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ABSTRACT 

The crystal growth and optical spectra of CPO„ and ThO- were 

studied to determine their potential usefulness as laser materials. 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 CeO, and Th00. 

Transmission measurements were made throughout the wavelength region between 

0 o 

2000A and 100,000A. When samples were observed to fluoresce with X-ray^ UV 

or visible excitation, their emission spectra, excitation spectra, and fluores- 

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

ties was also studied. 
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SECTION I 

INTRODUCTION 

Cerium dioxide and thorium dioxide crystallize in the fluorite 

structure with lattice constants of 5.41)0 and 5.600A respectively.  fhe 

ionic radius of Ce + is 0.96A and that of Th  is 1.04A, making the substitu- 

tion of all the rare earths possible. In the fluorite structure, the cations 

occupy a site of high syrametry, 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. 

Studies made on Er^1" and Yb  in ThO, using ESR have shown that 

the rare earth car occupy both cubic and f.rigonal sites. The cubic predomi- 

nates at low rare earth concentration and the trigonal at high concentrations. 

This observation can be explained on the basis of the increased probability 

that a charge coinpensating hole will reside near a rare earth ion. The same 

situation nuy be expected to occur in CeO„.  It so, it should be possible to 

prepare these 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 icn. 

Charge compensation of a trivalent ion in Ce02 or ThO can be 

accomplished most easily by the following mechanisms: 
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Charge compensation of a divalent Ion can be accomplished by the 

following mechanisms: 

+4      -2 
2Me   + 40 

3Mef4 + 6C'2 

Me+;*  + 20'2 

+2 +6 Re   + W, Mo 40 Z 

Re4"2 * 2Nb, Ta'5 + 60'2 

Re + i¥ 

m 

i: 

I 

It is evident that these mechanisms will be unsuitable at high con- 

centrations because they will destroy the cubic symmetry around the Ion.  Even 

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* and ü3+ In CaF2 indicate there are many more than 

2 
two sites for a trivalent Ion in this compound, we may expect more than two 

sites to be observed ThO_ or CeO«. 

1.  Experimental Program 

The experimental program was divided Into two areas, crystal growth 

and measurements. The crystal growth experiments were confined to the flux tech- 

nique.  The phase equilibrium and solubilities were explored.  During the first 

period of work, experircents were mainly conducted on Ce02. However, it became 

apparent that ThO» had many Important advantages over Ce02, and the emphasis was 

shifted to ThO- during the second period of work. The measurements made were 

I 
==— ==„ ■ - 



The Perkin-Elmer Corporation 
Electro-Ontic.il Division 

Report No. 8197 

I 

emission spsctra, 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. 

I 
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SECTION II 

FLUX GROWTH OF Ce02 AND Th02 

Because of the extremely high melting points of CeO» and ThO- 

(2800oC and 3800oC respectively), the flux technique is  most attractive for 

the growth of these crystals. VThile a number of fluxes have been reported re- 

3 
cently for the growth of ThO« , there was a complete void in the literp'cure 

about the growth of crystals of Ce02 and ThO» at the beginning oc  this program. 

To make these materials available for study, the phase equilibria, solubilities, 

crystal morphology and crystal growth in various molten salts were ?-cplored. 

i 
1.  Phase Equilibria 

The phase equilibrium runs were made by cooling a melt of flux 

saturated with CeO. or ThO. from 1300oC to 900oC at 5° per hour. The identity 

of the crystallized 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 furnaces, the temperature range explored was from 

1350oC to 900oC. 

I 
I 

a.  Cerium Oxide 

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

three appeared promising and were explored In detail. These systems are: 

1. PbO - PbF2 - B203 

2. Li20-Mo03 - B203 

3. Na20-Mo03 - B^ 

4 
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Details 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* CeCL in the Na.O-B.O» and PbO-PbF.-B^O- systems.  In addition, 

the ternary NaF-PbF_-B-0- was explored for the growth of Thü?. Here, ThO- was 

stable with as little as ~ 50 mole percent PbF« or up to ~ 80 mole percent NaF. 

A flux containing 75 mole percent PbF», 16.7 mole percent NaF and 8.3 mole per- 

cent 3„0. was optimum for lead-containing fluxes. A flux containing 66.6 moln 

percent NaF and 33.3 mole percent B„0_ was optimum for the lead-free fluxes. 

2. Growth Morphology 

Crystal gi-T/th was accomplished by slow cooling of the flux satur- 

ated with CeC' or ThO„ at 1 to 5cC/hr.  In these experiments, two morohologies 

were found. One i«? a cube bonded by j lOOJ- faces and the other an octahedron 

bonded by jUlf 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 relrtiveiy perfect cubes of Ce02 have been formed, but 

are of P.  much smaller percentage yield than the octahedra. Hovever, with the 

lead fluxes, Th0„ cubes can form which are entirely free of lamellae (Figure 3). 

A 1-'st of the fluxes and the morphologies of CeO„ yielded are given 

in Table I. Octahedra are only obtained from:  (1) the Na.O-BjO, system when 

E 
i 
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Figure 1. CeO^ Cube 
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Na/B -> 1.0 and  (2) the Li20-ß 0 «Mo03 system when Mo/B ^ 1.0. The controlling in- 

fluence of the information of ontahedra is the sodium or the molybdenum con- 

tent of the flux. 

