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ABSTRACT

‘ I 
.~~~~~~~~~~~~~~~~~I ~n_-t &—pi~~ject , ~ pt1cal densit y ve rsus

wavelen gth was measured for CaF :Er3~ c rysta l s a s a

I function of the temperature tJ~~hich the crystals were

heated prior to quenching . The quenching of’ theI crystals had the effect of ‘1freezln g in” the high

I temperature equilibrium defect configurations in the

crystal.

I The results obtained support assignments of the

I 
optical absorption lines to various defect

configura tions. It was observed that the absorption

I line at 537.43 nm increased in height by a factor of

about 20 as a result of heating and quenching,

I supporting the assumption that it is the result of a

I 
mo .iomer defect site. The behavior of’ the absorption

lines at 537.0b nm and 537.92 nm support the models

1 that these lines are due to low order clusters .

The equilibrium among the defects of the CaF
2 
:Er

1 crystals can be described by an A rrhenius process

I 
characterized by an activation energy of 1.?b 0.02

eV. N
~~+cfl ~

_

I The equilibrium , characterist ic of the
-7

temperature from which the crysta’ was quenched , has —
~~~~

1
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been ~nodeled to be established by mobile interstit ial

fluorines .
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INTRODUCTION ;j I

Extensive studies have been conducted usir.g 
-t ‘ 3+calcium fluoride crystals doped with erbium , Cab. :1~r .

Each study has given fragmented hits of information

answering many questions concerning the structure of

the CaF2 :Er crystals and the erbium defect structures.

but many questions have been left unanswered. ~‘his

study was designed to investigate the equilibriu .n among

var ious configurations of the point defects In the -•

crysta ls, as a function of the temperature to w~iich the

crys tals were heated prior to quenching. —

As calcium fluoride models uranium oxide , used 
- .

as fuel pellets and refractory materials In nuclear

reactors , with the defects modeling the fission -
~~

products in the fuel pellets , studying calcium fiLoride

doped with erbium may yield important information on

how to more efficiently operate reactors. 
-

In calcium fluor id e , the calcium enters into the 1
crystal lattice (a face centered cubic structure ) as a -~
divalent positive ion . The calcium fluoride strt~~ture

may be viewed as a cubic array with a fluorine ion , F ,

at the corners of each cube and a calcium ion , Ca2~ , in
—7

the center of every other cube . When the CaF2 crystals

1 ii i ,
ii
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I are dooed with erbium , some trivalent nositive erbium

iocs , Er 3+, are substituted into the crystal lattice

I for calcium ions. The trivalent erbium ions cause a

I 
cha~qe imbalance in the norma l cr ystal struc ture. This

electr ic char ge is compensa ted for with the use of

T additional monovalent negative fluorine ions. (The

additional fluorine ions come from erbium trifluoride

which is the form in which the erbium is added to the

me~.t from which the doped CaF2 crystal is qrown .,) The

negative fluorine ions chüge compensate by locatinQ

themselves in various r,ositions in the lattice ,

relative to the trivalent erbium ion .
1 Depend ing on the position of char ge

comPensa tion , by the fluorine ions , d i f feren t

sy’imetries , rela tive to the erbium ion , can resul t.

If the fluorine ion locally charqe compensates an

isolated erbium ion in a nearest rieiahbor interstitial

I nosi t ion , a tetragonal site (C4v ) results vieldinc a

fourfold rotational symmetry. I f  the fluorine ion

locally charge compensates an isolated erbium ion alonri

J a ody diaqonal , a tr iqonal si te (C3~~
) results vielrl ’i n ri

a threefold symmetry. A fluorine ion non—locally

I char~ e comoensa tinri an isolated erbium ion , that is

compensatinq at a relatively larnie distance away from

- I the erb ium ion, yields a cubic site with 0h symmetry .

H I 2

‘
I
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It is possible that a cluster wil l form by erbium tons

su bstitut ing for two or more nei ghb or ing cal c iun~ ions.

When t hi s occurs , the fluori ne ions com pensate ~he

cluster . If two erbium tons replace neighboring calcium
—4

ions , a dimer site is formed. If three erbium ions

replace neighboring calcium ions , a trimer site is

forme d , an d so on.

In studying the CaF
2
:Er crystals optically , the

‘Jf—— >~lf tran sitions in the erbium Ions were obse-ved .

The U of the ZIf transition corresponds to the pri ncipal 
--

quantum number of the transition . In the normal atom ,

the üf_~ >ftf transition Is forbidden , which means that -~~

it has about io6 times less probability of occurin g,

than an allowed transition . This is because a

trans ition violates the selection rule which states 
-

~~

that for an allowed transition , there must be a change

in th e orbital angular momen tum quantum num be r of ~ 1. -~~

(This selection rule specifies the condition , such that -

when a pai r of wavefunctions describing the orQhahle

posit ion of the electron , which violate this conhition , 
-

~~

are used in calculations with dipole matrix elements ,

the result of the calculations are zero.) The charge - •

com pensat ing fluor ine ions create an electr ic field .

Th is electric field causes perturbations in the

wavefun ctions of’ the electron s of the erbium ion . ~‘he

3
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I
BACKGROUND

I L
Alkaline—earth fluorides doped with rare—earth

ion 3 have un dergone much investigation in recent years.

In many of these investigations , the work has been done

using crystals of alkaline—earth fluorides (MF 2 ) doped

1. with trivalent positive rare—earth (RE) ions with the

RE enterin g the crystal lattice substitutionally for

some of the M ions. Methods of’ observation used in

stuc.ying the crystals consist of’ such techniques as
a.

ionic thermo—currents (ITC) , electron paramagnetic

resonance (ERR), dielectric relaxation , optical

spectroscopy, and ionic conductivi’ y. Each of these

techn iques has yielded different information concerning

I structure , charge compensating mechanisms , defect s ite

symn.etries , energy levels for electron transitions ,
Ii

relat ive concentrations of defect symmetries , and

changes in the crystals as a function of Impurity

L concentration .

The first work relevant to this project was

pu blished by Weber and Bierig In 196U~ In their

U investigations they used both optical spectroscopy and

electron paramagnetic resonance techniques. They

L postulated some of the initial ideas on charge

I 6 
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compensation mechanisms . Specifically, they obser~ied

chan ges in the EPR spectra as a function of crystal

growth conditions (i.e. the effect of growing the

