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I. INTRODUCTION

A dielectric , by definition , is an insulator. The

dielectric studied here , calcium fluoride (CaF 2) , is a

crystal which may be t- houqht  of as a simp le cubic array

of fluorin es with a calcium occupy inq every other cube ,

,is shown in  Fi ;urc 1. When the crystal has been doped ,

rare—earth ions r e p l a c e  some of the calcium ions in the

o 0 0 0
0 0 0 0

o 0
0 0 0 0

o 0 0 0

S Q
0 0 0 0

0 0 0 *

~ 0
0

~~0 ~~~~~~~~~

Fiqure 1. Crysta l structure of calcium fluoride with a
dipole caused by rare-earth dop inq . The white circles
are fluorines; oray are calc iums; the black circle is a
rare-earth; and the one marked with an X is an inter-
s titial fluorine .

crystal lattice . Since rare— earths are trivalent (3+ )

and calcium is dival ent (2~ ) , this creates a cha rqe

imbalance . One mechanism for compensatinq this imbal-

ance is the addition of more fluorine ions to the

ma teri a l . Such an ion , which is not part of the lat—

tice structure itself and is probably located in an

empty cube , is called interstitial. If located in the

cube adjacent to the rare—earth ion , it is called a

.1

j ’
L . - - - 

~~~~~~~~~~~~~~~ . - 
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local (Or nearest neighbor) charge compensator . Thus,

in this situation there is a quasi-permanent dipole

consisting of the rare-earth ion and the interstitial

fluorine. Considerable research in the past few years,

t i  however , has proven that this simplistic model is inad-

equate to describe the behavior of the dielectric over

a wide temperature range. In fact, it has been shown

that at least five other charge configurations (or

multi ple ion motions resulting from the same charge

I configuration) exist in the material.~~
4 The current

4
work increases the complexity further by reporting

still another type of charge configuration , this one

being radiation induced . The theory underlying this

study will , therefore, be presented using the simple

dipole model , then later expanded to incorporate other

pos sible charge configurations.

~ 
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II. BASIC DIELECTRIC THEORY

A. The Dielectric Constants

The complex dielectric c o n s t a n t  c o n s i s t s  of a

real and imaginary part , the former ( ‘) beir ,q a meas-

ure of capacitance and the latter (1 “) beinq propor-

tional to conductance. Both are related to the

polarization of bound charges in a nonconductor that

is subjected to an electric field. Capacitance deals

with the ability of the charges to polarize , and con-

ductance is a measure of the energy dissipation fro.~

the polarization . First consider a capacitor with a

vacuum between its plates , as shown in Figure 2a.

+ + + + + + +

+ + +
E E - - -

+ + +
+ + +

(a) (b)

Figure 2. (a) Capacitor in vacuum ; (b) Capacitor fil- 4

led with a dielectric. (From V. V. Daniel in Dielec-
tric Relaxation , New York : Academic Press , Inc., 1967 ,
p. 14.)

The capacitance of this system is denoted by Ce,.

Since capacitance is defined as

C = ~~ (1)

where ~ I F  the plate charge and V is the potential dif-

fert’nce between the plates , it is simp le to calculate

2;
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t he  capac i tattoo of the s ys t  em i n  F i g u r e  2 i  t o  be

C _~~~oA ( 2 )0 -

where 
~ 

is the p e r m i t t i v i t y  of t h e  f r e t ’ space , A i s

t h e  p l a t e  area , and ci i s  t he  d i st an c e  between the

p l a t e s .  Now suppose a dielectric material is i n t ro -

duced between the  p l a t e s  and c o m p l e tel y  f i l l s  the  space

the re , as in  F i g u r e  2 b .  When the  e l e c t r ic  f i e l d  is

a p p lie d , the  neqat  ive char qes  i n  t h e  m a t e r i a l  move

s l iq h t ly  t oward the positive plate and the positive

charges  move s l i gh t l y  t oward the  n e q at i ve  p l a t e .  When

t he  m a t e r i a l  c o n t a i n s  permanent  d ipoles , such as those

discussed in doped ca l c ium f l u o r i d e , these dipoles

also align with the field. This polarization , or

charge displacement , compensates part of the plate

charge so that the electric field through the material

is reduced . For a fixed charge , the potential d i f -

ference  between the plates is t h e r e f o r e  reduced , and ,

f rom e n na t ion  ( 1 ) ,  t he  r . tp  i t an c t ’ i nc rease ’s . The
I

real  d i e l e c t r i c  cons tan t  of the  m a t e r i a l  is  de iir i ed  as

the r at io  of the capaci tance w i t h  the  m a t e r i a l  present

to the vacuum capacitance.

= g (3)
0

Next consider the subject of energy dissipation . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - —= - - t-.~--- ’ ------- _~___ ._ _ ~~~~ __ t_ ’ -‘--.—.‘~~~~ .-‘ —--- .-—-— -
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In a conductor such ~is metal , the application of an

electric field causes free electrons to move through

the material , thus creating a current. Energy is dis—

sipated by a current i flowing through a material of

electrical resistance R at the rate

P = i~~ R ( 4 )

T h i s  i s , of course , ca l l ed  power , and the  u n i t s  are

energy per unit time . In a d i e l e c t r i c, there  arc no

free electrons to create a current . However , the

existence of permanent dipoles supplies what the au-

thor will term locally free ions , in tha t the negative

ions (interstitial fluorines) are somewhat free to

move around the positive ions (rare-earths) . Just as

the motion of electrons through a conductor causes an

energy loss, so does the motion of the ions in a

dielectric. This loss is characterized by a parameter

called dielectric conductivity and denoted by ~~
“ . It

has units of energy per unit time and is a function of

the number of ions moving and the resistance to them

moving . Suppose the material in Figure 2b is a rare-

earth doped calcium fluoride , which has a permanent

di pole. In this situation , the di poles would align

themselves with the field , and there would be no

furthe r motion . Consequently, there is no steady

J
~~~~—w~~~~~.-- - - ~~~~~~~~~~~ ,-~~--- - - — — 
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1 state energy d i s s i p a t i o n . However , suppose the  f i e l d