Figure 3. ThO Cubes 

Mixtures of lead fluxes and NaBO- were made in the hope that a 

flux of relatively high solubility could be found which would 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 region 

of dendritic growth. The dendritic growth (Figure 4) has the appearance of 

cubes stacked on their corners.  This condition persists over flux compositions 

0.8 to 0.7 NaBO, • 0.2 to 0.3 PbF-.  Outside this flux componsition only octa- 

hedra or cubes are found. 

i 
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i Ü TABLE 1 

MORPHOLOGY OF CeO„ WITH VARIOUS FLUXES 

Flux Composition MorpholoRy 

10 FbO-B203 

10 PbF2.B203 

PbO.PbF,, 

Cubes 

Cubes 

Cubes 

ID 
Li20 • B203 

Li20 ■ 2B203 

Na20 • 2B203 

Na20 • B203 

Li20 • 2Mo03 

Ll20 • 4Mo03 

Li20 ' B203 • Mo03 

Li20 • 1/2 B203 • 3Mo03 

Li20 -11/2 B203 • Mo03 

Cubes 

Cubes 

Cubes 

Octahedra 

Octahedra 

Octahedra 

Cubes & Octahedi-a 

Octahedra 

Cubes 

miiii.jmmmmmmmmmmmgm*ammmmiM 
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Figure 4. Dendritic CeO„ 

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

exactly the same manner as the Ce02, except that in the NaF-PbF.-B.O- system, 

Th02 octahedra were not formed in the ThO, stability region. 

3. Growth of Large Crystals 

a. Slow Cooling of CeO_ 

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 

gOCC). 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 NaB02, L^Mo^, and PbF2-x BJOJ composi- 

tions had potential for the growth of lar.se crystals. 

A scale-up of the process to a 2000 ml container was made, using these 

three fluxes.  Cooling rates of l0/hour were used to keep the runs to a reasonable 

length of time. 

Using the NaB0? flux, clear octahedral crystals were obtained that 

were no larger than 1 mm on an edge.  It was found thet going to these slow rates 

actually resulted in poorer quality crystals.  It is believed that this was caused 

by a loss of Na 0 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 b> the appearance of small -j IOC J- faces on the octa- 

hedra. 

[ 
I 
I 

Using the PbF^-B-O- flux, crystals 3 mm on an edge have been 

obtained. These crystals were of very poor optical quality and contain color 

centers which have been traced to the incorporation of Ca , Pb  and F  into 

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

Slow cooling of large Li20-Mo03-Ce02 melts did not yield large crys- 

tals because spontaneous nucieation is common tn this system. 

b.  Slow Cooling of TWL 

2+ 
Unlike CeO», ThO» has little or no color center formation from Ca 

and F1" and yields cubes f.at are relatively lamellae-free from PbF2-B203 

mixtures. Experiments with PbE^B-O-'NaF systems showed that flux compositions 

of 75 mole percent PbF-, l'i.7 mole percent NaF and 8.3 mole percent B^» produced 

10 
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crystals three times the size of those obtained from PbF2 alone.  In runs cooled 

from laOO'C at 0.5o/hour for one week and et l"7hour at temperatures to lOOCC, 

clear ctyj^als have been obtained which permitted fabrication of rods 1/2-inch 

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

r 1 cm 

fl 

I 
E 

Figure 5. Seeded Th02 

ThC crystals grown from lead fluxes exhibit ÜV damage.  Therefore, 

experiments were conducted to use Th02 crystals from a lead flux as seeds for 

growth from lead-free fluxes.  The procedure followed was to first make a solu- 

tion of NaB02 or 2NaF-B203, saturated with Th02 at 1300
oC.  Then i seed of Th02 

is introduced and cooling is begun.  Trie run is terminated by pouring the flux 

off and cooling slowly to room terapprature.  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.  If these two problems are 

controlled properly, by closer regulation of the chemical composition and slower 

cooling, large lead-free crystals can be grown. 

c.  Gradient Growth 

In the gradient method , a seed crystal is hung in the cooler, top 

region of a crucible and nutrient is placed in the cooler, bottom region of the 

crucible (Figure 6). Growth occurs by dissolution of the nutrient and deposition 

on the seed. 

n Gradient growth of CeO- was accomplished using Ll2Mo207 flux, which 

•^ gives octahedral growth. Since octahedral growth is characterized by rapid 

growth of the •{ lOöl 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 growth region and nutrient, growth occurred rapidly and resulted in 
S 

noor quality (Figure 7). Using an octahedral seed crystal, high-q ality growth 

r U occurs slowly. 

In experiments aimed at optimizing growth rate and crystal quality, 
I 
t n t..a AT and growth temperature were varied independently.  It was found that 

i 

r 
i 

i 
a^ tammmm 

growth rate did increase linearly with AT; unfortunately, spontaneous nucleation 

at the surface of the liquid also became an increasing problem. Growth temperatures 

of 970oC and aT of 100° were the maximum tolerable. This gave a growth rate of 

0.25 mm/day and high quality growth zs  Jiown in Figure 8. With large seeds It 

would be possible to grow large CeO- crystals by this method. 

12 
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Figure 6.    Gradient Fhix Growth Apparatus 
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Figure 7.  Gradient-Grown Octahedral CeO« on Cubic Seed 

I 
Figure 8.  Gradient-Grown CeO, 

14 
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A few gradient runs with ThO- were made using NaBO? flux.  Growth 

conditions of 1027oC deposition temperature with a 25° ^T resulted in growth of 

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

results. 

I 
i 
mam 
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SECTION III 

MEASUREMENTS 

I.  Experimental Measurements 

Visible emission spectra were excited by X-rays. This technique 

was demonstrated by Low and was successfully applied to rare earth spectro- 

scopy in our laboratory (Appendix II).  This experimental setup was used to 

measure the visible emission spectra.  The infrared emission spectra were 

excited by a 1 kw quartz iodine lamp.  In both cases the spectra were measured 

using a 0.58 Meter Ebert Grating Monochromator (Perkin-Elmer Model 2311.    The 

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

duce scattered light. A 1400 line/mm and 576 line/mm grating were used for 

the visible and infrared, respectively.  This allowed first-order scanning 

o o e 
from 3700A to 25000A.  The resolution of the instrument is better than 0.1A in 

the visible region. 

