the visible. This type of color center ig r .ar to the nonbleachable in

its wavelength range; however it bleaches out when the sample is heated to

oo

300°C or stored in the dark for several days. Figure 12 shows the absorption
of lead-doped ThO2 tefore damage, after a one-minute UV exposure and after a

15-minute UV exposure.

Measurement of the UV trancmission showed (Figure 13) that the
-] -]
ThO2 edge had moved from 260NA to 3600A. Analysis of the samples by atomic
absorption showed 0.01% lead present. Since Pb2+ is known to absorb in this

region and damage occurs by pumping this region, it sppears that the color

center is associated with lead substitution into the Thoz. Lead substitution

-
£
£
%
=
-]
-
g
E
£
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into CeO2 does not cause a bleachable color center because CeO2 itselt is

opaque to the light of the damage frequency.

b. Infrared

The infrared spectra to 10y for CeO2 and ThO2 is shown in Figure

™~
14. The infrared cutoff at 8-9u is better than sapphire, and could make these
materials interesting for infrared wind-w applications. The CeO2 spectra
show no extra lines which could be attributed to Ce3‘ (which has absorptions

in the near infrared) indicating that the stoichiometry of the crystals wa-

good.

c. Radiation Damage

Since ThO2 is radioactive, "he poss:ble degrading effect of radi-

ation on its optical properties was studied. The decay of natural thorium

3

(Th2 2) is as follows:

DECAY REACTION

Th ——> Ra + a 3.98 MeV 1.39 x 1010 years
+ vy 0.055 MeV

9

RaZ“S —_— Ac228 + B 0.0320 Mev 6.7 years

Ac228  —— 'I'h223 + 0 4.54 Mev 6.13 years
+ B 1.5 Mev

+ y 0.05-0.96 MeV

f Etc. szos
§
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For o particles of less than 10 MeY, the coulomb barrier prevents
interaction with the nuclei (except for very light elements). Therefore, one
would not expect transmutation of the rare eartir dopants from the 3.98 MeV a.
The «-particles are energetic enough to produce atomic displacements. The pos-
sible optical degradation due to the o radiation was not studied directliy; how-
ever, some indirect experiments were performed. The line emission spectra of
residual rare earths in one-year-cld ThO2 reagent was not measurably different

from the lines in freshly prepared ThO, reagents. There was no detectable

2

thermoluminescence in one-year-old ThOz, while there is thermoluminescence when
it is irradiated with 50 KeV x-rays. This indicates that there is no signifi-
cant damage to the active ions themselves, or that optical degradation occurred

due to long-term 3,98 MeV o radiation.

The low-euergv B-radiation is incapable of producing atomic dis-
placements and could only appear as an electron ionizatien. Optically, p-ioniza-

tions could not be differentiated from cG-ionizsations.

The effects of prrlonged 0.055 MeV y-radiation was simulated by
irradiating rare earth doped Th02 with 0.05 MeV X-rays. Exposures of 1/2-hour
(=quivalent to ~ 1010 years natural decay) - ere givean to lead-free samples con-
taining Sm3+, Tb3+ and Eu3+. After irradiation, all of these samples exhibited
a rapidly-decaying phosphorescence at room temperature, and a sharp thermolumi-
nescence (at 85 to 125°C). Samples which were stored after lrradiation exhib-
ited sharply decreased (or nc) thermoluminescence after three hours to three
weeks, depending on the dopant. This indicates that the damage anneals out at

room temperature. Transmission measurements on these crystals immediately after

irradiation showed no absorptions in the visible region of the spectrum which

26
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could be attributed to trap levels. In addition, the line emission had noct
changed after irradiation. Thus, it is evident that the 0.055 MeV y-radiation

will not degrade the lead-free ThO, optically.

2

Crystals grown from lead fluxes exhitit extensive color centers
from C.05 MeV x-radiation which are identical c¢o UV damage. Coloration anneals
out at room temperature, and would not be expected to accumulate from self-
irradiation. A 2-gram, lead-doped Tho2 crystal stored for a month in the
dark showed no detectable color center formation. However, 200 grams of lead-

doped ThO, crystals stored together in the dark for a month showed appreciable

2

damage because of the high flux density resulting from a large mass cf Tth.

As a result of the radiation damage experiments described, it is
feit that thare is no rcason to expect degradation of a ’l‘hO2 laser due to its
own radioactivity, provided the material is free of lead or other possible

color-center inducing ions.