th rough  the  d i e l e c t r i c  a l t e r n a t e d  w i t h  f r equency

Then the dipoles  would be c o n t i n u a l l y  a l i g n i n g  them-

se lves  w i t h  the  f i e l d ;  there  would  b. ’ c on t i n ua l energy

d i s s i p a t i o n ;  and ~ “ would have a f i n i t e  v a l u e . The

1! 
i rna~~i nar y  d i e l e c t r i c  cons tan t  is r e l a t ed  to ~~

“ by

II 
~~~~~~ ( 5 )
~0 ”

As car t  be seen f rom t h i s , C ” is a measure  of the  energy

J d i s s i p a t i o n  per cycle of the alternatina f i e l d  r a t h e r

t h a n  per u n i t  t ime .

I 

_____________
B.  R e l a x a t i o n  Time

j R e l a x a t i o n , in  genera l  terms , is the process in

w h i c h  t h e r e  is a delayed response to a s t i m u l u s .

1 - S p e c i f i c a l l y ,  the delay is an e x p o n e n t i a l  f u n c t i o n  of

j ce r t a in  system pa ramete r s .  For examp le , di poles in a
- 

d ie lec t r i c  do not a l ign  i n s t a n t l y  w i t h  an e l ec t r i c

I 
f i e l d .  There fore , di pole a l i g n m e n t  is a delayed re-

sponse to a s t imulus , the e lect r ic  f i e l d .  As such , i t  
4

1 is cha rac t e r i zed  by a re laxa t ion  time , i . This

[ 

r e l a x a t i o n  t ime  can be m a t h e m a t i c a l l y  fo rmula ted  by

considering the bjstable model of local charqe trans-

I 
port , shown in Figure 3.

1

I ~‘
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Figure  3. The bistable model. The potential enerqy
as a f u n c t i o n  of d i s t a n c e  has two m i n i m a , “ p o t e n t i a l
w e l l s , ” whose depth is m o d i f i e d  by an appl ied  e l e c t r i c
f i e l d .  The two w e l l s  c o n t a i n  one ion which  max ’ occupy
e i t h e r  w e l l .  (From V.  V.  Dan ie l , op. c i t . ,  p .  2 1.)

The plot  shows p o t e n t i a l  energy as a f u n c t i o n  of

p o s i t i o n . The ion ( f o r  t he  purposes of t h i s  s tidy ,

the  i n t e r s t i t i a l  f l u o r i n e )  may occupy e i t h e r  of two

s i te s  of m i n i m u m  p o t e n t ia l  energy . In  r e l a t i o n  to a

c a l c i u m  f l u o r i d e  c rys ta l , these two s i tes  are the

empty cubes on e i the r  side of a ra re-ear th  ion . The

ions must  overcome a po ten t ia l  ba r r i e r  of hei ght  E

(ca l led  the  a c t i v a t i o n  energy)  in order to get f rom

one s i te  to the o ther .  When an e lec t r ic  f i e l d  ac ts

on the system , the  w e l l s  are d i s t o r t e d , as i n d i c a t e d

by the dot ted l i n e . Each ion in i ts  wel l  o sc i l l a t e s

w i t h  a c h a r a c t e r i s t i c  f requency  f 0 . Genera l ly  i t

_____  ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~—-~~~ -~~ — —  ~~~~~~~~~~~~~ 
j
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cannot make the jump to the other site because it

lacks sufficient energy . However, from statistical

thermodynamics , it occasionally acquires the energy

and makes the jump with frequency

f = f0e 
/kT (6)

where k is Boltzmann ’s constant (8.6205 x 10~~ eV/K)

and T is absolute temperature in degrees Kelvin . The

jumps are, of course , random and have no net effect

unless an electric field is applied , in which case

jumps into one site are favored over jumps into the

other.

f = f~e~~~ 
± L~E)/kT (7)

where ~~E is the change in the potential well caused

by the applied field . It is clear that the higher the

frequency of jumps is , the quicker the dipoles wil l  be

able to align , and the shorter the relaxation time

will be. In fact, relaxation time is given by the

reciprocal of equation (6):

T -  T E/kT
—

The precise quantitative meaning of T is shown in

Figure 4.

Ii
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Figure 4. Dipole alignment as a function of time.

The diagram represents a total of N0 dipoles which

were subjected to an electric field at time t = o.

the number of them that have aligned is plotted as

a function of time. The number that have not yet

aligned dec reases by a factor of e after each period

of the relaxation time . Thus, T is a measure of the

response time of the dipoles.

C. Freq~ency_Dependence

Given the concept of relaxation time , it is easy

to understand how the dielectric constants should

Ii

‘ I
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vary with frequency . First consider polarization as

a function of frequency . In addition to the dipolar

polarization which has already been discussed , there

is a l so  ionic  and electronic polari7ation . i o n i c

polar ization is the displacement ot the ions in the

crv stil lattice structure itself. In calcium

fluoride , the calcium ions would  displace sliohtlv

to the neuativ’-~ elect rode  and the  f l u o r i ne  ions to

t h e  p o s i t i ve  elect rod e .  F l e c t r o n ic  po l . ir i :~a ti on

i r i ses  f rom the e lec t  rons o r b i t i ng  the n u c l e u s .

Again there is a slight displacement , this time

between the nucleus and the orbit al shell . Recausc

of the  speed with which electrons orbit the nucleus ,

L t h i s  can occur at frequencies up to the ultraviolet

r e i  ion . Ionic’ p o l a r i z a t i o n  extends to the i nf r a r e d

r e c i io n , and di polar  p o lar i z a t i o n  extends  th rough

tIUF to m i c r o w a ve s .  Thus , the r e l ax a t i o n  t ime  is

the longest  for  the  d ipoles  and t h e  shor tes t  fo r

the  e l e c t r o n s  in t h e i r  respective m o t i o n s .  A p l o t

of t h i s  i s  shown in  Figure 5.

~ I

-— .,.,.- - - -~~~~~~~ 
,~ .-. .,..,, - ~~~~~~~~~~~~~~~~~~~~~~~~ - ~
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IR

Figure 5. Frequency dependence of the various forms
• of polarization. (From Introduction to Solid State

Ph~~sics , edited by C. Kittel . New York : John Wiley
and Sons Inc., 1971 , p. 461)

The peaks are from resonances. An interesting note

here is that the real dielectric constant ( C ’)  be-
— 

tween the infrared and ultraviolet regions (in the

optical range) is equal to the square of the refrac-

tive index , by definition .

C (IR UV) n

In the present study , however, it is sufficient

to concern ourselves only with the dipolar region .

This region is redrawn and labeled in Figure 6 . Here

it is plotted against log ( ~ r ) ,  a unitless parameter ,

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______________________________
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F ic ur e  6 .  Di polar  p o l a r i z a t i o n. The “ 1 ” subscr i pt
represents the low frequency limit and the  “II ” sub—
script represents the hiqh frequency limit. (From
V. V. Daniel , op. cit., p. 17)

- ‘ at a given temperature (and , therefore , a constant )

At low frequencies, the period of oscillation of the

electric field is relatively high. Thus, the dipoles

have a long time to align during each half period ,

and , as shown in Figure 4, almost all of the dipoles

will align during that time . A reasonable value of

at room temperature is 2.5 ~i seconds. At a freouency

of l0~ H~~, the half period o osci1lation is .5

seconds. The dipoles therefore have 200 t i m e  con—

stants ( i ’s) in which to align , meaninq that roughly

only one in io87 will not. At iO~ lI
~ 

(.0002 t ) , only

.02% will align . Intermediate values are given in

1.4. _~
_. -- - — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — -———— —- .-.- - -—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 1. These calculations ignore the well d i s t o r t i o n

Number of
- , 

• 

Lu c x ( J ! zL - 
Time Cons tan t s  ~~~~~~~~ mcnt

io~ 200 -100

io~ 20 -b r)

l0~ 2 86

io 6 .2 18

i07 .02 2

io8 .002 .2

.0002 .02

Table 1. Rough calculations of dipole alignment as a
f u n c t i o n  of frequency.

and the fact that transitions occur both into and out

of the site. They are therefore not intended to he

quantitatively accurate , but rather to give a general

H understanding of the quantitative hehavioi of the

dipoles and thereby aid in the qualitative explanation

of dipolar polarization .

- 
- 

One very important thing to note in Table 1 is

the linearity of the relationship between aliqnn’ent

and number of time constants in the high frequency

range. This is expected from a consideration of the

mathematica l functions used in calculating polariza-

tion . From Figure 4, the number of dipoles tha t  a l ign

is given by
—nN = N0 (l—e ) ( 10)

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

-- ~~~~~~~~~~~~~~~~~~~~ ---- --
-
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where n is the number of t ime  cons tan t s  (n  = t /

The exponent ia l  can be expanded in a Taylor series as

fo l l ows :

~2 n3 n4
C = 1 — n + — + 4 - . . . ( 11)

when n becomes very small , such as is the case at high

frequencies , higher order term s can be dropped .

—ne 1 — n , n ( 12 )

Substituting t h i s  i n to  equa t i on  ( 1 0 )  y i e l d s

N N 0 ( 1 —  ( I — n ) )  , n 1

N n N ~ , n 1 ( 1 3 )

• With this in m i n d , cons ider  the  energy dissipa-

tion resulting from the dipole mot ion .  It  i s  a func-

t ion  of the number of dipoles moving per u n i t  t ime  and

the res is tance to such motion , the latter itself being

- a f u n c t i o n  of the m a t e r i a l  and the  t emperatu re . For a

~iiven m a t e r i a l  a t  a given temperature , the resistance

- w i l l  t h e r e f o r e  be a constant . The number  of dipoles

m o v i n g  per second is equa l to t h e  number  of (1 i j o l e ~-~

mov i ng per h a l t  period t i m e s  the  number  ot h a l t  perioth ;

per second .

(N ~ ) X ( 14 )

where x is an a r b i t rar y  exponent used for  the  sake of

ge n e r a l i t y. At very low f requencies .  N is h igh  (~ N0 ) ,

— - - - • - ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~
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} but. is so low tha t i ’ ” is very small. As in—

0 re ’a sos , N rema ins near N~-1 I or  • wh 11 t ’  , s “ i n —

xcre~tsos as . As cent nues to  I nc ’re ’a so , N

beg ins to drop siqn i  t i can t  ly ,  so “ i ncr e as e s  much

more  s l o w l y .  The h i g h  t I t ’uuen cy heh~iv t o r  of  is

foun d  by subs t i t  u t  i ug t ’g t i . t  t i ~n C l  ) j u t  o ogna  t io n  ( 14 )  *

(n  N0 ) X , h igh  t r e ’I !uen ( ’ i Os ( 1  ~‘)

Since n is p ropo r t i onal  to the period of o s c i l la t i on ,

it  is i nve r se ly  prope r t iona  1 t o  t he  I r e t luen cv

n -‘

Subs titutino th i s  i n t o  o g i i a t  io n  ( I  ~ ) v i t ’ld~

-‘ ( 1 7 )

w h i c h  shows t h a t  ~‘ 
“ becomes t ’onst  an t  at  h t ~~h

I n t  u i t i vol  v • t h e  doe re~i so i n  mot  ion per

eye t o  is compensa ted by t he i n c r t ’.I so In  t ’ve 105

second . “ i s p lo t  ted i n  F’ i ~ u t o  .

‘H - - -- -
~~~~~~~~~~~~~~~~