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

ciency over the wavelength range used.  These were: 

3700A to 700üA 

7000A to 9000A 

9000A tc 12000A 

12000A to il5000A 

Hand-selected, red-sensitive EMI 
6705 photomultiplier (S-10 surface) 

RCA 7102 photomultiplier (S-l sarface) 

R^A EJ-2471 Lithium drifted diode 

Perkin-Elmer lead sulfide cell 

Transmission measurements were made with a t-crkin-Elmer Model 450 

or Model 4000 Spectrophotometer. 
16 
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Lifetime measurements were made, using "he apparatus shown sche- 

matically in Figure 9a.  Pump light was provided by a 30-joule air spark which 

has a decay time of 20u seconds (Figure 9b).  .he excitation wavelength was 

selected by passing this light through a Perkin-Elmer Model 12 Mönochrcmatcr. 

Fluorescence from the sample was selected by the use of filters or another mono- 

chromacor.  Lifetime was measured by photographing 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 in 

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

r 
1^ wavelengths were sc&nr.ed. 

Unless they are indicated as being from other sources, all meas- 

urements were .nade on single crystals grown by the fiux technique. The crys- 

L tals are grown from 99.999 percent pure CeO , 99.99 percent pure Th02 and re- 

Ö        agent NaBO, flux, unless otherwise note^. The percentage of dopants is based 

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

D 
2.  Transmission Spectra 

The transmission spectra of pure and d';ped CeO- and ThO« were 

measured. The primary effort was placed on finding the band edge of CeO- and 

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

of color centers. 

I 
I 

I 
I 
I 

a.  UV-Visible 

E Very pure (99i99 percent) CeO was found to be perfectly color- 

-1 2+ 
less, having a UV edge at 25,500 cm  (Figure 10). The addition of 0.17. Ca 

results in an orange-colored crystal with an absorption as shown in Figure. 10, 

17 
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Figurt 9a. Fluorescent Lifetime Apparatus 

[ 

Figure 9b.  Oscilloscope Trace of Spark 
(Time Scale - 50 ^sec/Cm.) 

18 



I 
! 

The Perkin-Elmer Corporation 
Electro-Optical Division 

Report No.   8197 

70 

60 

50 

40 

6    30 

20 

10 

25. 0 24.0 20.0 

-1 "3 
V (Cm      x 10    ) 

15.0    14.0 

Figure  10. Absorbancy of CeO» 

[ 
I 
i 
i 

2+ 
Since Ca^ does not absorb in these regions, the absorptions are probably color 

centers caused by the holes necesrary for charge compensation. As expected, 

the colored crystals display higher electrical conductivity than pure Ce02 if 

holes are present . Further, the addition of a charge compensating ion such 

as Mo  with the Ca + yields crystals which have no color center. For some 

I- 2+ 
reason which is as yet not understood, F  does not compensate Ca .  It ap- 

2+ 
pears that Pb  also produces a slightly-colored crystal. 

The addition of F ', fib  and Ta  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 *.  Figure 11 shows 

the absorption of 99.9 percent pure Th0„ and 99.99 percent pure ThO„ in the 

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

cause of its sharp decline in intensity in tbe purer material. The oc^arrence 

of this absorbtion makes accurate determination of the edge difficult. 

In the visible region of the spectrum, the same type of color cen- 

ter is seen with Ca additions as with CeO~, except that the colors are less 

intense. Fluorine, Y  and Nb  gave no color centers. The lack of color 

1~ 4-h 
centers with F  additions may be a result of the fact that Th  is more 

stable than Ce . The Ce  can be reduced to Ce , thereby permitting F 

2- 
to substitute for 0 . These color center.: are of a permanent nature, and are 

not bleachable. 

A bleachable color center was found in ThO« that was grown from 

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

are exposed to UV in the 3000A to 3600A range, whereupon an absorption develops 

in the visible. This type of color center is t>       .ar to the nonbleachable in 

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

300CC or stored in the dark for several days. Figure 12 shows the absorption 

of lead-doped ThO. before damage, after a one-minute UV exposure and after a 

15-minute UV exposure. 

Measurement of the UV transmission showed (Figure 13) that the 
o o 

ThO- edge had moved from 260OA to 3600A. Analysis of the samples by atomic 

2+ 
absorption showed 0.017, lead present. Since Pb  is known to absorb in f.his 

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

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

20 
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into CeO„ does not cause a bleachable color center because CeCL itselt Is 

opaque to the light of the damage frequency. 

b.  Infrared 

The infrared spectra to 10|i for CeO. and Th02 is shown in Figure 

14.  The Infrared cutoff at 8-9|i is better than sapphire^ and could make these 

materials interesting for infrared window applications.  The CeO- spectra 

show no extra lines which could be attributed to Ce  (which has absorptions 

in the near infrared) indicating that the stoichiometry of the crystals vh 

good. 

c.  Radiation Damage 

Since ThO„ is radioactive, '.he  possible degrading effect of radi- 

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

232 
(Th  ) Is as follows: 

DECAY REACTION 

232 22E in 
Th    *   Ra   +■ a 3.98 MeV 1.39 x 10  years 

+ Y 0.055 MeV 

2 ? 8 228 
Ra '"  » Ac   + ß 0.030 MeV 6.7 years 

OOQ 99 Q 
Ac '  »- Th   + a 4.54 Mev 6.13 years 

■t- ß 1 5 Mev 

+ Y 0.05-0.96 MeV 

Etc. Pb208 

24 
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For a particles of less than 10 MeV, the coulomb barrier prevents 

interaction with the nuclei (except for very light elements).  Therefore, one 

would not expect transmutation of the rare earth dopants from the 3.98 MeV a. 