crystal in an oxy gen free atmosphere versus growth in - 
—

an atmosphere containing oxygen which also enters the

lattice substitutionally as o2 ions , replacing ~

ions), and as a function of impurity concentration . In

their results , they foun d that new lines appeare d in

both the optical and ERR spectra at high rare—earth

concentrations , and suggested the existence of E ions

in second nearest neighbor interstitial sites

positioned along body diagonals yielding a trig’~nal

symmetry and the possibil ~ ty of the presence of pa irs

or clusters of’ ions.

One of the two papers of most ~igni f icance use d

in this study was published in 1966 by Rector , Pan dey,

and Moos~ Using optical spectroscopy and EPR , they were

able to give a definitive assignment of EPR linrs to

the different types of defect sites. By studying the

Zeeman pattern as a function of rotational angle ,

Rector et. al. also made a determination of the site

symmetry of a num ber of spectra~I lines. In their
I

study, they found that no ltnes were observed which

were the result of defect sites with cubic symm~ try,

but they did find the existence of’ several tr igon3l - .

7
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linEs which were not as well defined as the nredo !ninant

I 

tetragonal lines.

Tallant and Wriqht did optical spectroscony

J 

using laser selective excitation .
3 
They observed

fluorescent transitions of CaF2:Er and classified the

observa tions into sites having one erbium ion (monomer

I 

sites), and sites having more than one er b ium ion

(dimers , trimers , etc.). The sites with one erbium ion

T were determined to have tetra gonal or triaonal

symmetries. The defects with tetraqonal symmetries

we ..~e called A sites , while those with trigonal

syirmetries were called B sites by Tallant and Wrinht.

The identif icat ion of the sites with more than one

er bium ion, designated the C, D (l), and D(2) sites , was

confirmed by ion—ion interactions. The defect sites

with more than one erbium ion at the site had a stronci

- - dEpendence on dopant concentration . A tioht eneray
- .. coupling between the ind ividua l er b ium ions was

- oresurned to make up a given site. They found that one

cluster site , the C site , had crystal field splittinos

sim ilar to those of the B si te , leadinq to the idea

that the local environment sensed by the erbium ion is

similar in both !~ an d C sites. It was shown , however ,

that the C site could not be the result of a single f~r—

F pair , as is the P site , because there wer e more

8
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transition s observed than could be explained as a

result of the (2J+1)/2 levels of’ a single Krame r ’s ion.

Dependence of the C , D(1), and D(2) sites on impurity

concentration confirmed that these sites are the

results of clusters since they disappeared for low

concentrations. This confirmation was further

strengthed by the observation of up—converted

fluorescence in the C , D(1), and D(2) sites , and its

absen ce in the A an d B sites . The up—conversion je  a

result that can be obse rve d only where multip le ion

sites are present.

Fontanella an d Andeen did important work in

dielectric relaxation~ As concerned with this project ;

an important part of the ir work obse rve d the ef fec ts of

con centration dependence on dielectric relaxations. In

their work they modeled the Rh and RIV relaxations to

be the result of clusters. The problem with their

model , at that time , was that the Rh clust er a pp ea red

in low concentration (0.001 mole—U samples , contrary

to the expected absence at such a low concentrat ion . A

qualitative quenching study was performed by Feun ,

Wright and Fong, but thei r results we re inconclus 1ve~
In ver y recent work , Fontanella , T reac y , and

Andeen have done some correlative work between cptical

spectroscopy and dielectric relaxation~ Quenchin g CaF2

9
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I
I :Er crystals from a temperature of 1120 K , they ma de

quantitative comparisons between the “as received” and

I the after quenching results in optical spectroscopy and

I 
dielectric relaxation . They found that changes in the

optical absorption peaks at 537.Ob nm and 537.92 nm

j appeared to correlate with the RIV relaxation peak in

dielectric relaxation . Of a possibly more significant

I note , they correlated the growth in the optical

absor pt ion band at 537 .113 nm to the Rh relaxat ion . The

banu at 537 .113 nm corresponds to the trigonal defect

I 
site as reported by Rector et al~ Thi s chan ges the

idea that the RII relaxation peak is the result of

clusters. They further correlated the RIII relaxation

- 
peak with the 538.B~3 nm and 539.52 nm peaks in the

- optical absorption spectra. In their work , they cou ld
• not make a positive correlation between the RI peak and

the optical absorption peaks except when crystals with

- low impurity concentrations were used. In the crystals

w ith low impurity concentrations , t he op tical

L absorption peak at 539.UO nm , as reported by Rector et

• al., was able to be resolved.

4.

I~
¶4
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EXPERIMENTAL PROCEDURE

For this investigation , CaF2 :Er3~ 0.2 mole—% -

crystals were commercially obtained from Optovac Inc.,

as c ircular di sks 25.11 mm in diameter . The preparation 
-

~~

of’ the crystals began with the edges of the crys~.als -

being chamfered. The crystals were chamfered to

prevent breakage in the next step of their preparation , - -

that of being ground to the desired thickness of 1.5

mm. The crystals were ground using 111 .5 micron 
- -

alum inium oxide powder mixed with polishing oil 
-

(extender for polishing abrasives), both produced by

Bueh ler , LTD. The edges of the crystals were again

lightly chamfered and then the crystals were polished. -

For polishing, Metadi Diamond Polishing Compound (1 
-

micron) and Metadi Fluid (extender for diamond paste)

were used . After the crystals were polished , they were

cleaned with acetone to remove any oils from their

surfaces due to polishing and handling. The crystals

were then cleaned with methanol to remove the acetone •

film left from their being cleaned with acetone.

A crystal was then selected to be placed in a 
.~~

dewar for initial measurements of the optical density

versus wavelength (in nanometers) for the crystal in - .

11
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I th~ “as received” condition . The “as receive d”

~o1idition is that condition in which the crystal was

I received prior to any heating and quenching sequences.

~ I T 

The crystal was held in the dewar by copper retainers.

Silicone vacuum grease was applied to the copper

~
• 

~ retainers , and there by to the crystal , to enhance

- 0 
-
~~ th~rmal conductivity. The vacuum grease has a high

0 