3. Emission

The elements investigated were the trivalent rare earths, divalent
manganese, tetravalent niobium and uranium and the noble metal ions. In CeOZ,

3+ 3+ 3+
visible emission was detected only with Sm~ , Eu~ and Er~ doping. It was
found that the 99.999 percent pure Ceo2 contained residual Sm3+, which gave its
characteristic emiesion spectra with x-ray excitation. This background of
samarium emission was seen in all of the above samples, except those contain-
3+ 3+ 3+

ing Er~ aund Dy , which are known to quench Sm™ . Therefore, extra lines
attributable to Sm3+ were seen in the europium-, manganese-, terbium- and

uranium-doped samples. Visible emission was seen in Tho2 with Sm3+, Eu3+,

27
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Er3+ , Dy3+ and Tb3,. There was emission from an unidentified impurity in the

9%.99 percent pure ThO_,, which was seen superimposed on the rare earth spectra

2’

In Ce0, and ThO, infrared emission was nbserved from Na>! and vb°°

3+
The Nd  enission was a factor of 5 to 10 weaker than a similar sample of

CaWO4: Nd ana the Yb3+ was a factor of 500 weaker than Caw04: Nd. That no

3+ 3+ 3+ 3+
, Ho™ , Pxr~, Pr

3+

emission was seen from CeO2 and ThO2 containing Er3+, Tm

or U4+ is not surprising, in view of the weak emission of Nd3+ and Yb

The details of these systems are given below:

The emission spectra of Eu3+, Sm3+ anf Tb3+ were presented in the

semiannual report and can bLe found in Appendix III of this report,

ay  Eu?t

The flucrescent litetime of the Eu3+ emission shows a la;ge con-
centration dependence (Figure 13). The lifetime et 0.05% Eu is 1.7 msec. and
talls off to 0,5 msec. at 5% Fu. Eu3+ at low concentrationé shows marked
changes when charge compensatiun agents are incorporated. Figure 16 shows the

effect of adding Fl-, N‘b5+ and Ta>" to crystals that contain 0.05% CeOz. The

maximum lifetime for Fl- additions occurs with 0.05% Fl-. The maximum life-

time for Nb5+ and Ta5+ additions occurs at 0.5%. However, it is believed that

this may only reflect a poor distribution coefficient for Nb5+ and T35+. The

¥ maximum lifecime of any sample was 3.0 msec. with 0.05% Eu3+ and o0.5% Ta5+. A
variation of charge compensation in the 0.5 or 5.0% Eu sample has no effect ou
b the lifetime.
£
E I
P&
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34 LY’
and Yb in ThO, that were

In view of measurements made on Er 2

Previously cited, it is believed that the derrease in lifetime with concentra-
tion can be attributed to a change in site symmetry from mostly »sic to mostly
trigonal or a mixture of sites. Incorporac.on of Fl- or Nb5+ into dilute sam-
Ples possibly increases the lifetime by annihilation of the hcles, rest:lcing in
charge neutrality and increasing the symmetry slightly. The addition of com-
pens;tion in higher concentraiion than the europium content plazes the charge
compensation closer to Eu3+, thus distorting the cubic site. Finally, flu ‘ine
or niobium compensation s no effect on the more concentrated samples, because
fluorine or niobium will always be a near neighbor to some Eu ion, thereby dis-

torting its symmetry.

Similar effects were observed with other rare earths in CeO2 and

ThOZ. Despite the increases in fluorescent lifetime, it should be pointed out

3 7

Y in LaAlo,,

that these are not dramatic increases, as in the case of Cr and

are probably not important from the device standpoint.

Transmission spectra of 5% Eu in CeO2 show the usual -~ »rptionr

attributzble to Eu3+; however these a:e extremely weak. The exc: .__.cn spectra
[} o] -]

(Figure 17) of the 5910A Eu3+ line shows evcitation only from 38804 to 3940A.

This level is in the CeO2 absorptior edge and its efficiency is probably due to

energy transfer from the Ce0 Since this rajor excitation band does lie in

9
the CeO2 edge, it will not be possible to optically pﬁmp thick crystals .

2) Na*

The room temperature emission spectra from 10,500 to 10,9002 of 1%

°
Nd3+ is shown ir TFigure 18. The strongest line of the 10,600A group is found at

30
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Relataive Intensity of 5927A Line
 p—

\ Absorption Edge of Ce0

2

_

—
1 i -
3500 3600 3700 3800 3900 400C 4100
Excitation Wavelength (R)
Figure 17, Excitation Spectra of Ce0,: 0.5% Eu3+
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Figure 18, Emission Spectra of CeOZ:Nd3+ (Room Temperature)
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< © v
10,639A and is LlA wide. Unlike Cako, : Nd, the line at 10,857A, which is

13A wide, is much stronger than the 10,6003 lines. The fluorescent lifetime

of the 1% s=mple is 340, seconds.

The excitation spectra showed no new excitation bands. Experiments

intended to study energy transfer showed no energy transfer to Nd3+ from U4+,

4
Mn2+, Te +, or Nb, Tb, and Pr, which were of mixed valence.

(25 yb!