The a-particles are energetic enough to produce atomic displacements.  The pos- 

sible optical degradation due to the a radiation was not studied directly; how- 

ever, some indirect experiments were performed.  The line emission spectra of 

residual rare earths in one-year-rid ThO? reagent was not measurably different 

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

thermoluminescence in one-year-old ThO», 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 a radiation. 

The low-energy ß-radiation is incapable of producing atomic dis- 

placements and could only appear as an electron ionization.  Optically, ß-ioniza- 

tions could not be differentiated from alonizatlons. 

D 

I 

I 
I 
I 

The effects of prolonged 0.055 MeV y-radlatlon was simulated by 

irradiating rare earth doped Th0_ with 0.05 MeV X-rays.  Exposures of 1/2-hour 

(equivalent to ~ 10  years natural decay) • ere given to lead-free samples con- 

3+3+      3+ 
taining Sm , Tb  and Eu  . After irradiation, all of these samples exhibited 

a rapidly-decaying phosphorescence at room temperature, and a sharp thermolumi- 

nescence (at 85 to 1250C).  Samples which were stored after irradiation exhib- 

ited sharply decreased (or nr) 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 Imnedlately 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 net 

changed after irradiation.  Thus, it Is evident that the 0.055 MeV y-radiatlon 

will not degrade the lead-free ThO optically. 

Crystals grown from lead fluxes exhibit extensive color centers 

from 0.05 MeV x-radiation which are identical co UV damage. Coloration anneals 

out at room temperature, and would not be expected to accumulate from self- 

irradiation.  A 2-grain, lead-doped Th09 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 

damage because of the high flux density resulting from a large mass of ThO 

As a result of the radiation damage experiments described, it is 

felt that there is no reason to expect degradation of a ThO. laser due to its 

own radioactivity, provided the material i:, free of lead or other possible 

color-center inducing ions. 

I 
I 
I 
I 

3.  Emission 

The elements investigated were the trivalent rare earths, divalent 

manganese, tetravalent niobium and uranium and the noble metal ions.  In Ce0_, 

visible emission was detected only with Sm    , Eu  and Er  doping.  It was 

found that the 99.999 percent pure Ce0„ contained residual Sm , which gave its 

characteristic emission spectra with x-ray excitation. This background of 

samarium emission was seen in all of the above samples, except those contain- 

ing Er  and Dy , which are known to quench Sm . Therefore, extra lines 

3+ 
attributable to Sm  were seen in the europium-, manganese-, terbium- and 

3+   3+ 
uranium-doped samples. Visible emission was seen in Th0_ with Sm , Eu , 

27 
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Er       ,   !)y       iind Tb'    .     Thexc was emission from an unidentified   impurity   in   the 

99.99  percent pure Th09,   which was  seen superimposed on the   rare earth  spectra. 

3+ 

3i      3^- 
In Ce09 and ThO„ infrared emission was observed from Nd  and Yh  . 

The Nd  emission was a factor of 5 to 10 weaker than a similar sample of 

CaWO ).:  Nd and the Yb 4 was a factor of 500 weaker than CaWO,:  Nd.  That no 
4 t 

emission wa^ seen from CeO and ThO„ containing Er  , Tm , Ho  , Pr , Pr 

or U  is not surprising, in view of the weak emission of Nd ' and Yb 

The details of these systems are given below: 

CeO. 

iU 

The emission spectra of Eu , Sm  anf Tb  were presented in the 

semiannual report and can be found in Appendix III of this report. 

(1)  Eu 
3+ 

3+ 
The fluorescent lifetime of the Eu  emission shows a large con- 

centration dependence (Figure 15).  The lifetime at 0.05% Eu is 1.7 msec, ana 

falls off to 0.S msec, at 5« Eu.  Eu  at low concentrations shows marked 

t. 

changes when charge compensation agents are incorporated.  Figure 16 shows the 

effect of adding F ", Nb  and Ta + to crystals that contain 0.05% CeO,. The 

maximum lifetime for F  additions occurs wit'i 0.05% F ' . The maximum life- 

5+      5 + 
time for Nb  and Ta  additions occurs at 0.57..  However, it is believed thöi: 

5+      5 + 
this may only reflect a poor distribution coefficient for Nb  and Ts  .  The 

maximum lifetime of any sample was 3.0 msec, with 0.057» Eu  and o.57o Ta  .  A 

variation of charge compensation in the 0.5 or 5.07» Eu sample has no effect o« 

the lifetime. 

I 
28 
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In view of measurements made on Er  and Yb"  in ThO  that were 

previously cited, it is believed that the decrease in lifetime with concentra- 

tion can be attributed to a change in site symmetry from mostly  Die to mostlv 

trigonal or a mixture of sites,  IncorporaL-on of F " or Nb'  into dilute sam- 

ples possibly increases the lifetime by annihilation of th*> hcic:*, resulting in 

charge neutrality and increasing the symmetry plightly.  The addition of com- 

pensation in higher concentration than the europium content places the charge 

compensation closer to En }   thus distorting the cubic site.  Fiially, flu  ine 

or niobium compensation ':as no effect on the more concencrdted samples, because 

fluorine or niobium will always be a near neighbor to some Eu ion, thereby dis- 

torting its symmetry. 

Similar effects wf:re observed with other rare earths in CeO„ and 
2 

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

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

are probably not important from the device standpoint. 