/

- 

- 
F igu re  7 . F re ’~iu e n e v  dependence  ot  . l i e l o c t t  ic con duc—
t iv i ty. Pl~~’. i t  t C v~ 1 t ie s  a t e  em i t  t e d  l~ocattst ’ t ht’v
depend on iiv ot h o t  ! - I I ’ t I I S . d i l ly  t he t e r m  o t t he

IIIIC t j  (‘11 1 ‘ t fl t 01 • •~ t !*.  t

-~~~~~~~~ -
- 

-
- 

~~~~~~~~~~~~~~~~~~ - - —-
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Since we know the relationship between o ” and

“ , we can now describe the frequency dependence of

i. ” . Recall equation (5)

H c ” =
C 0~ )

Like ~~
“ , “ starts out very low , then increases

according to (whereas a ” increased according

to X )~ As a ” begins to steady out , “ will peak

and decrease as l/u. * This is shown in Figure 8.

f ”
/ -

~~~~~~ 

_

/
/ 

_ _ _  _ _ _ _

Figure 8. Frequency dependence of the imaginary
component of the complex dielectric constant.

D. T~~~~~rature Dependence

Temperature affects energy dissipation through

two mechanisms--the number of dipoles undergoing site

transitions and the resistance to the dipole motion.

The viscous fluid model provides a good representation • 
-

of the dielectric for these functions. Imagine the

(It

_ _  A
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material to he a viscous fluid containing the fluctu-

ating dipoles. The energy loss in this model is a

function of the di pole motion and the fluid viscosity .

h igh energy loss corresponds to a lot of motion and

high viscosity. The velocity of the ions during

fluctuations is assumed to be constant , so tempera-

ture affects di pole motion only by affecting the

number of dipoles underqoinq the motion . As temper-

ature increases, the number of fluctuations increases ,

and the viscosity decreases. At very low temperatures

the viscosity is high, hut so few dipoles are moving

that the energy loss is very low . Initially the in-

crease in motion outweighs the decrease in viscosity

which accompanies a temperature increase , so the

encrqy loss peaks and gradually declines. At very

hiqh temperatures , there is a lot of motion , but the

viscosity is so low that the energy loss is very low .

In reality the viscosity corresponds to the relaxation

time , and the number of dipoles moving is given by

equation (10) .

E/kT
= r 0e (v is cosit y,

N N0 (l-e~~ ) (motion)

where

= 
t ~- (1~~~) = -

~~~~~~~
- - - - - -- -

~~~ (18)l - / k l
(_•e 0

- --~~~~~~ ——-~~~~~~~~~ — ~~~~~ - — ~~~~~ ——~ — -~--~~~ - . - - - =.~~~~~~ = - - --~‘i :~~
-
~~~~

‘
~~~ 
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• 
Thus, with regard to temperature dependence , this

model predicts that viscosity is an exponential and

motion is an exponential of an exponential. The

latter dominates at low temperatures , and the former

at high temperatures. This is shown in Figure 9.