I mradl e w3t :
The emission of \bz in CeO2 is so weak at room temperature that

it is barely detectable, Cooling to liquid nitrogen increases the brightness
by a facter of 50. However, it is still so weak that broad slits are needed
in order tc observe it, so that it is impossible to resolve all the lines.

The spectra obtained (Figure 19) shows two lines at 10,402 &nd 10,2882. These
vere found to be about 20 and 252 wide, respectively; however, this may still

be instrument-broadened.

b. Tho,

(1) Eu3+

3+ in ThO2 is similar to Eu3+ in Ce02.

The strong lines are listed in Table II. Of particular interest 1s the line

The emission spectra of Eu

-} (-] -]
at 5903A which is 3.5A wide at room temperature and 1A wide at liquid nitro-

gen, These are of the same width and lifetime as in Ceoz. However, they are

a factor of 100 brighter than in Ce0 This occurs because the UV edge of

2.
ThG2 is at a shorter wavelength, thereby allowing the pump light to utilize

most of the Eu3+ absorptions,

33
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Emission Spectra of Ce0, :

Figure 19.
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TABLE II

Report No., 8197

ROOM TEMPERATURE EMISSION OF ThO2 : 0.05% Eu

Relative Intensity

ﬁ? Qs_.x (Corrected for Photo-
multiplier Response)
i: 5845 .27
E 5873 A
5877 .37
5903 2.5 .91

. 5923 .16
T 5945 .29
% e 6067 .13
= 6108 16 .60

i 6300 9 .00
.
i
£
i
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In order to investigate the effect of concentration and charge
7
compensation on the spectra, the SDO to Fl transition was studied. It was
found necessary to make these measurements at liquid nitrogen., to observe the

3+

small separations. The spectra of ThO, containing 0.5% Eu™ , 0.5% Eu3F plus

2
-1 3+ o 5+
F °, and 0.5% Eu™ plus 0.5% Ta~ are shown in Figure 20.

The gross effects are that l"‘.1 compensation practically eliminates
the 5858, 5844, 5967, 5872 and 58743 lines and introduces 5895, 5898 and 5909R
lines. Tas* eliminates the same lines as F-l. but has the effect of broaden-
ing tﬁe remaining lines. The 5902& linz, for instance, is broadened from 1A
to 3.72. In experiments where only minute amounts of F'l were added to the melit,
the same lines disappeared, but the 5895, 5898 and 5909R lines were not enhanced.
In samples of low concentrations, the 5895, 5898 and 5909R lines are strong; in
fact, these decrease in intensity with increased Eu3+ concentration. The 5884
and the 59022 lines remain substantially unchanged in relative intensity with
concentration and charge compensation. It appears from this data that there

may be up to four spectra present, probably representing four sites.

Attempts were mada to measure the fluorescent lifetime of the

individual lines. However, the lines were not of sufficient brightness to per-

mit convenient measurement of individual lifetimes.

(2) Sm3+, Er3+. and Dy3+

The spectra of Sm3+, Er3+ and Dy3+ in ThO2 are not substantially
different from the same ions of CeO2 or other hosts. Since these lines were

found to be very broad, they were not studied in detail.
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(3 1’

in ThO,, 'I‘b3L fluoresces brightly. Emission spectra of the strong
lines are illustrvated in Figure 21. The strongest !ine, at 5433;, is 5.43 wide.
In Th02 doped with terbium, there is no coloration of the crystals as in Ceoz.

This is probably due to the more stable nature of Tha‘. Energy transfer fron

TbBF to Eu3+ was observed in Th02.

4y N3t

The emission spectra of the strong lines of Nd3+ in Th02 grown

flux are shown in Figure 22. The strongest line occurs at 10608X.

from ‘PbF2
ard is ;12 wide. At iiquid nitrogen, this narrows to 3.5A. As in the case
of Ce02, Nd3+ in ThO2 is consideratl. weaker than in Cawoa. The fluorescent

}ifetime of Nd was found to be 400u seconds.
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SECTION IV

LASER TESTING

Tests for laser action were made on neodymium-doped CeO2 and ThOz.
The CeO2 rod (grown from L12M0207 flux) was 2 mm long by | mm diameter. The

ThO2 rod (grown from PbFZ-NaF-B flux) was 11 -m long by 3 mm diameter. Both

2%
rods had ends coated to give 99 percent reflection at 1.06p.
The CeO2 rod deve. ped a crack during fabrication which enlarged

during opticzl pumping, resulting in a broken rod. Time did not permit fabrica-

tion ¢t 1 new rod.

The Thoz rod was -ested, using a saturated NaN02 solution as a
fiiter (UV cutoff 40003) to prevent UV damage to the crystal. It was observed
that damage did occur with 300 J input to the xenon flash lemp, indicating that
a gmall po.tion of the iight is transmitted by the filter. The damaged crystal
did not lase. 1c¢ is Lolieved tnat no lasing occurred for two reasons: first,
color center absorption lies at the same wavelength as the neodyuium absorp-
tions; 21d second, it is possible that a two-photon loss process is occurring
as observed with Er_3'+ in Can.8 High intensity flash exposures on neodymium-
doped crystals grown from lead-free fluxes showed no damage, indicating that

no color centers form from rzre earth doping, and thar a laser orobably can be

made when large, lead-rree crystals are obtained.