Transmission spectra of 57= Eu in CeO show the usual -' ^rpti on' 
2 

attributaole to Eu T; however these are extremely weak. The exel  on spectra 

(Figure 17) of the 5910A Eu  line shows excitation only from 3880A to 3940A. 

This level is in the Ce02 absorption edge and its efficiency is probably due to 

energy transfer from the Ce02. Since this f.ajor excitation band does lie in 

the CeCL edge, it will not be possible to optically pjirap thick crystals 

(2) Nd3-*" 

The room temperature emission spectra from 10,500 to 10,900A of 17. 

3+ . o 
Nd  is shown in Figure 18. The strongest line of the 10,600A group is found at 

30 
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10^639A and  is   11A wide.     Unlike CaWO  :     N'd,   the   line  at   10,857A;   which  is 

o o 
13A wide, is much stronger than the 10,600A lines.  The fluorescent lifetinn- 

of the 1Z sample is 340|j. seconds, 
» - 

The excitation spectra showed no new excitation bands.  Experiments 

intended to study energy transfer showed no energy transfer to Nd  from U , 

2+   4 + 
Mn , Te  , or Nb, Tb, and Pr, which were of mixed valence. 

(2)  Yb3+ 

The emission of Yb  in CeO- is so weak at room temperature that 

it is barely detectable.  Cooling to liquid nitrogen increases the brightness 

by a factor of 50. However, it is still so weak that broad slits are needed 

in order to observe it, so that it is impossible to resolve all the lines. 

The spectra obtained (Figure 19) shows two lines at 10,402 und  10,288A.  These 

Ü 
were found to be about 20 and 25A wide, respectively; however, this may still 

be instrument-broadened. 

b. Th02 

3+ 
(1)  Eu 

3+ 3+ 
The emission spectra of Eu  in ThO is similar to Eu  in Ce0„. 

n The strong lines are listed in Table II. Of particular interest is the line 

CO o 
r|       at 5903A which is 3.5A wide at room temperature and 1A wide at liquid nitro- 

gen. These are of the saoe width and lifetime as in Ce0„.  However, they are 

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

ThO„ is at a shorter wavelength, thereby allowing the pump light to utilize 

most of the Eu  absorptions. 
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TABLE II 

ROOM TEMPERATURE EMISSION OF ThO, : 0.057. Eu 

KA a\A 
Relative Intensity 

(Corrected for Photo- 
multiplier Response) 

5845 

5873 

5877 

5903 

5923 

5945 

6067 

6108 

6300 

2.5 

16 

9 

0.27 

0.47 

0.37 

0.91 

0.16 

0.29 

0.13 

0.60 

1.00 

I 
I 
I 
I 
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In order to investigate the effect of concentration and 'harge 

compensation on the spectra, the D to F. transition was studied.  It was 

found necessary to make these measurements at liquid nitrogen, to observe Che 

small separations.  The spectra of Th02 containing 0.5% Eu  , 0.5% Eu T plus 

F , and 0.5% Eu3f plus 0.5% Ta5+ are shown in Figure 20. 

The gross effects are that F  compensation practically eliminates 

the 5858, 5844, 5967, 5872 and 5874A lines and introduces 5895, 5898 and 5909A 

5+ -1 
lines.  Ta  eliminates the same lines as F  . but has the effect of broaden- 

o o 
ing the remaining lines.  The 5902A line-, for instance, is broadened from 1A 

0 -1 
to 3.7A.  In experiments where only minute amounts of F  were added to the melt, 

a 
the same lines disappeared, but the 5895, 5898 and 5909A lines were not enhanced. 

o 
In samples of low concentrations, the 3895, 5898 and 5909A lines are strong; in 

3+ 
fact, these decrease in intensity with increased Eu  concentration.  The 5884 

o 
and the 5902A 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 made 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 Sm , Er  and Dy  in ThO are not substantially 

different from the same ions of CeO- or other hosts.  Since these lines were 

found to be very broad, they were not studied in detail. 

I 
I 
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Transition in ThO„  at  77 K 
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(3)  TbJ' 

3f 

n 

In ThO.. j lb      fluoresces brightly.  Emission spectra of the strong 

e o 
lines are illustrated in Figure 21. The strongest line, at 5433A, is ?.4A wide. 

In IhO, doped with terbium, there is no coloration of the crystals as in CeO^,. 

4»- 
This is probably due to the more stable nature of Th  .  Energy transfer fro-n 

3*-     3*- , ,  m A Tb  to Eu  was observed in ThO». 

L 

(4)  Nd 
3 + 

The emission spectra of the strong lines of M      in Th02 grown 

from PbF7 flux are shown in Figure 22. The strongest line occurs at 10608A, 

aid is ■1A wide. At liquid nitrogen, this narrows to 3.5A. As in the case 

of CeO_, Nd3+ in ThCL is consideraK weaker than in CaWO^. The fluorescent 

lifetime of Nd was found to be 400n seconds. 

I 
I 
I 
I 
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SECTION IV 

LASER TESTING 

I 
I 
I 
I 

Tests for laser action were made on neüdymtun-doped CeO, and ThO-■ 

The CeO_ rod (grown from Li?Mo„07 flux) was 2 mm long by 1 mm diameter.  The 

ThO„ rod (grown from PbF2-NaF-B 0 flux) w^s 11 ■Mm long by 3 mm diameter.  Both 

rods had ends coated to give 99 percent reflection at 1.06^. 

The Ce0„ rod devel »ped a crack during fabrication which enlarged 

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

tion or i new rod. 