~~~ 
thermal con ductivity at low temperatures .

After the proper placement of the crystal in the

- dewar , the dewar was evacuated for a period of about

10— 15 minutes to a pressure of about 30 microns. The

dewar was then pre—cooled , to about 77 K , using li quid

£ nitrogen . Once the dewar was pre—cooled , the liquid 
0

nitrogen was removed and the dewar was subsequently

filled with liquid helium. When the dewar was filled

with liquid helium , the thermal conductivit y of the

copper retainers and the silicone vacuum grease caused

the temperature of the crystal to be about 10 K.

• The crystal was cooled to reduce the random

• ~ 
thermal motion in the crystal.

A reduction in the random thermal motion in the •

crystal was necessary to reduce the number of phonons

f ~ I within the crystal. A decreased number of’ phonons

witP’in the crystal caused a lower probability of

disturbance of the transitions , giving the electron

12
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transition s a longer lifetime . 
0

With the crystal temperature being held

constant , by the liquid helium , at about 10 K , t~’e

dewar was positioned in the Cary 17 dual beam recording

spectrophotometer for initial measurements of the 
- .

optical density versus wavelength (in nanometers) for

• the crystal in the “as received” con dition . Initial

measurements were made over the range of 180 to 550 - .

nanometers , to locate the optical absorption banis.

Measurements were again taken for the bands between ~435

and 5115 nanometers , 360 to 380 nanometers , and 250 to

265 nanometers. The crystal was then removed from the
-- dewar and was cleaned with acetone and methanol in -

pre paration for the heat ing a -nd quenching processes .

Prior to the heat ing process , a thermal profile

was made of the furnace yielding temperature versus

position data on the Diffusitron Furnace . The thermal

profile was made using iron—constantan and chromel—

alumel thermocouples . A typical profile measured on the

furnace used in this project appears in figure 1. The

thermocou ples were constructed using a glass inner—tube

containing one wire , and a quartz outer—tube containing

the inner tube with its wire , and an additional wire .

The thermocouples were calibrated using an ice bath and

a boiling water bath. After cleaning, the crystal was

13
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I put on a holder , called a boat due to it being shaped

similarly to a canoe , and inserted into a quartz vacuum

1 tu 3e

I The vacuum tube had been previously cleaned by

washing with a NaOH solution , rins ing with water , and

- 
drying by heating in the furnace for several hours. Due

to the dynamic vacuum applied to the quartz tube

I throughout the drying period , the period also had the

I 
efrect of baking out any impurities which could have

possibly contaminated the crystals during subsequent

I heating and quenching processes.

The quartz tube containing the CaP2 :Er crystal

I was then evacuated . A roughing pump was used to

evdcuate the tube to a pressure of’ 100 microns , and

then a diffusion pump was used in conjunction with the

T roughing pump to reduce the pressure within the quartz

tube to 2x10 6 Torr. In addition to the two dynamic

pumps , the system was cold trapped using the liquid

nitrogen which had been poured off earlier from the

.1. dewar pre—cooling stage in this procedure. The cold

1’ tra pping had the effect of freezing out any atmosphere

remaining after the use of the dynamic pumps , thereby

furt her increasing the vacuum within the quartz tube

and stopping back flow from the diffusion pump. The

crystal was heated under a vacuum to prevent possible

a-.
~

14
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oxygen contamination , Oxygen contamination results

f rom oxy qen , in the for m of fl2~~, suhstjtutinq into the

crystal lattice for fluorine ion s, Oxygen contai-jnated
0 

crystals yield different ontical absorotion snectra

0 than the uncontaminated crystals.