41
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SECTION V

CONCLUSIONS

We have learned to grow pure and doped CeO2 and ’rhO2 by the flux
technique. Crystals of Ih02 suitable for laser testing have been grown. Meas-
urements on these crystals indicate that Th02 is preferable because of many
superior properties, such as: better ciystal quality, transmission range,
little color center formation, and greater fluorescent brightness. However,
the initial goal of achieving extremely long lifetimes was not attained. This
~aises doubt of the merit of high-symmetry hosts f&r trivalent rare earths,
especially when charge compensation is required which results in an increase

in the number of emission lines observed,

42
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APPENDIX 1

PHASE EQUILIBRIA AND SOLUBILITIES IN CeOz;FLUX SYSTEMS

I-1

-



umniﬁi;&ggnmmﬂﬁg[ ‘

=

4

‘U lb«l'

The Perkin-Elmer Corporation Report No, 8197
Electro-Optical Division

APPENDIX I

PHASE EQUILIBRIA AND SOLUBILITIES IN CeOz-FLUx SYSTEMS

et

1. Phase Equilibria

Phase equilibria and solubilities of Ceo2 in various flux systems

are detailed in this Appendix. The phase equilibria were determined as de-

scribed in the text.

a. PbO-PbFz-BZO3

Ceo2 was found to be the stable solid phase in the PbO-PbF2-3203
in any combination of the three which contained less than 25 mole percent 3203
(Figure 1). When more than 25 percent 3203 is used, CeBO3 often co-precipitates

with CeO, at lower temperatures; with more than 75 percent 3203, a miscibility

gap formed,

b. NazO-Bzoa-MOO3

The stability points for CeG, in the system Na20~32-03-M003 are

shown in Figure 2. Here again there is a liquid miscibility gap with a high
8203 content; however, the stability region of CeO2 18 much more limited than
in the lead system. On the Nazo-Moo3 edge there was only one compositiun that

ylelded any CeO Even this was mixed with NaCeMoZOS, which forms in all other

'3

cases. When B.0, is substituted for MoO

203 3 in these compositions the CeO, is

2

again formed.
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c. L120-8203-M003

CeO2 is gtable in the L120-8203-H003 systems using most ratios of

Mo0,/B,0,, provided Li, O is present between 10 and 6C mole percent (Figure 3).
377273 2

LiCeMozo8 was found tc form in the molybdate melts at temperaturee below 800°C.

2. Solubilities

a. CeO,

& o

The solubilities of CeO2 in some of the flux compositions were de-

termined by the quench melt technique. These compositions were selected becaise

of their potential for growingz large crystals of Ce0 The solubility points

2°

were made by holding the melt in contact with undissolved Cec2 at the desired

temperatures for 24 hours. At the end of this time, the liyuid containing dis-

solved CeO2 was decanted and frozen. It was then analyzed for CeO2 content by

wet chemical methods.

The solubility curve for CeO2 in NaBOé is shown in Figure 4. Here
the solubility varies from 7 percent at 1300°C to 1.7 percent at 950°C. While

this does not have a high solubility for Ce0,, almost all of the CaO2 can be

2

recovered upon cooling, thereby allowing reasonable yields of crystals.

The solubility of CeO2 in “i(MoxBI-x)Qoy is shown in Figure 5 as
a function of x. The highest solubility is found in.the high bovon fluxes. A
plot of the slope of solubility versus temperature shows the slope to be pro-
portional to the boron content of the flux (Figure 6). Figure 7 shows the solu-

bility of Ceo2 in Li(HoxB )202. Here the slopes change as abuve, but the

1-x
solubilities are slightly lower. Thus, it is possible by slight flux modifica-

tions to vary slope and solubility in a particular crystal-growing experiment.

I-3
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The solubility in lead flux system was not determined. However,

it increases significantly with higher PbF_, content.
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APPENDIX II

Report No, 8197

THE APPLICATIONS OF X-RAY-EXCITED OPTICAL

FLUORESCENCE TO ANALYTICAL CHEMISTRY
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APPENDIX Il

THE APPLICATIONS OF X-RAY-EXCITIED OPTICAL
FLUORESCENCE TO ANALYTICAL CHEMISTRY

R.C, Licares, J,B. Schroeder and L.A. Hurlbut

The Perkin-Elmer Corporation
Norwalk, Connecticut 06852

ABSTRACT

Apparatus for measuring the x-ray excited
optical emission spectra is described. A tech-
nique 1s described for quantitativelv measuring
the concentration of Tb, Dy, Eu and Gd in Y,04.
The limits of detectivity were found to be 0.02,
0.03, 1.0 and 1.0 ppm respectively. A method
for substantially reduring these limits is given.
The limit of detectivity for rare earth impuri-
ties in synthetic garnets and CeO, appears to be

comparable to thaz measured in Y203.