The Ta0„ rod was tested, using a saturated NaNO., solution as a 

c 
tllter (UV cutoff A000A) to prevent UV damage to the crystal.  It was observed 

that damage did occur with 300 J input to the xenon flash l2mp, indicating that 

a small portion of the light is transmitted by the filter. The damaged crystfl 

did not Ime.    ic  is believed tnat no laslng occurred for two reasons:  first, 

color center absorption lies at the same wavelength as the neodyruium absorp- 

tions; aid second, it is possible that a two-photon loss process is occurring 

3+       8 
as observed with Er  in CaF».   High intensity flash exposures on neodymium- 

doped crystals grown from lead-free fluxes showed no damage, indicating that 

no color centers form fro'n ttxe  earth doping, and thai: a laser probably can be 

made when large, lead-free crystals are obtained. 
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SECTION V 

CONCLUSIONS 

We have learned to grow pure and doped CeO- and Th02 by the flux 

technique. Crystals of IhO suitable for laser testing have been grovm. Meas- 

urements on these crystals indicate that Th02 is preferable because of many 

superior properties, such as: better crystal 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 for trivalent rare earths, 

especially when charge compensation is required which results in an increase 

in the number of emission lines observed. 
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APPENDIX I 

PHASE EQUILIBRIA AND SOLUBILITIES IN CeO^FLUX SYSTEMS 

1.  Phase Equilibria 

Phase equilibria and solubilities of CeO. in various flux systems 

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

scribed in the text. 

IB 

I 

a. PbO-PbF2-B203 

Ce02 was found to be the stable solid phase in the FbO-PbF^-B-O» 

in any combination of the thre*» which contained less than 25 mole percent B-O- 

(Figure 1).  When more than 25 percent ß_0 is used^ CeBO often co-precipitates 

with Ce09 at lower temperatures; with more than 75 percent BO., a miscibility 

gap formed. 

b. Na20-B203-Mo03 

The stability points for CeO, in the system Na 0-B -O.-MoO, are 

shown in Figure 2.  Here again there is a liquid miscibility gap with a high 

BjO. content; however, the stability region of Ce0? is much more limited than 

in the lead system. On the Na20-Mo0, edge there was only one composition that 

yielded any CeO.. Even this was mixed with NaCeMo.O», which forms in all other 

cases.  When B20, is substituted for MoO. in these compositions the CeO» is 

again formed. 
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c.  Li20~B203-Mo03 

CeO- is stable in the Ll-O-B 0 -MoO- systems using most ratios of 

MoO-/B„0,, provided Li 0 is present between 10 and 60 mole percent (Figure 3). 

LiCeMo^Og v&s  found tc form in the molyhdate melts at temperatures below SOO'C. 

2, Solubilities 

a.  Ce09 

The solubilities of Ce0? in some of the flux compositions were de- 

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

of their potential for growing lar^e crystals of CeOj.  The solubility points 

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

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

solved CeO- was decanted and frozen.  It was then analyzed for Ce0„ content by 

wet chemical methods. 

The solubility curve for CeO. in NaBO» is shown in Figure 4.  Here 

the solubility varies from 7 percent at 1300oC to 1.7 percent at 950oC. While 

this does not have a high solubility for CeO ,  almost all of the CaO« can be 

recovered upon cooling, thereby allowing reasonable yields of crystals. 

The solubility of CeO. in Li(Mo B  ).0 is shown in Figure 5 as 

a function of x.  The highest solubility is found in.the high boron 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 polu- 

bility of CeO in Li(Mo B  ),0 . Here the elopes change as above, but the 

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

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

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

R.C. Li. ares, J.B. Schroeder and L.A. Hurlbut 

The Perkin-Elroer Corporation 
Norwalk, Connecticut 06852 

ABSTRACT 

Apparatus for measuring the x-ray excited 
optical emission spectra is described. A tech- 
nique is described for quantitatively measuring 
the concentration of Tb, Dy, Eu and Gd in Y2O2. 

The limits of detectivity were found to be 0.02, 
0.03, 1.0 and 1.0 ppm respectively. A method 
for substantially reducing these limits is given. 
The liiuit of detectivity for rare earth impuri- 
ties in synthetic garnets and Ce02 appears to be 

comparable to that measured in Y90o. 

Presented t»t the Pittsburgh Conference on Analytical Chemistry, 
March 1-6., 1965. 

Published in SpectrocW.mica Acta, 21, 1915 (1965). 

Il-ii 

.jw 



The IVrklu-Elmt'i- Corporation kt-pcirt No. 8197 
Electro-Optical Division 

During tho invostigatton ot the optical propertit'.s of rare-eartn- 

doped synthetic garnets, it w<*s noted that the x-ray excited optical emission 

I        spectra was very sensitive to rare earth contamination,  in tact; a samplt o( 

chromium-doped gadolinium gallium gan-et (Gd Ga 0^ :Cr) in which only 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 quantiiiative 

analysis of incoming rare earth oxides.  Because of other programs in our 

laboratory^ high purity ^„0 was selected for the initial investigation. 

| 

1 

METHOD 

Early work 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 

2    3 4 5 
earth fluorescence.  Low ' '  also has demonstrated the usefulness of x-rays 

in exciting chromium^ nitrogen, semiconductors, etc.  In other words, it is a 

i- 
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, 
L 

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 rF x-rays by the impurity atom if certainly not the 
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prtmary method of excitation.  One truth pt-ret-nt rare earth in ¥ D- »Juld ab.'icrb 

approximately Ü.0005 times as much of the incident x-ray energy as the yttrium 

and this certainly is not adequate to account for the bright visible fluores- 

cence observed. 

X-ray excitation has the very important advantage over ultraviolet 

excitation thpt the spectral match between the ion -mder investigation and the 

source is no longer important.  This enables one to effectively excite ions 

with narrow or weak absorption bands.  Further^ the energetic photoelectrons 

excite the impurities to a higher state than does ultraviolet excitation. 

