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IMPACT VULN ERABILITY OF SCRATCHED GLASS LENSES

INTRODUCTION

Since early 1972 all conventional spectacles dispensed in the
United States by prescription or over the counter are required to be
“impact resistant” (4). This requirement is satisfied by testing the
lenses to the impact of a 1.59—cm (5/8—in) steel ball falling from a
height of 127 cm (50 in) onto the convex surfaces while resting on a
neoprene gasket and standard base (1). To insure survival , glass lenses
subjected to this test are heat or chemically tempered and as blemish
free as the manufacturers can produce them.

Heat—tempered lenses are produced by oven heating to near melt and
then rapidly air quenching both surfaces by blower . Clear , crown lenses
are chemically tempered by insertion into a hot potassium chloride salt
bath where over a period of time sodium ions in the lens are displaced by
larger potassium ions from the bath . In both processes outer-band
layers of compression are formed in the lens which are counterbalanced by
a central core under tension. The depth of the compression layer in tEe
thermal-treated lens is approximately 1/5 to 1/4 the thickness of the
lens, or 0.44 to 0.55 mm for a 2.2—mis—thick lens; the chemical treatment
results in a compression layer of about 0.06 to 0.11 nun in depth which is
not related to lens thickness (5). Spontaneous breakage of heat-tempered ,
dress-thickness (approximately 2 mm) lenses has been reported (6), and
this is believed to be due to the sudden release of tension associated
with defects in the outer compression band . Park (7) indicated that
since chemical strengthening induces higher stresses in substantially
thinner compression layers, the internal tension of the lens is very low.
He therefore would expect that when a deep scratch penetrates the com-
pression layer or when the critical impact strength of the chemical-
tempered lens is exceeded , “violent breakage is less likely to occur.”
Elmstrom (3) has stated that a chemical—tempered lens will lose its
impact resistance if a scratch is deeper than the ion-exchange layer on
the lens.

Silberstein (9) reported on the increased breakage susceptibility
of heat-tempered safety lenses after extended wear where surface marring
was evident. Reports by other investigators on testing surface-damaged
heat- and chemical-tempered lenses of dress thickness have followed
(2,7,8,10,11). All indicated a lessening of breakage resistance coin—
pared with results from factory fresh lenses.

In a University of California study (9), pinpoint air abrasion
damage was generated on the front and rear surfaces of heat- and chemi-
cal—tempered lenses. Almost invisible pinpoint abrasion reduced the
fracture resistance of chemically hardened lenses to the level of
undamaged heat-tempered lenses, and the same abrasion level applied to

1 
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Several methods for determining the depth of the scratch w or e  ctm-
sidered : photographic , profilometry using laser-be am re f lec t ion, and a
mechanical probe . The pho tographic and laser approaches were abandoned
when curved surface and scratch-relationship difficuAties arose md
could not be surmounted. The reliability of the probe method w o n  a l s
questioned , but repeated measurements of scratches in flat ophthalnii
lenses and curved test samples yielded consistent , repeatable result , ;: .
To permi t it to seat at the bottom of the scratch , the depth gauge (Fin .
2) used a carbide tip narrower than the diamond t ip (F ig .  3 ) .  Each
scratch was measured at the lip edge and at its bottom near i l l  o r i l ; i t ; ,

centrally, and near its terminus. Tables lA , lB , and lC i ndi c~~L t ’  1 i’
scratch depth and lens thickness measurements re la t ing  to each l I t - c  ill
the tempered and nontenipered categories. The tables also show which
lenses broke when subjected in sequence to 1.59 cm , 16.2 q (5/8 in , 0. t7
oz) ; 2 .22  cm , 45.0 g ( 7/8 in , 1.59 oz) ; and 2 .54 cm , 66.6 g (1 i n ,  ~~~~~
oz) steel ball impact from a 127—cm (50 in) height .  The breakaqe h i i o t ; c y
is graphically displayed in Fig.  4. In general observation of the
breakage patterns , it was noted that the nontetupered lenses b rak e  i n to
small numerous fragments , the heat-tempered-lens debris were 1, i t o er  in
size , and the chemical—tempered—lens segments were consistently tin.;
largest in size and smallest in number .
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‘!‘AHLI-: 1A. Ch EMICAL-TEMP ERED LENSES : THICKNESS , DROPHALL
(FROM 127-cm ) BREA KAGE , AND SCRATCH DEPTH

Center Ball Scratch depth (inn)
Lonses thickness (ntm ) n i z e( cm ) *  Lef t  Center R i g h t