- 
- 

/ 

r 

- T

Figure 9. Temperature dependence of the imagina ry
component of the complex dielectric constant.

The exact location and shape of the peak depend on che

activation energy (E ), the characteristic relaxation

time ( ~) ,  the frequency ( ~ ) ,  and the various pro-

portionality parameters such as total number of dipoles

(N0), dipole strength , etc.

E. Debye E~~ations

Now that each factor affecting the dielectric

constants has been examined indiv idually in depth ,

it is possible to tie them all together into a unified

Ii
- -~ •~ ~~~~~~~~~~~~~~~~~~~~ -~~~~
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form . This is done in the t)ebye equations , in which

the  real  and i m ag i n a r y  d i e le ct r i c  con s t a n t s  a r e  g i v e n

as a f u n c t i o n  of t empe ra tu r e, f requency,  and  a l l  o t h e r

sys tem p a r a m e t e r s.  These o gu at i o n s , w h i c h  a re  d e r i v e d

in a s i m i l a r  form u s i n g  an e l e c t r i c a l  c i r c u i t  an a l o ay

in  Append ix  .~~, are :

A
— 

H 
+ -- ~ ( l a — a )

‘r ( l +  -

and

= -—-- -~~~~~~~~~ - ( 1 ~ -
T(l+ ~ --

where is the high frequency limit of ‘ (see

Figure 6) and A represents the dipole strength.

A = 
Np 2 

—- ( 2 0 )
3t 
0
k

where N is the dipole concentration and p is the dipole

moment. The plots of these are three dimensiona l

graphs whose cross sections are the same as the fre-

quency and temperature dependence plots shown earlier

in this paper. c ’ and ~~
“ are related to each other

through the equation

= ~-~~- G- - (2 1)

where G is the conductance (reciprocal of resistance)

of the material. This section is concluded by noting

that the simple dipole model and the Pehye equations

- - - - . - - —- ---
~~~~~~~~~~~~ —-- -~~~ ~~~~~~~~~~ 

-
~~~ —- -

~~~~ - — — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- ~~-— — ‘ -  - -- — - -  --‘--“— -- ~~~~~~~~~~~~~~~~ —
~~~~~~~

-- ‘ — - 
~~~— _______

23

predict a single peak spectrum for i ” .

F. Measured Spectra

The previously mentioned inadequacy of the sim-

pie dipole niudel will now be demonstrated by examining

some of the experimental measurements which have been

made on non-radiated crystals. For example , consider

the dielectric spectrum of .1% erbium doped calcium

fluoride at 100 Hz , shown in Figure 10. There is a

considerable difference between it and the single

(~~~~ L .

I 

) 

1

’

_ _ _ _-  _ _ _

Figure 10. CaF 2 : Er , 0.1 mol - % , 100 Hz 

- - 
-— -  
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peak that  was theoretica l l y  p red ic t ed ; however , the

• bc~s i c  peak s t r u c t u r e  is present. Each peak is desig-

nated by a r e l a x a t i o n  number (P 2 - H 1) . The ar g u m e n t

t h a t  w i l l  be advanced  in t h i s  paper  is t h a t  each peak

cor re sponds  to a d i f f er e n t  c h a rg e  c o n f ig u r a t i o n  (or

d i f f e r e n t  ion m o t i o n  within the same charge c o n f i q —

- uration) . Each confiquration has a characteristic

relaxation time ( 1~~~~) a nd ac t iva t ion ener cv  (E) . The

t e m p e r a t u r e  loca tion  of a g iven  peak depends on the

values of these parameters. In genera l  a lowe r

temperature peak should have a lower activation energy

and a shorter relaxation time . Previous research has

supported the former but  not the latter. 5 This just

- means tha t the effects of the activation enerqv out-

weigh the effects of the characteristic relaxation ,

which makes sense since E is part of an exponent and
- 

is not. The location as well as the very exis—

- 

- 

tence of the peaks also varies with the rare-earth

used for doping . The spectra for thirteen different

rare-earths are shown in Figure 11. Atomic number

decreases from top to bottom and left to right. Two

important trends are demonstrated : R4 and R5 occur

at lower temperatures as atomic number decreases , and

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
- -

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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Fi gu r e  11. The d ie lec t r ic  s!)( ’( ’ trd of ca lc i u m  f l u o r i d e
doped w i t h  t h i r t e e n  d i tf e r c n t  rare-ear ths,

R2 and decrease in size and eventually disappear as

atomic number increases. One other interesting piot

to study is that of doping concentration dependence

shown in Figure 12. R1, R4, and R5 grow with concen-

tration, and and R2 grow to a peak then decrease ,

— I

I t
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The numbers in the lower left corner of the thagram

are the calculated activ .ttion energies for each p e ak .

j  ~ :-

-Y - - 
I 

-

— - \ / ~•~ i — 
-
, 

I ~- I
- \ -

- — 
— -OO3~ . - - ----- --- I I

O S c ~ ,~~,• 
~~~~~~~~~

~
,

I)~~( ~I

Figure 12. t ” as a function of temperature and con-
centration in erbium doped calcium fluoride . The con—
centration ranges from .001% to 3%.

Although the scientific community still does not know

the specific nature of the peaks, the author supports

the following hypothesis: R1 is from the simple

dipole; R2 is from a relatively simple cluster ; and

R 3, R 4 ,  and R5 are f rom larger and more complex

clusters. At very low concentrations , almost no

Ii
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~ 
- 
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c lus te r s  e x i s t  and there is only a s m a l l  
~~ 

peak f rom

the small number of dipoles tha i exist. As the con-

c e n t rat i o n  increases , t he  num ber of di poles increases

and some simple clusters begin forming . Hence , P
1 

and

R , increase . As the concentration continues to in—

crease , larger clusters form , so P3, R4, and R~ begin

to grow . Also , other rare-earths attach themselves to

the si m p l e  di poles and c l u s t e r s  of P1 and P2. so these

two peaks gradual lv decrease . At high concent rations ,

a lmos t ~i l I the !~~I r t ’— e a r t h s  ar e  p ar t  ot  d ust t’rs . H 1
and H , art ’ ye rv 5m~I ii who re s H , P 4 , and Rr a rc’ floW