Presented at the Pittsburgh Conference on Analytical Chemistry,
March 1-6, 1955.

Publi-~hed in 3pectrochimica Acta, 21, 1915 (1965).
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Buring the investigation of the optical properties of rare-earcta-
doped synthetic garncts, it was noted that the x-ray excited optical emission
spectra was very sensitive te rare carth contamination. In tact, a sample of
chromium-doped gadolinium gallium gar.et (GdBGaSOIZ:Cr) in which anly the

chromium fluorescence could be detected with ultraviolet excitation showed

emission lines attributable to many of the rare earths when excited with 50
KeV x-rays. This pronounced sensitivity to rare earth impurities prompted us
to examine the possibility of adapting the technique for routine quantitative
analysis of incoming rare earth oxides. Because of other programs in our

laboratory, high purity Y was selected for the initial investigation,

2%
METHOD

Early work1 indicated that x-rays were not suitable for the ex-
citation of optical spectra. This result appears to have been caused by an
unfortunate choice of samples and the use of high energy x~rays. More recently,
Low demonstrated that x-rays were a very suitable means for exciting the rare

3,4, 3 also has demonstrated the usefulness of x-rays

earth fluorescence.2 Low
in exciting chromium, nitrogen, semiconductors, etc. In other words, ic¢ is a
completely general technique for gases and solids. Liquid samples, on the

other hand, have not yielded satisfactory results to date,

The details of the excitation mechanism are not known. However,
it seems likely that x-rays excite photoelectrons in the host lattice as well
as the characteristic x-ray fluorescent spectra. The photoelectrons then
preferentially transfer their energy to impurity atoms by inelastic scatter-

ing. Direct absorption ¢ x-rays by the impurity atom it certainly not the

I1-1 |
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primary method of excitation. One tenth pereent rare earth in Y, 0, would abscrb

3

approximately 0.0005 cimes as wuch of the incident X-ray encrgy as the yttrium
and this cectainly is not adequate to account for the bright visible fluores-

cence obhserved.

X-ray excitation has the very important advantage over ultraviolet
excitation thet the spectral match between the ion 'mder investigation and the
source is no longer important., This enables one to effectively excite ions
with navrow or weak absorption bands. Further, the energetic photoelectrons
excite the impurities ro a higher state than does ultraviclet excitaticn,
Therefore, all of the allowed optical transitions can be observed, not just
those originating at levels below the energy of the pump, Another fundamental
advantage of x-ray excitation is that there is no interference between the
source and the optical spectra because x-ivays are not reflected and, therefore,

can be easily kept away from the detector.

EXPERIMENTAL PROCEDURE

The experimental apparatus is shown schematically in Figure 1.
K-rays impinge on the sample while it is being viewed with a suitable monochro-
mator. Because of x-ray absorption in the sample and optical scatter (poly-
crystalline samples only) and absorption, it is advisable to view the front of

the sample as indicated, This geometry also reduces the coloration of ths opti-

cal elements,

During irvadiation, the sample was approximated 6 cm from the focal
spot of a Machlett CEG-50 tube (Machlett Laboratories, Springdale, Connecticut),

The tube was operated at 50 KeV and 40 ma dc. The optical fluorescence was

1I-2
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chopped at 13 cps before entering the slits of a Perkin-Elmer Model 210 mono-
chromator with a 640 lines/mm grating (Figure 2). The slits were sufficiently
closed to allow resolution of the line spectra being observed. The signal was
detected with a 6705 photomultiplier (S-10 surface) and the signal amplified
with & lock-in amplifier (Princeton Applied Pesearch Model JB-5) and recorded

with a Leeds and Northrup Speedomax G.

The materials used were Y203 containing less than 1 ppm total rare
earth imp irities and rare earth oxides containing less than 10 ppm total iare
earth imparities according to the suppliers' assay (Michigan Chemical Company
and American Potash & Chemical Company). The samples were prepared by dissolv-
ing the desired amount of Y203 and rare earth oxide in hot 25 percent HNO3.