Therefore, all of the allowed optical transitions can be obser/ed, not just 

:hose 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-rays are not reflected and, therefore, 

can be easily kept away from the detector. 

EXPERIMENTAL PROCEDURE 

The experimental apparatus is shown schematically in Figure 1, 

X-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 irradiation, the sample was approximated 6 cm from the focal 

spot of a Machlett OEG-50 tube (Machlett Laboratories, Springdale, Connecticut). 

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

I 
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chopped ac 13 cps before entering the slits of a Perkin-Elraer Hoctel 210 mono- 

chromatoi with a 640 lines/rmn 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 rhe signal ampllfiod 

with 5 lock-in amplifier (Princeton Applied Research Model JB-5) ,nnd recorded 

with a Leeds and Northrup !.-.peedomax G, 

The materials used were Y.^ 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 Coirpany 

and American Potash & Chemical Company).  The samples were prepared by dissolv- 

ing the desired amount of Y^ and rare earth oxide in hot 25 percent HNO 

The low doping level samples were prepared by successive dilutions of the more 

concentrated standards. The solution was boiled to dryness and fired at 750oC 

to yield 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 
2 3 

(using UV excitation) has been reported.6'7'8'9 The optical emissions uccur 

at the same energies as reported in the literatuie in the YD and yttrium 

aluminum garnet, (Y^O^, except that more weak lines can be seen. However, 

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

perature. At 77ÜK a weak, broad band does appear in Y^iPr samples. For this 
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reason no additiorai measurements were made on Y 0 :Pr. Figurt« 2 shows the 

emisgton spectra of 1 atomic percent EiT+, Gd , Tb  and Dy  in Y 0 at 

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

that ehe strong lines of different rare earths do not overlap. 

To investigate the sensitivity of this technique, various dilu- 

tions of these rare earths in Y20_were 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 Dv in the Y 0 
2 3 

was used as the internal standard for Gd. The relal.lve 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-nois^. ratio of two, 

-4 
was 7 x 10 

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

tion for Tb +, Dy +, Eu"  and Gd3+ in Y^, A straight line relationship is 

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

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

TABLE I 

MINIMUM CONCENTRATION FOR DETECTION IN Y 0 

Rare Earth 

Tb 

Dy 

Eu 

Gd 

Emission Line (cm ) 

18400 cm"1 

17500 

17900 

31600 

Minimum Level 

2 x 10 

3 x 10* 

1 x 10' 

1 x 10" 

■8 

Expressed as x in (Y Re )00. 1-x  x 2 3 

I 
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Ihi  data for Dy ; Tb ; and Eu  all fit very well on a straight 

line.  The reproducibility between runs was better than 5 percent. The data 

for gadolinium are more scattered than Che other rare earths, probably because 

of a poor choice of internal standard concentration.    ' 

Because mechaniäres for energy transfer between rare aarth ions 

are inoperative at concentrations below 0-1 atomic percent,  spurious re- 

sults are not to be exoected. At higher concentrations energy transfers and 

absorption may become signifj.cant. However, the higher concentrations may be 

easily dstected and analyzed by conventional methods. 

OTHER YTTRIUM COMPOUNDS 

I 

n 

3+ In view of the marked differences in the Pr  spectra for the two 

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

poundp which might be brighter emitters.  A suitable compound should be easily 

derived from ^ 0 . Although the garneLs generally give brighter fluorescence, 

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

oxide systems. Therefore, we studied a number of rare earth organic wystems 

speculating that an organic-rare earth energy transfer might take place. These 

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

(EDTA). Tl ese were prepared from the high purity Y 0 , which showed a relative 

3+ -3 
Dy  emission intensity of 3.4 x 10 . The salts showed no emission. It  was 

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

500GC, very bright fluorescense was obtained. The relative Dy intensity in- 

3+      3+ 
creased 50-fold, and Tb  and Er  emissions were easily visible with relative 

intensities of 6.4 x lü" and 2 x lo' respectively. The increase in the Tb 

and Er  sensitivity, of course, is not known because they were unobservable, in 
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the original sample; however the Th  was certainly below 2 x JO* .  X-ray 

diffraction analysis showed that the decomposition product was not V,,Ü„ or 

any other yttrium compound listed in the 1963 ASTM index of x-ray diffiacticn 

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

ness the low temperature decomposition product r.onvsrts to Y, 0„ between 750v 

and 1000PC. 

SCINTILLATOR APPLICATION 

The bright fluorescence 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, dense, non-hygroscopic materials and Y Al 01^ has an absorption consiant 

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

To investigate this possibility, we compared the photomultiplier 

output for undoped CaVTO,, with (Y ggTb op203"  The Y203 8aVfc ^ percent of 

the response of the CaWO,.  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 Uitert  has shown more than an order of magnitude 

o 

increase in the brightness of the 5450A line of Tb by increasing the concentra- 

tion to 50 percent in CaWO.. Multiple doping, concentration and lifetime ef- 

fects are being investigated in our laboratory. 
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APPENDIX III 

EMISSION SPECTRA OF RARE EARTHS IN CeO AND ThC 

The emission spectra of some of the rare earths in CeO and ThO 

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

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

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

calibration. 