Af ter reducing the nreb3ure within the auartz

• tube , the crystal  was ready to be heated .  The f u r n a c e

• was set at the desired temperature and allowed to reach

• an e qu i l i b r i u m .  The temp era ture  of the f u r n a c e  ~‘as

checked , using the thermocoun le , and was held  to an

accuracy of ± one ke lv in .  The a u a r t z  tube , con ta in ina

the crystal  under the dynamic  vacuum , wa s then inser ted

into the furnace. The cr ystal was the heated for a two

hour period . A f t e r  the two hour  h e a t i n g  ~eriod , the

aua r t z  tu be , con ta in ing  the cr ystal , was rewove 3 f r o m

the furnace. The crystal was then allowed to cool

rad ia t ively at an ini tial  ra te of a bou t 5~ K per

second. After the cooling oeriod , the p ressure in the

quar tz tube was increased to atmospheric pressure. The 
0

crystal was then removed from the auartz tube ~nd

liahtly polished to remove any vacuum oil from the

surface. After polishing , the crystal was aqair. cleaned

with acetone and methanol. The crystal was then

reinser ted into the dewar in prenaration for more

ontica l absorption measurements using the Cary 17.

15
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I
I RESULTS

I The E manifold of the CaP2 :Er crystals was

studied extensively. The range of’ wavelength for the E

I mani fo l d is from 53*~ nm to 5111 nm. Measurements of the
0 

optical density versus wavelength were obtained for
• 

1 various temperatures from which the crystal had been

quenched. Measurements were taken on the crystal in the

“as received” condition , and after the crystal had been

quenched from temperatures of 723 K , 783 K , and at 25 K

-
• intervals over the temperature range of 873—10118 K ,

inclusive. The results of the measurements are

displayed in figures 2 — 13. Although the data was

taken as continuous spectra , it is displayed in this

r report as series of points as the result of being

digitized .

1!

[
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DISCUSSION OF RESULTS

Plots of the optical density versus wavelength , 1
of’ the E manifold , for CaF2 :Er crystals in the “as

received” condit ion are shown in figures 2 and 3.

Ap pearing in each plot , of figures 2 and 3, are two

relatively strong absorption lines , two relatively

weaker absorption lines, and one barely resolvable

absorption line . The two relatively strong absorption

lines have their peaks at 538.88 nm and 539.52 nm. The

two relatively weaker absorption lines peak at 537.06 
-
~~

nm and 537.92 nm. The barely resolvable absorption

line has its peak at 537.113 n~~. The heights of the

absorption lines , measured in units of optical density, 
-

are directly proportional to the concentrations of the

defect sites , within the crystals , causing the

absorptions. The proportionality implies that the .!

greater the optical density, at a particular

wavelength , the greater number of defect sites present

which give rise to the absorption at that wavelength. I
The normal process for determining changes in 

.

the optical density of the crystals is one based on the .3
product of the absorption linewidth and the absorption

• line height. To determine these values , APL programs

-H 1? 3
.

~ 
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I
I were developed for curve fittina by Captain P. J.

I 
Kimb le , USMC , and appear in the appendix. In this

project, it was observed that using the product of

I height times linewidth as a function of the temnerature I -

from which the crystals were auenched yielded the same

• - I i n fo rmat ion  as if just  the absorpt ion heiah t were used

I as a func t ion  of the tempera ture f r o m which th e

crystals  were auenched . Althouqh extensive curve

1 

fitting for the absorption lines of the F manifold was

conducted in this project, the ac t iva t ion ene r g ies

I 1 
determined were based on calculations usina the

1 
absorption line heights as a function of the

• -I temperature from which the crystal was cuenched ,

Absorption lines at 538.88 nm and 539.52 nm:

-a

~~2

The optica l density of the absorption lines at

538,88 nm and 539.52 nm appear to decrease

monotonically as the temnerature from which the CaP :Er
2

ccystals were auenched increases. These absorption

I lines may be identified as the D sites of Tallant and

Wright and the Pill relaxation peak in dielectric

relaxation . The change in ootical density as a function

1 18- r
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of the temperature from which the crystals were

quenched can be described as Arrhenius processes with

activation energies of —1,25 t @.(14 eV and —1.26 ~ 0.15

ev , respectively for the absorption lines at 538.88nn-’

and 539.52 nm. The decrease in the optical density

begins at about 948 K and e s sen t i a l ly  goes to

completion when the temperature from which the c~rystals -

were quenched reaches 1048 K. The decrease in the - -

optical density, as the tempera ture  f rom which the

crystals  were auenched incr eases , is consisten t wi th 
- 

-

the erbium cluster models proposed to describe the Pill 
-

relaxa tion peak and the D sites of Tallant and Wright .

The cluster models describe the Pill relaxation peak -

and the 0 sites to be the result of erbium ion clusters 
-

of a higher orde r than dimer. 
- .

It  is in teres t in g to no te tha t  a f t e r  the r m a l l y

removing the absorption line peaking at 539.52 nm , the

residue peaking at 539.40 nm corresponds to the

absorption line resulting from defect sites havtnq

tetragona l symmetries , as reported by Rector et al.,

and the A site of Tallant and Wright. From the work of

Fontanella , et al , a positive relation between the

absorption line at 539.40 nm and the RI relaxation neak - 0

was not defined except in crystals of low impurity -

concentrations, where the absorption line at 539.52 nm

19 
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1

I

I was not present .

L

It is also important to note that the decreases

in the absorption lines at 538.88 nm and 539.52 nm

appear to saturate when the crystals were quenched from

temperatures greater than 1048 K. This is observed by

adding the 1173 K data point reported in work by

Fontanella , Treacy and Andeen .6 The add it ion of th is

3. data point is valid in the sense that the crystals used

I 
in their investigation were grown from the same melt as

a 
those used in this investigation , -and that their “as

received ” spectra of the E manifold were the same as

those observed in this investiqation .