The low doping level samples were prepared by successive dilutions of the more
concentrated standards. The solution was boiled to dryness and fired at 750°C
to yleld the doped oxide. The powdered sample was then pressed into an aluminum
cup which is attached to the cold finger of the dewar (Figure 3). In addition
to providing cooling when desired, the dewar effectively absorbs the X-rays

scattered by the sample,

RESULTS

The absorption and emission spectra of most rare earths in Y. 0

273
6,7,8,9

(using UV excitation) has been reported, The optical emissions occur

at the same energies as reported in the literatuie in the Y203 and yttrium
aluminum garnet, (Y3A15012, except that more weak lines can be seen. However,

in the case of Pr3+, visible emission is seen only in the garnet at room tem-

perature. At 77°K a weak, broad band does appear in Y203:Pr samples, For thig

II1-3
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reason no addltioral measurements were made on Y203:Pr. Figure 2 shows the
. 3+ 3+ 3 3

emiselon spectra of 1 atomic percent Eu”', Gd , Ib i and Dy iy 0, at

273

room temperature. The positions of the lines are convenieutly located in

that the strong lines of different rare earths do not overlap,

To investigate the sensitivity of this technique, varfous dilu-

t:ons of these rare earths in Y203were prepared, An internal standard was

employed to eliminate run-to-run deviations. One atomic percent gadolinium
was incorporated into the Eu, Tb and Dy samples. The residual Dy in the YZO
was used as the internal standard for Gd. The relative intensities were ob-
tained by comparing the height of the strong lines shown in Figure 2. The

minimum detectable relative intensity, based on signal-to-noise ratio of two,

was 7 x 10-4.

Figure 3 shows the relative intensity as a function of concentra-

q.
tion for Tb3+, Dy3+, Eu”™ and Gd3+ in ¥,0

273’

observed because concentration effects do not occur below 1 to 20 percent for

A straight line relationship is

these ions. The minimum detectability of each impurity is indicated in Table

TABLE I

MINIMUM CONCENTRATION FOR DETECTION IN Y203

Rare Earth Emission Line (cm-l) Minimum Level®

Tb 18400 cm™ - 2 x 1078
Dy 17500 3x 107"
Eu 17900 1x 1078
cd 31600 1x10°°
g d in (Y, Re ).0
Expressed as x in ( l-x ex)2 3
1I-4
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Th: data for Dy3+, Tba*, and Eu3+ all fit very well on a straight
line. The reproducibility between ruas was better than 5 percent, The data
for gadolinium are more scattered than the other rare earths, probably because

of a poor choice of internal standard concentration, !

Because mechanisms for encrgy transfer between rare earth ions
1 .
are inoperative at concentrations below 0-1 atomic percent, 0 spurious re-
sults are not to be exvected. At higher concentrations energy transfers and

absorption may become significant. However, the higher concentrations may be

o

easily dstected and analyzed by conventional metheds.

CTHER YTTRIUM CUMPOUNDS

In view of the marked differences in the Pr3+ spectra for the two

hosts investigated, it was considered worthvhile to explore other y:trium com-

pounds winich might be brighter emitters. A suitable compound shculd be easily

derived from Y203. Although the garneis generally give brighter fluorescence,

[

they are difficult to synthesize on an analytical sample basis as are other

"y

i oxide systems. Therefore, we studied a number of rare earth organic systems
g* speculating that an organic-rare earth energy transfer might teke place. These
i

included yttrium carbonate, oxalate, acctate, and ethvlene diamene cetraacetate

(EDTA) . Tlese were prepared from the high purity Y which showed a relative

293

Dy3+ emission intensity »f 3.4 x 10~3. The salts showed no emission. It was

iy

!m»m

found, however, that if ((EDTA) was decomposed by heating for one-half hour at

2 500°C, very bright fluorescense was obtained. The relative Dy intensity in-
ES

= creased 50-fold, and b>* and Er3+ emissions were easily visible with relative
= -2 -1 3+
: intensities of 6.4 x 10 = and 2 x 10 ~ respectively, The increase in the Tb
-

and Er3+ sensitivity, of course, is not known because they were uncbservable in

-
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the original sample; however the ThB* was certainly below 2 x 10-8. X-ray
diffraction analysis showed that the decomposition product was not Y203 or
any other yttrium ccmpound listed in the 1963 ASTM index of x~ray diffracticn

patterns, On the basis of color, diffraction pattern and fluorescence pright-

ness the low temperature decomposition product converts to Y,O3 between 750"
&

and 1000°C.

SCINTILLATOR APPLICATION

The bright fiuorescence under x-irradiation appears to offer ad-

vantages in x-ray diffraction over current scintillation materials. Specifi-
cally, multiple doping of a synthetic garnet should provide a good match for

photomultiplier tubes, In addition to being bright emitters, the garnets are
hard, dcnse, non-hygroscopic materials and Y_Al_0.. has an absorption consiant

3 75712
for 1.54A x-rays approximately three times that of Nal.