L a :  g o .  w i t h  H h e in g  v e r y  l a rg e .  As for the d ust ers

t hem se 1 yes • SOniC g enera  1 c o n c e p t s  w i l l  be discussed

here. F i r s t , a cluster need not necessarily he

balanced in  charqe . The crystal as a whole is , hut

one cluster could have excess fluorines and another

could have a shortage. Secondl y, fluorine motion in a

cluster should o nly  occur between equivalent sites

(sites with the same potentia l e n e r g y ) - Tn the histable

model (Figure 3) the two well depths are t he  same when

un it f~~ct  ed by an elect r i o  f i e l d  . I f they W O : . ’ not , t he

ions would m i gr i t t ’  to  one sit e and stay t here (unl ess

the ci cc t r I c t i t ’  1 d were st m u g  emm&1 h t (1  ~~~~~~ reoflit’ t: he

potential (Ii I ter (’nce , in  w h ich  case t r an s  i t  ions will

ti
r t  • -
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1

occur). Equivalence is generally attained through

-
~~~~ symmetry. For example , consider the cluster in

Figure 13. Because of the simple direct fluorine

C

C 

Ji~ 

C

Figure 13. A s imple c l u s t e r  cons i s t i ng  of two ra re -
earths and one interstitial fluorine. The fluorine
sites are potentially equivalent because of symmetry .

motion and the Coulomb force attracting the fluorine

to the center , such a cluster would probably have a

low activation energy. Tt- is also possible that a

fluorine could transit between sites i n  d i f f e r e n t

clusters , as shown in ~ i q u r t ’  14 . Th i s  t r a n s i t i o n  is

considerabl y more comp l i ca ted t h a n  i t  appears , t h o u g h ,

C 0’ ) ~~~~

F igu r e  14 . Si to t r . insi  t- ion between c l u s t e r s .

~~~~~~~ _ _ _ — _ _  ~-~~~~~
-- - 

_
~
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because of the existence of calcium ions between the

clusters. These examples are only hypothetica l and

• are intended to give a genera l understanding of

clusters and their motion. The important point to

conclude dielectric theory with is that there is an

extremely large number of possible clusters and

motions , and no one yet knpws which are responsible

for the observed dielectric spectra . This study

should provide additjonal insights.

j 
~~~~~~~~~~ 

- - 
~
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III. EXPERIMENT

The c rys ta l s  in th is  s tudy  were ob ta ined  in t h e i r

raw form from Optovac , Inc . They were then cut ,

ground , and polished , the final product being 2 . 4  mm

in diameter and 1.5 mm thick . Aluminum electrodes

were then evaporated onto both sides of each crystal.

Good evaporations were insured by thoroughly  c l ean ing

the crystal surfaces with freon and by conducting

several minutes of ion discharge after bleeding argon

into the vacuum chamber. Edge effects are eliminated

- by using three terminal capacitance . This is illust-

rated in Figure 15 .  During evaporation of one of the

_ _ _

-
~~~

~~ ~ 1 ~~ -~ 

~ 
. • - •-

I -  - - 
-

I_ _  _ _  _ _ _

H

Figure 15. Three terminal capacitance used to elimi-
nate edge effects .

______________________ - ,—~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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sides of the  crys [a 1 , a t h i n  shadow r I ng i s centered

on the  c r y s t al  and held  in p 1 ace by a mag net under  the

c r y s t a l .  This protects  the area under i 1 from the

evapora t ion  and creates a smal l  gap  (no t  more t h a n

.01 mm wide ) in the elec t rode  s u r f a c e . The r ead ing s

ar e  t aken  f r o m  the i n n e r  area only ,  fo r  w h i c h  t he re

are  no edge e f f e c t s .

Tempera ture  con t ro l  f rom 5° K to 380” K is accom-

p l i s h e d  in a C r y o g e n i c s  Associates  C T — l 4  cr’:ostat.

The sys tem uses li q u i d  n i t r o g e n  for  t empera tu re s  down

to 77° K and li quid h e l i u m  f o r  t empera tu res  down to 5° K .

F ine  a d j u s t m e n t s  and hi ghe r  t emperatures  a r e  a tt a i n e d

with a heate r  d e l i v e r i n g  up to 16 watts. The tempera—

ture  is measured by m a t c h i n g  the r es i s t ance  of tempera-

t u r e  s e n s i t i v e  res i s to rs  in a bridge circuit. because

of the  s izes  of their resistance gradients , Germanium

• is used for very low temperatures and Platinum for

• h i g h er  t empera tu res .

The ac tua l  d i e l e c t r i c  measurements  are t a k e n

us uig a Genera l  Radio  1615 Capac i t ance  Br i dg e .  The

b r i dg e  measures  C and G/~ and  operates  at  r ) audio

t requencies: io 2 , io 2-5 , IO~~, ~~~~~~ and io~~. A

do tailed exp lanation of the bridge ci rcu i t  and it s

princip les of operation are included in  A p p e n d i x  3.

hi_ _I ~~~~~~~~ 
— ——-- - 
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Tlit ’ .:t’curac ’. (-I t  t h i ’  i t i s t  t unient  I S  e~~ t I t ’mt ’lv hi gui

t~~’t nq t~~’t t ei t h a n  1 p a rt  }4 ’l  iid I I : on ( ppm) . To

(‘0 I c:: ta t e ‘ t : t g n  C : .: i nip I e m at  t o :  of know i

t lit ’ g eo:ue t 1 V ( - I t t h i ’ c ‘at ’: t or

Cd

where d is the d i  ~ t •uice l ’t ’twoen t ho p l a t e s  and A i s

the plate .:ro.: . t 1 n t o :  t utia t el y, though , t-h i s  cal cu —

I at ion is c o m p l ic a te d  by the tact that t l ie  c ap a c i to r

di niens : ens ch.n:gt’ i. : t ii t enipo rat u:o . The t orniula for

at t empor.i t ui • e 1’ , wh : ch : ~~ie 1 l v~’~1 in Aj’~’endi x 4

is t h er e t  ore

I •
~
‘ 

— 
C.1’ — I ~~ dT ,- S 

- - — I- .- -
300 300 -

where i the i sol’.i r i c ii near t hernial expans ion

coo f t  i ci out and the suhscr i pt  ::d ca to  t he  t empera t Uro

.: t wh  t oh the va i no of  t lie pa rome t or i s take:: - The

1 tIt’ : of art’ t h ost ’ t or  pu i e  ca l  ci  urn t I our i do

boc. :us t ’ of •: lack of Values for r~::- e — e a r t  h—doped sonip i os

hewt’V~ i , g i von t he dop i ng  concen t rat ions used and the

not uro o t t hernia l ex~’ai:s i on , the ti i t  t eve nct ’ shou l o be

nog I : ~: i h i t ’  . The exponent w.i ova I noted u s  1 ng

n u m e r i c a l  integration. Fina l lv , ‘ i s c a l c u la t e d  t ror:

Lq ti.: t ion .‘ 1 ( 1  “ = i ‘ - - ‘C)  , who t o  ~‘ i t he vo 1 no g i von 

— 
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by the hr idye and t and C a re  know : rent t 1 i ’  I ) t e V  b U S

c a l c u l a t i o n s .