1.  EMISSION SPECTRA OF Sm34 

3+ 
Emission spectra of 0.5At% Sm  at room temperature are shown in 

Figure 1. The spectra at 770K are essentially the same, except for temperature 

shifts. While these lines are not particularly narrow at room temperature, 

they are extremely bright with either x-ray or UV excitation.  At 770K the lines 

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

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

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

The fluorescent lifetime of Sm  is shown in Figure 3 vs. Sm  con- 

tent.  Here the lifetime is   n to be inversely proportional to the Sm + con- 

tent, from a high of 1.7 msec, to a low of 0.8 msec At 770K the lifetime does 

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

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

around the Sm , but these are not gross effects. 
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TABLE I 

SAMARIUM EMISSION LINES 

Room Temperature 

X. (A ± .5A) ^ (A). 

Re1a t ive 
Intensity 

(Corrected for 
Detector Response) 

5576 .05 

5611 .05 

5700 .005 

5739 9.6 1.0 

6080 10.2 .16 

6160 

6214 

16.0 

13.5 

.43 

.34 

I 
I 
I 
I 
I 

Note: Linewidths have not t^er corrected for spectral slit width. 
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Figure 2. Sm  Fluorescence Intensity vs. Sin Concentration 
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1-x  x 2 

o 
4) 
V) 
B 

Figure 3. Lifetime Sm  Fluorescence vs. Sm Concentration 
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The transmission 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 5739A emis- 

sion line was also measured in these samples (Figure 4). and again no excita- 

tion was found attributable to the weaker lines.  The only band responsible 

for excitation was found from 3870 to 3770A.  Theis art many other Sm  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 CeO,, 

it appears to be excited by energy transfer from the CeO-. 

a.  Sm 
2*- 

2+ 
No emission attributable to Sm  was observed at either room temp- 

erature or yy'K.  This was despite deliberate overcompensatlon with F ' and 

3+     2+ 
prolonged x-ray irradiation to reduce Sm  to Sm . 

2. EMISSION SPECTRA OF EUROPIUM 

3+ 

a.  Eui+. 

Emission spectra of 0.5At% Eu"^ in CeO- at room temperature is shown 

in Figure 5.  The position of these lines, their wldfhs, and relative intensities 

are given in Table II.  The bright lines all originate from the D level, but 

some weak lines from ether levels are also seen.  At room temperature, the emis- 
c o 

slon between 5800A and 6600A is a group of 10 lines.  At 77"K, however, there 

are 15 lines. With 0.5% Eu  in CeO- 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 
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TABLE II 

I 

f 

i 

I 
1 

EUROPIUM EMISSION LINES 

Room Temperature 

Relative 
Intensity 

v (cm ) k  (A t .5A)        AX m 

5808            2.7 

^Corrected for 
Detector Response) 

17,175 
.19 

16,968 5875           6.1 .39 

16,930 5886            7.65 .27 

16,867 5910            ^2A 1.00 

16,816 5924            6.8 .20 

16,710 5961           23.5 .27 

16,422 6077           10.7 .065 

16,287 6108           1.2.4 .49 

15,745 6323            6.7 .97 

15,158 6595            5.8 on 

0 Note: Linewidths have not been corrected for spectral slit width. 
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the two sites which are partially superimposed at room temperature. The bright- 

3+ 
ness of Eu  is shown in Figure 6 to be increasing with europium concentration 

up to at least 5%. A plot of linewidth vs. Eu  content is given in Figure 7 
e 

for the 5910A line.  This shows that there is very little line broadening up to 

57. Eu. 

3.  EMISSION SPECTRA OF ERBIUM 

a. Er 
3+ 

3+ 
The visible emission spectra of 5at% Er  in CeO_ 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 tungstaf.e. 

The wavelengths, llnewidths, and relative intensities are summarized In Table III. 

.lere  are some very narrow lines, all of which terminate quite close to the ground 

state. 

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 CeO? show the usual absorptions 

3-f 0 

due to Er . Excitation spectra of the 5474A line (Figure 9), however, do not 

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

the 5474A line extenda from 3620 to 3700A, lying in the CeO, edge. This level, 

3+     3+ 
however, is farther within the edge than Sm  and Eu , and probably largely 

accounts for the difference In brightness. 
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TABLE III 

ERBIUM  EMISSION  LINES 

Room Temperature 

-^   (A) 

2.4 

Relative 
Intenjiitv 

(Corrected for 
Detector  Response) 

.66 

5459 2.3 .50 

5465 1.8 .96 

5471 2.0 

5474 2.2 1.00 

1. 

5478 
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1.9 

.96 

.72 
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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. EMISSIOH CPETTRA OF DYSPROSIUM 

No visible emission was observed from Dy  in Ce02 with x-ray 

or optical pumping.  Transmission measurements indicated that Dy  was present 

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

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

5. EMISSION SPECTRA OF MANGANESE 

a.  Mn 

2+ 
No visible emission attributable to Mn  was found in CeO-- 

Attempts were made to compensate Mn  by charge compensating with F  and 

Ta  and by vacuum annealing. These attempts were all unsuccessful. The 

heavily-doped samples were orange in color, like crystals containing Ca  , 

and it is possible that the charge compensation ions F  or Ta  did not 

enter the crystal, thereby leaving a color center which would absorb the 

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

4+ 3+ 
(-.        Ce  reduced to Ce , 

6.   EMISSION SPECTRA OF TERBIUM 

No visible emission was observed in CeO« doped with from 0.05X 

3+ 
terbium. The crystals were reddish brown and showed no Tb  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 

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

111-14 
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content.  The Eu  emission increases threefold over a terbium-free sample 

for the lowest terbium concentration, and then decreases rapidly with terbium 

content. The increase in brightness with terbium additions indicates that 

some Tb  is present. Samples become quite darkly colored at high terbium 

contents, thus absorbing the Eu3+ emission.  It is possible, then, that the 

bulk of the terbium is tetravalent. 

A number of crystals containing 57. Tb were vacuum-annealed at 

600° for eight hours to attempt to reduce Tb4+ to Tb3+. The crystals changed 

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