To investigate this possibility, we compared the photomultiplier

output for undoped CaWOé, with (YO.99Tb0.01)203' The Y203 gave G percent of

the response of the Cawoa. Increasing the doping level, adding other dopants,
and the use of a garnet host will definitely produce far greater brightness
than is now available. Van Uitertlo has shown more than an order of magni tude
increase in the brightness of the 54503 line of Tb by increasing the concentra-
tion to 50 percent in Cawoa. Multiple doping, concentration and lifetime ef-

fects are being investigated in our laboratory.
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EMISSION SPECTRA OF RARE EARTHS IN CeO2 AND ThO2
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:
E APPENDIX 1II
E §i EMISSION SPECTRA OF RARE EARTHS IN Ce0, AND The,

o

The emission spectra of some of the rare earths in CeO2 sud ThO2

are given in this Appendix. It should be noted that some of the line positions

wmmml

shown here are different from those in the Semiannual Technical Summary Report

W“!

F for the period ending 30 April 1965, due to an error in the previous instrument

calibration.

m‘:

1. EMISSION SPECTRA OF Smo'

mmmuau:

Emission spectra of 0.5At% Sm3+ at room temperature are shown in
Figure 1. The spectra at 77°K are essentially the same, except ror temperature
E shifts. While these lines are not particularly narrow at room temperature,

they are extremely bright with either x-ray or UV excitation. At 77°K the lines

are considerably narrowed and the ratio of their brightness change markedly.

3
Figure 2 shows the brightness of the Sm * content. The brightness is seen to

ey

increase slowly up to 1%, whereupon rzpid concentration quenching occurs.

The fluorescent lifetime of Sm3+ is shown in Figure 3 vs. Sma* con-
tent. Here the lifetime is - n to be inversely proportional to the Sm3+ con-
tent, from a high of 1.7 msec. to a low of 0.8 msec. At 77°K the lifetime does

nct vary with concentration, but stays quite constant near 0.70 msec. There

are small changes with charge compensation due to the change in site symme try

il

around the Sm3+, but these are not gross effects.
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E:a
E 54 TABLE 1
i
ES
SAMARIUM EMISSION LINES
gﬁ Room Temperature
f Relative
F Intensity
o o (Corrected for

s A (A * .54) AN (A) Detector Response)
- 557¢ - .05

5611 - .05
i
i

5700 - .005
4
L 5739 9.6 1.0
§: 6080 10,2 .16
;g 6160 16.0
L . .43
b 4
% 6214 13.5 .34

Note: Linewidths have not bier corrected for spectral slit width.

i

NN IR . O e

%
-

g

3 I1I-3

E

=

i

b




g

itlitsniadd

i

g 104 - ] ¥ y ¥ 1Ty v v LR R LI 1] v T ¥ rvy
3 5 :
— b b A
- S P
<}
pa 3 o -
’ =
-
2 10°F it
Q - -
- u P .
%] p= o
A :
= =
3t :
b = -
+
rh 5 =
' 102 b L i 2211 bl A i i a1 TN I W W |
-’ - - -
0™ 1073 1072 107t ;
xX)
- Figure 2, Sm3+ Fiuorescence Intensity vs. Sm Concentration
in Ce Sm O
1-x "'x "2
3
2  § T VvV VT ey v LR B RAL | ] T ¥V v ¥yl
1 = -
9
[¥]
(2]
=]
0 i | 4 1 31 1 8211 _1 1 L 1 4 4131 L L bl L 1 als
107 1073 1072 10!
(xX)

Figure 3. Lifetime Su:3+ Fluorescence va. Sm Concentration
in Cel H S.mx 02

III-4




P By ey R

f } ot

The Perkin-Elmer Corporation Report Nc. 8197
Electro-Optical Division

The transmissicn spectra of several 5% Sm samples was measured in
the visible region of the spectrum. However, due to the small thickness (imm)
of sample available at that time, and due to the weak absorption of the samar-
ium lines. no absorptions were seen. The excitation spectra of the 5739; emis-
sion line was also measured in these samples (Figure 4). and again no excita-
tior was found attributable to the weaker lines. The only band responsible
for excitation was found from 3870 to 3770A. Thers are many other Sm3+ levels
of equal strength close to this, but :they are of lower energies which do not

contribute to fluorescence. Since this level lies in the band edge of Ce0

R
it appears to be excited by energy transfer from the Ce02.
a. sz*

No emission attributable to sz* was observed at either room temp-

erature or 77°K. This was despite deliberate overcompensation with Fl- and

prolonged X-ray irradiation to reduce Sm3+ to Sm24.