H Atsorption line at 537.43 nm :

1~ The optical density of the absorption line at

537.43 nm appears to increase monotonically as the

temoerature from which the CaF2 :Fr 
crystals were

quenched increases. This absorotion line may he

identified as the P site of ‘rallant and Wriaht , the
- 

L defect of trigonal symmetry, as rer~orted by Rector et

al., and the P11 relaxation Peak of dielectric

a 
relaxation . The change in the ontical density as a

1 20
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i t

function of the temperature from which the crystals -v

were auenched can be characterized as an Arrhenius

orocess with an activation energy of 1.30 ± 0.12 eV.

The increase in optical density begins at 948 K ,. the

temperature from which the crystals were ouenched at

which cluster break up beqan. Again , it is seen that 
—

this process is essentially comolete at 1048 K , af ter - ‘

increasin g its optical density by a factor of about 2(~ 
-

over the crys tal in the “as receive d ” condition. The

behavior of th i-s absoro tion band is consis tent with 
-

what would be expected for a monomer , a defect site - 0 

-

with only one erbium ion oresent. As seen in fiqure 16,

the natural logarithm of the opt ical densi ty , startina - .

at about -6, implies that orior to ~uenchinc the

crystals from temperatures higher than 873 K , t’~ere

were few triqonal sites oresent. Consecuently, this may

resolve some of the conflicts in the li tera ture ove r

the existence or non—existence of a triqonal defect in

calcium fluoride crystals doped with trivalent rare

ear ths of a smaller ionic radius than qadoliniur,.

Whether a trigonal will or will not be observed is a 
0

function of the crystal therma l history . - 0

It is also most interesting to note the - .

anpearance of an absorption line at 537.89 nm , as the

temnerature from wh ich the crystal was cuenched became

21

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ i-:;



. ----.
~~~ - - -.•--. ~~~~~~ o ~~~~ - -.o-- .- ~~~ - -.--- -~~ —

~~~~~~~~~
-

I
1
I greater than 948 K. This absorption line corresponds

I
to the second position of a ~3 site fluore scence line

noted by Tallant and Wright . 7t5  this line was not able

I to be resolved when the crystals were c’uenched from low —

temperatures , a positive correlation between it and the

- 

~ I absorption line at 537.43 nm ha s no t been ma de i n th is

project .

Absorption lines at 537.06 nm and 537.92 nm :

t~
I

Probably the most interesting results of this

1 inv€~stiqation are the chanqes ir ~ the optical density as

a func t ion of the tempera ture from which the Ca~2 :Er

1 
crystals were cuenched for the absorption lines at

537.06 nm and 537.92 nm. It is seen that as the

tempera ture from which the cr ys tals were cuenc hed

increases , there is first a decrease and then an

increase in the optical density at 537.06 nm and S37.92

1 nm as seen in figure 17.

These absorption lipee have been identified with

I the Ply relaxa t ion neak and wi th the C site of Tallant

and Wright. The observation that the ratio of the

rela tive heights of these absorption lines is a

I~I
1 22
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constant eaual to 1.86 ± 0.08 supports the conclusion

that these lines have the same defect site origin.

If this absorotion line actually is the result

of a d imer defec t site,as renor ted in the li tera tu r e ,

then the initial decrease in optical density, as the

temperature from which the crystals were ciuenche~1

increa sed , is consistent with the break uo of clusters .

This init ial decrease can be charac terize d by an

A rr henius process wi th an activa t ion ener gy of 0.44±

0.01 eV. It also has been observed that while this

cluster break up is occurring, there is a sliqht

increase in the optical density of the absorpticn lines

due to monome r defect sites.

It is further consistent that as the lowest

order cluster allowable , that as the higher order

clus ters break up, they miqht cause an increase in the

concen tration of not only the monomer defect sites , but

also the lowest order cluster (dimer) defect sites.

The concentra t ion of the dimer def ect sites would

increase only if the higher order clusters breakin g up

were canable of feeding the dimer defect sites faster

than the dimers wished to 0 break up .

In this investigation , it was found tha t th e

increase in the optical density for the absorotion

lines assoc iated to the dimer defec t sites beaan at

L ~~~~~~~~~~~~~~~~~~~~~~~~~ . _______________________________________________________________
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1
I about the temperature where the higher order clust’~rs

began to break up. The increase in the climer site

concentration, as a result of the break up of the

I higher order clusters , can he charac terize d by an

Arrheriius process wi th an activation energy of 1.25 ±

1 0.07 eV,

The activation enerqy of 1.26 ~ 0.02 eV

I characterizing the Arrhenius rrocess which describes

I 

the equilibrium amonq the defects of the crystals was

determined using a weighted averaae. The weioht aiven

I to each value of activation energy was inversely

prooortional to the uncertainty of the narticular value

- I of activation energy.

An Arrhenius process is one that can be

described by an exoonential function . In this

I 
investiga t ion, changes in the opt ical densi ty as a

func t ion of the temperature from wh ich the cr ystals

I were ouenched can be characterized by an Arr henius

i 
process with the defining eauation for the Arrhenius

proce ss being

N N  exp(—E/kT).

1 
0

- In this ecuation , ~J corresponds to the number of

defects in a specific configuration presently in the ii

1 24
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3 cr-ystal. Nrj corresponds to the number of defec ts - 
-

~ present In a specific configura-tion at some reference 
-

- point in the history of th-e cr ystal , F’ corresponds to

~ the - activation enerqy for the Arrhenius orocess , k H

refers to Boltzmann ’s cons tant , and T refers to the -

temperature from which the crystal was quenched . In - -

0 

• 

this project, rela t ive values for N and N0 were used,

base d on the heights of the absor pti on lines wh ich were

directly proportional to N and N0.