1. 2.18 2 . 5 4  0.105 0 .06 0.OlL
2 .15 2 . 2 2  0.105 0 . 0 5  O il

3. 2.12 1.59 0.115 0 . 0 7  0 .04
4. 2.28 0 0.01 0.005 ~,- .0l
5. 2.18 0 0.015 0 .005  0.00
6. 2.12 1.59 0.05 0 .0 ’  0 .04
7. 2.25 2.22 0.03 0.02 0. 000
8. 2.15 0 0.11 0.06 0.005
9. 2.17 0 0.06 0 .07 0.06

10. 2.15 0 0 .065 0 .03  J . 01~
11. 2.18 1.59 0.11 0 . 0 5 5  0.07
12. 2.17 1.59 0.055 0 .0  0.01
13. 2.1 1.59 0.06 0 .065 0 .01
14. 2.1 0 0.06 0 . u  fl .02
15. 2.19 1.59 0.05 0 .04  0 .04
16. 2. 12 2 . 5 4  0 .07  0.01 0.01
17 . 2 . 2  0 0.06 0.005
18. 2.17 0 0.14 0 .035 0 . 0 2
19. 2 . 2  2 . 2 2  0.075 0.06 0 .045
20. 2.19 0 0.01 0.02 0.02
21. 2.18 2 . 2 2  0.10 0.115 0.04
22 .  2.15 2 . 2 2  0 .065 0 .045  0 .025
23.  2 .12 2 . 2 2  0.01 0.00 0.00
24. 2.1 2.54 0.08 0.035 0 . 0 4
25.  2 . 2  2 . 5 4  0.035 0.065 0.015
26. 2.18 1.59 0 .02  0.08 0.01
27. 2.19 1.59 0.075 0.005 0.005
28. 2 .2  1.59 0.065 0.045 0.015
29. 2.2 2.54 0.01 0.02 0.015
30. 2.1 2 .54  0 .045 0 .045 0.02

*0 - Survived

L 
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2 . 0 U 0 .~~ ’~ 5 0 .0~~5 0 .0  1’
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39. 2 . 15 2 .  ‘-1 01.0~1 0.035
40. 2.0 .1  ‘ ; t 040  c 1 0 ~~,

41 . . .0 1 . ‘ ‘ ‘-
~ 0.05 0. 21 ’ 0 .2 4

42. 2. Is 0 0.05 2 035 007
43 . 2 . 2  1 . 50 0. o- 2.0425 2.0
44 . 2 . 2 2  1.5’) o.o-; 0.01 0.230
45. 2 . 2  2 . 2 2  c ) .0S (1 .0 1

I t,. 2 . 2  1.Iv- 1 o . 2 .’’ t 0 . -2~ 0 .0 5
47 . 2 . 1 1 .50  1’ . Ot t O  0 .0-1 5 0 .  0.5
48. 2 .  1,: 1.5.1 0 . - I ’ ’ 0.0-1 0.04”
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52. 2 . 1 2  2 . 5 . 1  11 .115 0.0-1 1’ 0.04:’
5 3 .  0.1 2. ‘-1 0.OIn 0.03’’ 0.04
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2 .  Ot ’ 0 . 5-1 0 , 0 ’ ’  c.1 .0t’ 0.04
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- ‘0 . 2.2 2.02 0.0c’ 0.0 ~5 0.0c
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— s u i v i v t ’ d

8

L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



i . ’, i ’ 02 U’ . ‘ L I I  -0 ( :1 - ’)  1” ,I,r . t.. : ‘ i ’ ) I i l 0 ,  , , i } ” , ii ls’0 , ’ . (I - - I - I  1 2 7 — u ; ’ - )
I IL , ’I .:, K - , - ;L , ,~~L 1I . “ . ‘L~’ ’I ” . I ;  t , c - i ’ T h !

- - - t i  ball  ox a Loll  a ’j  LI .  (Lu! ;)
i ; t  -n , ;; a f t - .s: ) ; n i , z e (cm )  1. - i , ‘ ‘ ‘ L I ’ ’ ; 

— 
Fi. i ,~ -

‘‘ 1. - . . - ‘ 
‘ 1. ’~’ ’~’ 1 .0 0  ‘ , 0 . 3 0 5

‘0 . ‘ .J 0 .11 ‘ 3 . 5” ’ . 1

- .1 . 1 0 . 0 ,  ~~~~ 0 . 4 1’
- I ., .’(( 0. 0.0’ 0.0-1

a - 0 . 1)’ 001,17 . , - “ _‘ - .1)

.1.1’ -: 0 .u 1’ I, - j 5 7 -

.1 . 10 0 . 1 ’) f l Q R  0.-lOS

5 0.  ,.00 0.L’ D . c  0.
4 , 5 .1 .2 5  0 .  3. 0’
70. .1 .02 0. i c 0 ’ . ( . L cE - ’ ’ - 3 .
7 ) .  2.0 0.03 0.05 0.00
70. 0 .3  ~~