The procedure in this experiment was to record

the d i e lec t r i c  spec t rum as a f u n c t i o n  of t e m p e r a t u r e

at  each of the 5 f re q u e n c i e s  both  be fo re  and a f t e r

r a d i a t i o n  in orde r to determine the e f f e c t s  of the

r a d ia t i o n .  l~~o typ o s  of r a d i a t i o n  were tested :

n e u t r o n  and gamma i a y s .  The neu tron  SoUrces WOFO the

:-;~:b—cri ti cal reactor ~iiid the 14 MeV neutron ge n e rat or

a t  he Academy . The gamma ray source was a Co~~~ source

a t  t lie Naval l~esearch L a b o rat o r y  in  .~a s h i n qt o n  , D. C

Co~~ provides 1.17 MeV and 1 . 3 3  MeV gamma roes.

F —

S 

—
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IV. RESULTS
I..

A. Neutron Radiation

The results of neutron radiation were somewhat

disappointing in  that the d i e l e c t r i c  spect ra  were

statistically the same before and a l t e r  exposure.  The

following crystals were tested using the neutron

generator : pure Calcium Fluoride , four rare earths

(Cerium , Neodymium , Praseodymium , and ~ a d o l i n i ur n )  , and

two alkali metals (Lithium and Cesium) . Holmium was

tested using the sub-critical reactor . The pure crystal

was tested as a control to insure that any observed

effects were the result of chanqes havinq to do with

the dopant rather than disruptions of the c r y s t a l

lattice structure itself. The alkali metals were tested

for general interest and comparative purposes. The

only effects that were observed were in Lithium , but 
I 

-

they were sporadic and believed to be caused 1w improper

loading (poor electrical contact between the evaporated

electrodes and the bridge circuit) . Subsequent test inc

of an irradiated Lithium doped crystal found no effects.

The Cadolinium sample was irradiated , but it- shattered

in the high velocity compressed air exit tube of the

neutron qenerator; hence , dielectric measurements were

not possible.

- ~~~~~~—-~~~ —-~~~~~~~~~ - - -~~~~— -~~~~~~~~ —~~~ -~~~~~~~—~~
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B. Gamma Radiation

In contrast to the neutrons , gamma-rays produced 
r

dramatic results. For the sake of clarity , only

characteristic results will be given here . The

-~ remainder of the results are qiven in Appendix 1 and

will be referred to. Figure 16 shows the pre and post

radiation dielectric spectra of 0.1% Holmiuni doped CaF2

at 1000 lIz. The radiation increased R1 and R2, decreased

R3 and R4, and , most interestinqly, induced a new

4 relaxation between R2 and R3 at approximately 56 °K.

There is also a small effect at ~ipproximatelv 150 ~~

The crystal was exposed to the cobalt source for 100

m i n u t e s , making the to ta l  dose 1 .86  x io 6 R. Crystals

doped w i th  0 . 1% Cer ium , Lute t ium , Samar ium , Terbium ,

T h u l i u m , L a n t h a n u m , and Y t t r i u m  were a l so  exposed to

th i s  same dose.6 Their spectra (shown in Appendix 1)

reveal that low temperature relaxation inducement also

- 
. occurred in Samarium , Cerium , Thulium , Terbium ,

Lanthanum , and Yttrium . Only Lutetium did not undergo

.i significant change . Because of the size and form

of its induced peaks , Samarium ~‘as chosen for further

study. This further stud y will include data on the

effects of doping concentration , radiation dose , and

time . Figure 17 gives the pre and post radiation
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Figure 16. Pre and post radiation dielectric spectra
of 0.1% Holmium doped CaF2 at 1000 Hz.
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F’ t q u r e  1 / . Pr o  and post  r a d ia t i o n  seect ra  for th ree
co n cen t r a t i o n s  ot  Soniari urn dop ing : ,(a)  . U l~~ (b

~

u c )  l~~. Total  dosage was ~~~~ x 1O~ R.  Note  the
different scale used in  (a)
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spectra for t h rc o  d o p i ng  c o n c e n t rat i o n s  of S a m a r i u m

( . 0 1 , .1 , 1% ) . The .1% sample  has a 16 and a 94 °K

peak induced in i t .  The . 0 1 %  samp le has o n l y  the l t~°]~
peak induced , and the  1.0% sample  has  o n ly  the 94 °K

peak i n d u c e d .  I r r ad i a t i o n  a l so  s i g n i f i c a n t l y  changed

the  e x i s tj n c  peaks .  increased  in t he  l~~ and  .l ~

samples  and ei ther  s h i f ted 30 0K l owe r in  t em p e r a t u r e

and in c r eased  or was el imi  no ted in the . 01 % sample.

These r e s ult s , a long  w i t h  some ob t a ined  fo r  Er b i u m , ore

—i i ven in t a b u l a r  form in Table 2 . R 4 increased in  t he

1% samp le and decreased in the .1 % s ample .

Dopant : concen t ra t ion  
______________

Sm: .01% — 1 0 0 %  or s h if t

.1% + 2 0 %

l .O c +l00~

Er: .03% +2.1%

- - .1%

1.0% +11.6%

Table 2 .  Percent change in as a function of con-
centration .

Dose effects were studied by i r r a d i a t i n g  .1%

Samarium samples for three different time lengths:

1, 2 , and 4 hours (1.06 x io 6 , ‘l ~ x io 6, and 4.24 x 106

Roentgens , respectively) . The percen taco  increase  or

LI
~ ~~~~~~~~~~~~~~~~~~~ T T _~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _  ___________________
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decrease in the peak heights for R
1 and R4 (the only

two pre-existinq peaks) is given in Table 3.

1. Radiation Time I Dose R
1 R~ 

--

- 1 hour 1.06 x i06 R +12.4% —l 8~-
- 62 hours 2.12 x 10 R +20% — 18.3%

4 hours 4.24 x io6 R + 2 3~- — 2 2 %

Table 3. Percent chanqe in R1 and H4 as a f u n c t i o n

of r a d i a t i o n  dose for  . 1 %  Sm: CaF 2 .

The i n i t i a l  hei ght  of the radiation induced peak at

94 °K also var ied  w i t h  dosage , as shown in Table  4 .

L This table l is ts  the peak height  brid ge readings (G/w)

[1 
as a function of dose .

11 Radiation Time I n i t i a l  Induced Peak Height

1 hour 699

- 1.1 2 hours

4 hours q 1 4

TabLe 4 . Induced pcak h e igh t .  as •i f u n c ti o n  o I rod .i at ion
dose in .1% Sm: CaF 2

I is proportional to G/~ by a factor of i’ ’/C (Equation

[J 
21), which , at a given temperature , is a constant.

Therefore, the differences between the peak heiqhts

I in the table are proportionally the same as those for

F

I--

E l 
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the actua l values of “ . As both these tables demon-

strate , the ctianqes do increase as dose increases ,

but at a diminishing rate . These values are thus

indicative of an exponential function.

The stability of these changes (time effects)

was carefully studied in a .1% Samarium doped crystal

which had been irradiated for 4 hours. Table 5 lists

the bridge readings (C/ tI) for each peak height at

— approximate times after the initial measurement.

Time R
1 

R2 16.5 °K 94°K

pre—radiation 3234 790 0 37

initial 3681 934

8 hours 3837 617 400 1113

18 hours 3912 616 372 1018

22 hours 3950 615 361 955

45 hours 3974 324 912

Table 5. Time dependence of radiation effects
in .1% Sm: CaF

2 following a dose of 4.24 x 10
6 R.

Continuing measurements are showing that R1 remains

cons tant within statistical fluctuations around 3960,

and the two radiation induced peaks are continuing

to decay exponentially. Further data on R4 is not

yet available , but it appears to have reached its

-
- ~~~~~~~
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St t ’a I l y  S t  •-1 t~ 0 V t  I UI ’  very  gu i  ck ly  . l ’ l  ot  of t he
H

percent  change  in H 1 and the absolu te  h e igh t  of the

induced peak as a f u n c t i o n  of time are shown in

Figures 13 and l~~, respectively.