25
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- ~~~ CONCLUSIONS

I
I Considering all the literature avail ab le , the

changes observed in the optical absorotion spectra as a

I function of the temperature from which the crystals

were quenched can be most consistently modeled to be

• 1 the results of fluorine ion mot ion, This model holds

I 
when the activation energies characterizinq the

Arrhenius processes are considered. This model is

~ 
further supported by the saturations of the chanoes in

• the optical absorption spectra as the temperatures from

I which the crystals were auenched increased beyond 7750

r C,

Subsøc,uent investigations for this nroject should

I include a study of changes in the ontical absorption

spectra as a function of ciuenchinq the crystals from

tempera tures higher than 900 ~è. It is possible that

0 

- 

I 
the equilibria attained at temneratures qreater than

90O~~ would be the resul t of mot ion of the tr ivalent

I erbium ion. Also in such a study, nuenching may he

done to ranidly cool the crystal to lic’uid nitroaen

J temperatures or cooler rather than to room temoerature ,

I 
ar was done in this project. This would probably yield

greater changes in the optical absorotion spectra , as a

1 26
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function of temperature from which the crystal was

ouenched , due to a reduction of the d iffusion of

untra~ped fluorine ions throuch the crystal lattice.

Theoretically, the untrapped fluorine ions can d i f fuse

thrQugh the lattice, at room temperatures , thereby

causing the quenching to not completely “freeze in ” the

high temperature defect equilibria.

Another possible study motivated by this project

would be that of a correlation of the changes in the

optical absorption spectra with those in dielectric

relaxa tion, as a function of the temperatures from

which the crystals would be quenched. Al though iot

discussed in this project report , the increase in the

optical density of the 483.25 nm absorotion line in the

G manifold appears to be related to the growth of the

RI peak in dielectric relaxation . Roth the increse in

the optical density, and the grow th in the RI neak

appea r to be characterized by an activation eneray of

about 0.7 eV.

27
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- 1 (21 ZZ=.EPFF

‘ I 
$K

$ ZZ DDER 1 I I ; A A 1;A A 2

I [1] AA 1 AA2=AA

[21 AA1 [IIJ=AA1[II]+DDA[II)

j [31 AA2 [II]=AA2 [II].-DDA[II]

[4J ZZ= ((FFN AAI )—FFN M2)%2#DDA[IJJ

H I $K

$ ZZ II DDER2 JJ;~ A 1;AA2;AA3 -AA 4

[1] CASE l+II.NEJ3

12 1 DO

[3i AA 1XAA2 AA

a. [4 ] AA 1( I I ]~~AA III]+2#DDA[II1

[5] A A 2 [J J ] Z A A [ J J J _ 2 4 D D A [ J J ) 
—

[ 6)  ZZ * ( ( F F N  1~A 1 ) +FFN Z~A 2 ) — 2 # F F N  T~~~~

1’ (71 END- 4
[8]  no

(91  AA 1~~AA2 AA 3~~AP 4zAP~

E [10] AA 1IIIJ AA 4 ( I I I A A I I I I + D D A [ I I j

1111 AA 1 (JJ ) AA3 (JJ )~~M1JJI+flDA (JJ I
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[12) A A 2 [ I I J Z A A 3 [ I I ) = A A ( I I ) _ D D A [ I I )

[13) AA2LJJ )=M4[JJJ=AA [3jJ —DDA [JJ)

[14] ZZ= ( (FFN AM) +FFN A~ 2)— (FFN AA3) +FFN AA4

[15] END

[16] END

[17) ZZ~~Z Z % 4 # D D A [ I I ] # D D A ( J 3 J

$ WW1~ WW ;WW2;FF1;KK;LL

[1.] WW2~~((.RO.EPXXNAME) ,0).ROKK=0

[2) DO WHILE NN.GEK!—KK+1

[3] WW2=WW2,DDER 1 KK

[4 1 END

[5] KKz0;FF1 YY~ FFN AA;WW1= (NN,NN) .RO0 ;

[61 DO WHILE NN .GEKK=KK+1

(71 LL KK—I

[8] DO WHILE NN .GELL~ LL+ 1

(9) WW1[KK;LL)=WW1(LL;KK]=+/(flcK DDEP2

LL)#FF1)—WW2 [;KKJ#WW2[;LL]

110) END

(111 END

$ FF1sPFF;K!~ FF2

(1) FF1~ .IOO ;KK—0 ;FF2 YY-pFN AA ;

— (2)  DO WHILE NN.GEKK—K!+1

(3 1 FF 1~ FF 1,+/PF2*DDER1 J ( I~
— — — —
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I [4 1 END