2. EMISSION SPECTRA OF EUROPIUM

3+

Emission spectra of 0.5At7 Eu3+ in CeO2 at room temperature is shown
in Figure 5. The position of these lines, their widths, and relative intensities
are given in Table II. The bright lines all originate from the SDO level, but
some weak lines from cther levels are also seen. At room temperature, the emis-
sion between 58003 and 6600A is a group of 10 lines. At 77°K, however, there
are 15 lines. With 0.5% Eu3+ in CeO2 it would be expected that there should be

a large number of europium ions in both trigonal and cubic sites. The larger

number of lines then results from further resolving of the spectra, which shows

III-5
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vy (em™!
17,175
16,968
16,930
16,867
16, 816
16,710
16,422
16, 287

15,745

15,158

Note: Linewidths have not been corrected for spectral slit width,

TABLE 11

EURCPIUM EMISSION LINES

Room Temperature

9 - L T Ty es T b, Wt e
N 0, WP O P Y I A IR L i S S |
g ik Hedadiild

Relative
Intensity

° 8 8 .Ccrrected for

A + .5A A (8) Detector Response)

5808 2.7 .19

5875 £.1 .39

5886 7.65. .27 i

©

5910 4,24 1.00

5924 6.8 .20

5961 23.5 .27

6077 10.7 .065

6108 12,4 .49

6223 6.7 97

6595 5.8 .20

I1X-8




The Perkin-Elmer Corporation Report No. 8197
Electro-Optical Division

the two sites which are partially superimposed at room temperature. The bright-
ness of Eu3+ is shown in Figure 6 to be increasing with europium concentration
up to at least 5%. A plot of linewidth vs. Eu3+ content is given in Figure 7
for the 59102 line. This shows that there i3 very little line broadening up to

5% Eu.

3. EMISSION SPECTRA OF ERBIUM

L TR Lo BN e D N

_ The visible emigsion spectra of 5at% Er"+ in CeO2 at room tempera-

; ture is shown in Figure 8. The room temperature spectrum is characterized by

— emission in the green. At low temperatures, these levels are partially quenched,

= and, in addition, emission is seen in the red as observed in calcium tungstate.1

= The wavelengths, linewidths, and relative intensities are summarized in Table III.
.lere are some very narrow lines, all of which terminate quite close to the ground

' state.

B It was not possible to determine the fluorescent lifetime of these

~ lines because they were very weak with optical excitation.

§ The transmission spectra of Er in CeO2 show the usual absorptions

% due to Er3+. Excitation spectra of the 54742 line (Figure 9), however, do not

indicate that these contribute to visible fluorescence. The excitation band for

'\Iwmmr‘ a

the 54742 line extends from 3620 to 37003, lying in the CeO2 edge. This level,
however, is farther within the edge than Sm3+ and Eu3+, and probably largely

accounts for the difference in brightness.
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TABLE 111

ERBIUM_EMISSION LINES

Room Temperature

Relative
Intensity
o o o (Corrected for
\ (A £ .54) AN (A Detector Response)
5455 2.4 .66
£459 2.3 .50
5465 1.8 .96
5471 2.0 .88
5474 2.2 1.00
5478 1.9 .96
T
t 5483 1.9 .72
[ 5519 2.0 .45
I: 5587 3.5 .65
% 5590 3.0 .65
5610 3.8 .85
5612 3.8 .88
I1X-32
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What was thought at the time of the Semi-annual Report to be

strong infrared emission was found to be a long infrared afterglow in the

spark excitation source,

4.  EMISSIOn CPFCTRA OF DYSPROSIUM

3+
No visible emission was observed from Dy in Ce0y with x-ray

: +
or optical pumping. Transmission measurements indicated that Dy3 was present.

However, since the visible emissions originate from levels above the CeO2

edge, we would not expect emission from them, despite x-ray pumping.

5. EMISSION SPECTRA OF MANGANESE

a. an+ :

No visible emission attributable to an+ was found in Ceoz.
Attempts were made to compensate an+ by charge compensating with FI- and
Ta5+ and by vacuum annealing. These attempts were all unsuccessful. The
heavily-doped samples were orange in color, like crystals containing Caz+.
and it is possible that the charge compensation ions Fl- or Ta5+ did net
enter the crystal, thereby leaving a coler center which would absorb the

fluorescence. The vacuum-annealed crystals became black, indicating that

Ce4+ reduced to Ce3+.

6. EMISSION SPECTRA OF TERBIUM

No visible emission was observed in CeO2 doped with from 0.05%
terbium. The crystals were reddish brown and showed ro Tb3+ by visual or
infrared transmission measurements. Europium was co-doped with terbium to
attempt to observe energy transfer to the europium as observed in other

compounds.2 Figure 10 shows the dependence of emission of 0.05% Eu on Tb

I1I-14
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content., The Eu3+ emission increases threefold over a terbium-free sample
for the lowest terbium concentration, and then decreaces rapidly with terbium
content. The increase in brightness with terbium additions indicates that
some Tb3+ is present. Samples become quite darkly colored at high terbium
contents, thus abscrbing the Eu3+ emission. It is possible, then, that the

bulk of the terbium is tetravalent.

A uumber of crystals containing 5% Tb were vacuum-annealed at

4+

600° for eight hours to attempt to reduce Tb'' to Tb3+. The crystals changed

color from reddish brown to pale green; however, no Tb3+ was seen,
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