S . .
- I ~~

- I 

-

I 10

I I

I - - —
~~~~~~~~~~~~~~~~

- -  T

0 10 ) -  U -  ~“

Figure 13. Percent  change in R 1 VS. time .
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} Figur: l’) . 94 °K induced peak height  vs .  t ime .
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4 V. DISCUSSION OF RESULTS

A. N e u t r o n s

-

• 

The lack of any effects from neutron radiation

can be easily explained by some simple calculations .

Take , for examp le , a 1% (loped crystal , meaning that

I out of every 100 calciums is replaced by a rare-

e a r t h .  The density of CaF2 molecules is given by the

forn~u to :

N = M  ( f l o l O L u l O s ) l ( IflO leS ) ( .9m ) _ - J 0 ~
)

( ivto 1ecu 1es ) . (23)
• 0 mole MW ym cm 3 

~~ cm

Plugging in 6.02 x io 23 for N0, 78.08 for the inolecu—

lar weight , and 3.18 for the density gives 2.45 x io 22

• molecules per cm3. Since there is one calcium per

molecule and one rare-earth per 100 calciums , the

density of rare—earths is approximately 2.45 x 1020

atoms per cm 3. The rate w ith which neutrons interact

w i t h  the r a r e — e a r t h s  is g i v e n  by

~~ N ( ~~~~~~~~~~~~~~~~
’ )1 Cl0 24 crn 2 ) ; ( n~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( 2 4 )

- - - 0111 cm2—s cm —s

where ~ is the microscopic neutron cross section and

-~ is the neutron f l u x . Even t a k i n g  the h i g h e s t

possible cross section——49 ,000 x i0 24 cm 2 for

Gadolinium at thermal energies--it becomes obvious

that R is extremely low . Plugging in  N and ~ y i e ld s  •

R (Gd ) 12~- • (2 5)

I-

______ — -I—---,— 
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The highest possible thermal flux t h a t  could  he a r r a nge d

f r o m  e i t h e r  the su b — c r i t ~~ca1 reactor or the n e u t r o n

~ien er at or  i s  w e l l  below 10 6 ; but  even u s i n g  t h i s  v a l u e ,

the in t e ra c t i o n  r a t e  would be 1 .2  x i n te r a c t  ions

per cm 3 per  second , or 4 . x 10 10 
in t eract ions eer cm

per  hou r .  D i v i d i ng  thi s by the rare—~’art1: ion density

- 

- 
shows that eX~~OSUUe I or one hour would rt ’sul t iii an

i n to r . tc t ion w i th les t haii one f i f t y —lii i 1 1 i out h It 0 no

4 p e r c en t  of the  rare—earths . I l 1 & l h e t  en er gy  ucut FoIls

-~ i ye higher f l u x e s , but  the  eros s sect i otis ar e  much

s m a l l e r  at these e n e rg i e s .

13. Gamm a Rays

The most impor tan t  i n f o r mat i o n  revealed by t h i s

s t u d y  is t h a t  h i g h l y  c o nce n t r a t e d  e n er g y  in  the form

:~ of qanmia rays  s ign i f i ca n t l y  affects the dielectric

~ r o p or t  it-s of the  m at  en • t 1  :; st~ud ie it . No changes w e r e

found in  a pu re  e 5 i l c i  urn I l uo r i de  c r y s ta l  w h i c h  was

i i r.id t o  ted by  gamma l a y s  ( n add i t i o u  t o  t I l t ’ O t t ’

• t i -r a d i a t e d  w i t ! :  n e u t r o ns)  ; t hi& - r t - fo r c  , the c i  1 oc t  •tF e

rd ated to the rare—earth dopant . Th i s r e s ul  t supports

the c l u s t e r  hypothesis i n  that such coucen t r at  0(1 one n qy

c o u l d  easily change the n a t u r e  and o rgan  i ~at  L O U  ot

clusters within the mat  or i a I . Take , I or ex.tmp le , ( lie

tju td ropole shown in 1-’iqure 20. Such a ch~~rti e

- -~~~~~~ --- -— - -  ~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 20. Two rare-earths and two interstitial
fluorines together , forming a quadropole.

configuration could not polarize in the sense that a

dipole does, because there are no open equivalent

sites. If , however , a gamma ray interacted with one

of the fluorines in such a way as to make it leave

the configuration , there would be an open equivalent

site . This is exactly the cluster that is shown in

Figure 13. As previously indicated , such a cluster

should have a low activation energy , causing it to peak

at a low temperature . I t  could , therefore , be one of

the radiation induced peaks , or perhaps the R2 peak

(which radiation generally tended to increase)

Indeed , it is possible that the 94°K induced peak in

Samarium is an R2 peak . Current nuclear magnetic

resonance studies have in fact confirmed the existence

ii
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of this charge c o n f i g u r a t i o n  in  r a r e — e a r t h  doped

calcium fluoride (Ytterbium and Erbium) .

The final point of discussion involves the

stability of the induced effects. Changes in the

pre—exi sting peaks are s table , whereas  peaks  t h a t
I.

were completely induced slowly decay back to zero .

Measurements taken on an Erbium sample irradiated a

year prior to the beginning of this study showed that

the induced low temperature peak had disappeared .

Wh at this indicate s is that some c lusters are stab le

and some are not. Those that are stable exist

naturally, and those that are unstable can onl y be

- 
induced by some means such as radiation . Take the

1, . 1% S a m a r i u m  sample t h a t  was exposed for  four  hours

as an example. The following scenario is a possible

exp lana t ion  of what  happened dur ing  and a f t e r

1. radiation. The gamma rays brok ’ up some of the H 4
clusters , causing this peak to immediately decrease

I. to i t s  steady state value . They also broke up sonic

~~ comp lex  c l u s t e r s  wh ich  e i t h e r  d idn ’ t have peaks or had

t h e m  outside the temperature range of thia s tud y .

I ‘1iit ’s~ are all very stable. The “loose’ ions freed by

- 
this process gradudily form into d ipoles or simp le

L clusters. This increases H1 (the dipoles) and creates

I I
I
Iii

—- - - . ~~~~-~ -~~~~
--~~~~~

- - 
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new peaks (from clusters which had not previously

existed) . At the moment the crystal is removed

from the radiation , the ions are still forming new

dipoles and clusters , so these peaks continue to

increase temporarily. However , the induced clusters

themselves are not stable , or at least not as stable

us other possible configurations , so they  s lowly  form

into very stable clusters which , again , either do not

4 produce peaks or produce them outside the temperature

range . These could very well be the same clusters

that existed before irradiation . Thus , R1, which is

caused by stable dipoles , remains at its increased

value ; R4 remains at its decreased value ; and the

induced peaks decay back to zero. The stability of a

particular cluster depends on the rare—earth , as is

-
~ evidenced by the fact that t h e  heavier  r a r e - ea r th s  do

not have naturally occurring low temperature Peaks

(see Figure 11)

C. Applications

1\lthouqh the primary importance of this study is the

addition of important information on a subject that is

not yet well understood by the scientific community , it

may have more direct application in radiation dosimetry

If a particular effect can be calibrated as a function of
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I-

ii
r ad i a t i o n  dose , then USe of a d i e l e c t  n c  c ry st a l  as

a dosimeter is possible. The particula r e f f e c t  could

be moved to room temperature by adjusting the fre-

quency , since an increase in frequency increases the tern-

H perature at which a peak will occur. Low dosage s tudies

will have to be done to investigate this possibility

t h o u q h , because the doses used in t h i s  s t u dy  w o u l d

result in certain d eat h .

Ii
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VI. SUMMA RY AND CONCLUSION

1. Effects of Co6° gamma-rays on rare-earth doped

CaF2 depend strongly on the dopant concentration.

2. Effects on 0.1% samples depend on the particular

dopant, but in genera l they are typified by the

effects on holmium which are:

A. Increase R1

B. Increase R2

C. Decrease R3

0. Decrease R4

E. Create a relaxation between R2 and R3.

3. Radiation effects increase as dose increases , but

they do so at a diminishing rate.

4. Changes in existing peaks are stable , whereas

new peaks generally decay very slowly to zero.

5. These results are entirely consistent with the

cluster hypothesis explained in this paper.

Specifically, R1 comes from dipoles , R2 from

simple clusters, and R3, R4 and R5 from more

complex clusters.
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APPENDIX I

PRE AND POST RADIATION SPECTRA

~ I Here the plots of the results of those dopants

which were not included in the text are given. They

t ~ire: Cerium , Lutet ium, Terbium , T h u l i u m , Lanthanum ,

aad Yttrium . All samples are 0.1% and measured at

1 1030 Hz.
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APPENDIX II

ELECTRIC ANALOGY : DERIVATION OF TI lE DEB YE EQUATIONS
- 

- The electrical properties of a dielectric can be

represented by the electrical circuit shown below.

-~~ 