- I
- $ lI TERATE

[1] AA=AA—FFF,IVWW
-

~~~~~ $K

I I $

LLA ;NNLIT;NN ;AALIST;VVSET;!(K; II ;YY;XXNAMF ; FF;AA ;DDA ;NNI ;SS;SS 1 ; Pt’

~ I [11 LLA II.DALLA;FF (II— -

I
(2] LLA II.DALL1\;XXNAME=(II—1)~~LL~ ;II=LLA .Io’;’;

- 1 (3] LLA II.DALLPt;AALIST (II—1 ) LLA ;II=LLA.IO’ ;’;

(4 1 VVSET ’ ‘ ;KK Ø;NN l++/’, ‘.EQAALIST;
- 

~ 1 [5] DO WHILE NN.GFKK=KK+1

1 (6] II=AALIST.IO’ ,’

[71 VVSET=VVSET,(II—1 )ThALIST

I [8]

[9 1 WSET VVSET , ‘ AA [’ ,NNLIT [KK], ’ ] ; ’

- 
~ 

1 [10) END

1 [11] LLA II.DALLA ;NN I .Ep (Ij—1)~~LLA;II LLA,jO’;’;

[121 LLA II.DALL?~;AA ,.EP(II—1) ’LLA ;II LLA.JO’ ;’;

1 [13] LLA=II.DALLA ;DDA= ,.Ep (II-1)~~LLA ;II=LLA.Io ’;’;
- 

- (141 LLA II.DALLA; .EPXXNAME , ‘ = ‘ , (I!—

I 1) ’LLA ;II LLA .IO’;’;

~ 
( 1 5 ] YY= .EPLLA

[16 j K K~~ ;SS~+/(YY—FFN RBz~A)*2;
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11 71 DO WHILE NNI.GFKK KK+1

1 18) l ITER A TE

1191 IF(SS%SS]=+/(YY—FFN AA)*2)<1

(201 THEN KK aNNI ; SST O ;A A =BB ; 
I 

-

-

(21] ELSE BB AA;SS=SS1;SST 1;

[221 END

[23 1 .EPVVSET ;

[ 24 )  OOtJT:@ ( S S % .R O Y Y ) *0 . 5 ; . Q Q = I PM S DEVIATION :’ ;

[251 KKmO

(26) - DO WHILE NN.GE!(K=KK+1

[27) II VVSET.IO’= ’;

(28] @ZAA [KK];.0Q ((II_1) ’vvSET),’ ‘ ;

(291 II~ VVSET,IO’;’—

‘1 130] WSET=II,DAVVSET

(311 END
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S
I

I
TRIDENT 2

I
I $K

I $ Y F L

I (11 Y~ (B0*H#H ) %(H#H) +4* (W—1OI~øø 00ø%L) *2

- $K

- 

~ I $ Y G  L ;L1 ;L 2 ; C ; A ; E

-: [1] B 10000000#H%2#C;A~~100000øO#W%C= (W,H % 2 ) + .*(W ,H%2) ;

[2] L1 L+X;L2 L—X;

[3) Y=(L1#G1 L1)+(L2*G1 L2)—(L+L)#G1 L

141 Y= ( Y+(2#G2  L)—(G2 L1)+G2 L2)%X#X

1 1 [5)

$K

t I $ G=G1 S

1 
(1) S S—A

— 
I 

[21 G=S+A*.LG(S#S)+13*P

1 (3] G=G+(((A+B)#A-B)%!3)#”3.LOS%B

- 1 $ G G 2 S

(1] S=S—A

- [ 2 ]  G ( S # ( 3 # A ) + ø . 5# S ) + ( ( ( 3 * A * A ) — B # R ) % 2 ) 4 . L G ( S I S ) + C # P

I [31
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$ YaGG L~W ;H ; B 0 ;X

[11 W W1:RZH1;BOaaSl;X X1;

[21 YaG L

[31 W~W2 ;R H.2 ;B0*?2;X~ X2-;

(4] Y=Y+G L

I
• $ Y~CGG L W;H;B0;X

[1] YGG L

[2] W W3;H H3;BO=B3;X=X3;

[3] Y=Y+G L

$ TIME

[1] @ ‘  SECON-DS’;.QQZ(.1921)%60;,00 ’TIME USED SO

FAR: ’;
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I
I

II I
I $

I [1] @ C L

- 1 [2] INP:FILE QQ;.Q0 ’DATA FILENAME — - - >  ‘ ;

[3] ST FILE.OP1

1 [4] IF 1.EQ.RO ,ST

I [5~ TH EN .G OINP; @ FILE , ’ COULD NOT BE OPENED .’ ;

[6] M M O  2 .RO0

~ 1 [7]

• [8) IF&/1.E+37.LEIN

— 
I [9] THEN.GOCLOSE

- 

~ 1 
[10] IF 2.EQ.RO ,IN

[11) THEN.GOREAD ;MM MM , [ 1 ]I N ;

~ 1 
[12] @ ‘YOU HAVE PROBLEMS IN THE FORMAT OF ‘,FILE ;

[13] @ ‘)EXITING APL AT THIS TIME.’

-
~~ 1 [14] ) EX

1
(151 CLOSE:CV I 1 7 5

- 

[161 CV CV , .F L / M M [ ; 1J

1 1171 Cv— Cv ,0

(18 1 CV CV ,.C E / M M ( ; 1 ]

~ I [191 CV~ CV , 1 . 1t . C E/ M M ( ; 2 ]

I [20] CV—CV ,1 1 1 1 3 0 0

(21] OFF .FL/MM [;2J

1 54
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(22) DO WHILE 0.NE.RO,IN~ .IN1

[231 W I N (1];H=IN (2];R0—IN[3 );X=IN (4J;

(241 MM (;2) MM [;2]—G MM (;1) —
-

(25 ]  END

[26 ] M~MM

(27) B0 .CE/MM[;2]

[28) H~ 1

(29] XzO.06

(30) Wal0000000%0.5#(.CE/MM[;1J)+.FL/MM[;1J

[ 31] MODE= 1

$ PL ;Y

[1] L Q J ,.IO100

— ( 2 )  L~CV[5)+(0.0]#—/CV [7 5])#L

(31 @~CL

[4] CV DRAW M

[5) CW CV[.I08),0 0 4 0 0 1 0

(6 ]  CASE MOD E

[7] CW DRAW L,Y~OFF+G L

[8) CW DRAW L,Y~OFF+GG L

[91 CW DRAW L,Y~OFF+GGG L

(10] END

$K U

$ NEW VARS;L ;OD

(11 L*M [;1]

55
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I [2 ] OD M [ ; 2 )
4

(3 ] CASE MODE

1 (41 FIT ‘OFF+G

L;L;  ‘,VARS , ‘;l ;  ‘,VARS, ‘ ;0.5.FLO .05* ‘ ,VARS , ‘;L; OD ’

1 [5] FIT ‘OFF+GG

I L;L ; ’,VARS,’;1; ’,VAPS,’;0.5.FLO.05*’,VAPS,’;L;OD ’

(6] FIT ‘OFF+GGG

I L;L; ’ ,VARS , ’ ;1; ’ ,VARS , ’ ;0 .5 .FLO .0 5 # ’ ,VAR S , ’ ;L;Ofl ’

[7 1 END

H i  ( 8 1 TIME

I $K 
U

-

$ RANGE;I

I 11] CV= 1 1 7 5

[21 CV CV,.EP.QQ;.QQ ’LEFT — — —>  ‘ ;

I [3) CV CV,0,.EP.QQ;.QQ ’RIGH T —— — > ‘ ;

I [4] I~MM [;1J.GECV (5)

(5 )  I~ I&MM [;1J.LECV [7]

I 16] M~ I / [ 1] M M

[71 CV CV ,1.1#.CE/M (;2) —

1 [8) CV—CV ,1 1 1 1 3 0 0 1

[9] D0~ B1 B2 B3*.CE/M[;2)

(10) H—H1~ H2 H3—1

(111 X .X1aX2=X3~ 0.06

(12) W3.W.10000000%0.54(.CE/M[;1J)+ .FL/M[;1J

1 113J
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[14) W1* .StW+ 10000000% .FL/P!( ;j )

$ SUBTRACT

[1) CASE MODE

( 2) DO MM( ;2 IZ MM( ;2) .- G M M ( ; 1 ]

[3) (W ,H ,B0,x).PR1

(4 ]  END

[5] DO MM [;2J~~MM (;2)—GG MM (;1)

[ 6) (W 1 ,H 1 ,B1 ,X 1) . PP].

[7) (W2 ,H2 ,B2 ,X2).PP1

[8] END

[9] DO MM [;2] MM (;2)—GGG MM[;1J

[101 (W 1 ,H1 ,B1 ,X 1) .PR 1

[111 (W2,H2,B2 ,X2).PR 1

( 12) (W3 ,H3 ,B3 ,X3) .PRj

[13) END

[14 ) END

SIC

$ R~ RMS

(1) CASE MOD E

(2 ]  P~~( (+/R $ R ) % . R O P M [ ; 2 J — O F F + G  M [ ; 1 J ) * 0 . 5

(31 R .((+/R$R)% .ROR M [;2Js’OFF+GG M(;1 ))*0.5

[41 Ra ((+/R$R)%.ROR~~M [;2]_OFF+GGG M(;1) )*fl.5

(5) END

$IC
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I
I
I CURVE

i
I PE *GØ5O37:TPIDENT2

$ TH EOR Y

1 [11 OFF= .EP.QQ ;.QQ= ’OFFSET - - —>  I
;

• (21 INP:FILE .QQ;.QQ ’DATA FILENAME - - —>  ‘
~~• I [3] ST FILE.OP1;NP= ”1;

[4] IF 0.NE.RO ,ST THEN.GOINP

[51 RESET

I 16] . G O ( 0 . N E .R O , . I N 1)/ .1B26 ;NP Np+ 1;

17) RESET

‘ 1 [8) L .EP.QQ;.QQ ’LEFT — —— >  ‘ ;

~: ~ 

[9 1 L=L+((p= .Ep .QQ)—W#(0,.IolOg)%1oø ;.Qo= ’pIcflT — - —>

I [10) N 0;YF~YG OFF;

[ 11) DO W H I L E  N P . GE N =N + 1

I [121 W IN[1] ;H IN [21 ;1N .INI;

[13] L L ,((” .O8*H)+1 .F+7%W)+.004#R#0 ,.I0401 [141 END

1 [15] RESET;L=L[.GUL);N=0;

(16] DO WHILE NP.GEN=N+1

1 (171 IN~ .IN1

(18) W~ INf1] ;H IN[2] ;B0~~I N [ 3 )  ;X I N [ 4 ]  ;

1 (191 YF YF+F L

- 1  58
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iJj

[201 YG YG+G L

[21) END

122 1 •CL 1

[23) FILE:P .QQ;.QQZ’FILE INTO WHICH CURVE POINTS ARE U
TO BE WRITTEN — --> ‘

~~

[24)  S T F .OP1

125 1 iF 0.NE.RO 7ST THEN .GOFILE;@ F ,’ COULD NOT BE

OPENED .’;

(26 )  N 0

(27] DO WHILE (.ROL).GENzN+ J

[28) (L(NJ ,YG (NJ).PP1 ;

129 1 END

(30 1 NaO ;’1E37 1E37 ’.PRl ;

[31) DO WHILE (.ROL) .GENzN+ 1

[32) (L (N) ,YF [N)).PR1 ;

[33) END

~~ 4j  .Cr..1;’1E37 1E37’ .PPl;

$ RZRESET 
- •

(1) R .100;.ST1;

[2) .GO( .OR / 1E37 GT . IN 1)/ . 1826

SIC

THEORY
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