~~~~~~~ 

H
1— e’1\~A~ /S..._.__ ._ __ .)

where C2 and R2 vary with temperature :

c — c  T0
2 o T

T E/kTR = R  — e
U

The time constant of the lower branch is therefore

= R~C2 = C0R0e~~
’kT 

= i
0e
E
~~
T.

The branch impedances are given by

1 wC

Z = R2 2 wC 2

1 — Y  ~~~ 1 
+ 

1
Z T 

— 

T Z2 Z1

~

. --- -

~
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R. ~2 ~C .

Y T = ____ _ J
~

C1 
1 +

R +— 1 - -  R - --i-

2 wC 2 2 wC

- - j w C 1 (R 2
2 

W 2C 2
2)

R2 + - ~~~
-

~~~~

u i C

2 2  - . 3  2 2
H

2
- - -  C 2 — — J (Ai t 1C2 H2 

— JUI ( .
l‘i’.. 

-) 
~ 21 - f R

2
l1I C~~

— 

(L 2 C 2~ - jWC, -•  - jU~C,
— 

2 21 + w -u

(C~ ÷ c + c 2 2
~~ + c 2

1 + ui I

Sep a r a te  out the imag ina ry  component.

‘
~~2— j~i (C1 + C2 + C1w~~m )

- ‘ 3WC =

1 + w -[

C1 (1 + w
2
T
2) C 2

2 2  2~~( 1 + w i )  1 + w i

C T
C C1 + 2 2 (26—a)

T(l +~~~~i )
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-

Next isolate the real component. -

2C.~w I

- Y = G = _ _ _ _ _ _ _

- 2 i + 
2~ 2

- C T e ~ 
-

-

-
~~ G/w = 2 2 (26—b)

I T (1 + ~~ -t

2b—a and b are of pr~-c i se ly the same form as 19—a and b

• (the lk’bye equations) . The re I •mx m t ion time al s o has th e

same form. Use of this circuit analogy is the basis for

the operation of the capacitance bridge , described in

Appendix III.

I
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APP EH DI X I l l

- 
THE CAPACITANCE BRIDGE

—(
~~~~~~~~~

--- ——-fl
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

l 
f r t ..~~. .

4

The capacitance bridge works  on the  princi p le t h at

the dielectric sample is e l e c t r i c a l ly  eq uiv a len t  to the

circuit in Appendix II. V and C are known constants.

• V
2 

and R are known variables. For the  c a pa c it an c e

measurement:

Vl --e~
5

=
k
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V , is adjusted u n t i l  
~~~~~ 

= i , at  which point no current

f lows through the detector. When balanced i n  t h i s

manner ,

V 1 1/c C

C
S V

1 
k

F’or the conductance measurement ,

V = i R
• 1 s s

-~~ V2 = i R

When balanced (is = ~ )9 
-
•

V1

G is simply the reciprocal of R5.



- 
______

63

APPENDIX IV

THERMAL EXPANSION CORRECTION

Let A designate the area of a capacitor plate and

x the capacitor width or any length parameter.

dc dA dL ’ dx
= + -~ r —

The x term is negative since an expansion of the thick-

ness decreases the capacitance. Since area is propor-

tional to length squared , the fractional change in area

f rom thermal expansion is twice the fractional change in

length. Using x as a general length variable ,

A = iix 2

LI 
~~~— =  2 ~~~~~~ .

‘rherefore ,

C x ~
- ‘  x

— 1
T dx 

+ 1T dc ’

- I
i ~ o C 

- 

T
0

X ~‘r0~~~
r

Ii
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= Cn ~~ T 
+ 1

T 
-~~ dT

0 L~~~ p
0 

p

d’l.
1 • ,~, 

},
U 1 0

~~~~ -~-q = e ~~0 ~~ 
dT

0 T

~~ T CT e
_ f T

~~~p dT
L

0 
C0 

T0

for this study was 300°K.

I I
- _ j

~~
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