‘ 0 . 0 5  o . cr
73 . ~. ,2 9  0 .3 ”  U . O i  0 . 05 1’
7- 1. 2 . 2 3  0 0 1 ’ ) ’  0.0 ‘

~

75 . - . 2 - 3  0 . , ’~ 0.1k 5) 35’

7’ . 2 .  0- ~
‘ 0. 0. Os LI ~365

7 .  2 .3 1 0. 0’ - 0. 1 ’-
.1 . 3  0.03 0.0’’ 3 10110

7 1  0.18 1) . 1 1  i . - -

81 ’ . 2 . 1 5 -i_i i ’ .2-1 u . ’ ;

0 . 3 0,05 0.1. 0 3  0.02
0 ,1 .  2 . 1, ’ .S 0.n 3 5  0. 545
d l . 0 .  ~ , 0 .0 5  0 . 1)  ‘ .00
-1 4 .  2 . 2 8  L ,’S O. OsO
05. 2 .2 1  0 . 1 1 ’  Ui ’ ? 0 . 3
5 , .  0.25 0014 0.03
-~7 . 2 . I ’ o  0 . 0 /  1 . 0 4 5  1 .~~ 3
8 0.  2 .1  O . 3 5 ~ 0 .00
0-) . 2 . 2 2  0 . 05  0 .00
00.  2 .1 3. ’ --1 U . s - 4  U .13’

5



H “ .59 cm

_ _ _ _ _ _  
2.22 cm

F ~3O 
~~~ 2.54 cm 

_ _ _ _ _

I I 
____I.... - ‘ ) j ’~~~ ‘aq

~ 2O~ - I “~ 2 ’)

0’
~ k’ ~~~~~~~~~ 

‘~~ “
~ 15 ~~~~~~~ 

‘

~~~~
-‘ ‘~~15 ~

1 O -

_L

~~~~~ 

I I 

~~~~~~ 

r ii
NO~ CHEMICAL HEAT

TEMPERED TEMPER ED TEMPERED

LENS BREAKAGE

I - ’ 1 gu t ~~’ ~~ 1,, ’ i s h-t i , ‘ t h , s ’ ’ ’ .U ‘1 I ’ ’ ! i’ . t h l  ( I  . ‘t~ ) 
, .‘ .,‘,‘ _ . ,t isi .‘ , ~~~ t i , l

I I ’ ll)!! I , ‘ “ I ’ l l )  l i t ’  I ’ ’ h t t

1% ’)

_ -- -.---‘ ~ 



_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i t  - , ‘ ( 5  0’ I , ) ’ -  , I lo ‘ k i n ’ . : ,  t I  ‘I ) I ~ ‘ I t  i a ’s : b, ’t i i , ‘ t ’ I i  t I t ’  I t , ’ , ’ ‘i t ‘ - U ) ’ ; t i
- i i  - .~~~

- . ‘(‘ .8 ’ I ,  - 1 I I ’ I i t  , ‘o I i t ’ ‘ J i  a - i l l ’ : - I SI  - I i - I . 1 1 . ‘I a l t O  ‘I  Ic - - ; • i n . l  0’, t i  1 ‘ ‘ - I Sa - I ’ ,

I I t , ’ a )  I - ‘ i l ( ’ ’ , I ‘ i  a l t  ‘ l ’ ~ ’ I 1 i i  ‘ - c O , i ’  io~.

‘I’A ILE 2. I - i-N’ ; ‘ III i ’ I I N I ’ ; : t ;  ( h i l l

1 . 1 1 )  0 in  i ‘ ‘ a )  O X  i i t c, ’ 1
I ,,  ‘ i i : ;  a I t  S l I t ’  1 h i  1 .15’’. ; :  t l i t ’  1 , 1 1 , 110  i i )  I d O l l ,  a -

N ‘ h i  ‘ i i i ) ’ , ’)  ~-d .‘ , - ‘ ,‘ I’ . I I !  I’ . 5
I k’s I I ’ ‘is~ ‘,‘ stl  .1. ‘i i  — R’~ . 20
i ’I l I ’Ill l ‘ ‘ 1 ) — t t - i : u ’’ ’i ‘ - ‘I .‘ . 1 ) 1  , ‘ , li i

~t i t  S I i a ’,)  1 t - - Ii I I : ;  ( I I  i I , -
‘ ‘ ‘ .a ‘ c i  ‘ : - I i .  ‘ i l k  1 : 1 U ‘ I ’ ’ ’ ;

I ‘a ’ t I t ~ ‘. 1 1  I : a ‘I )

i s _ I t  V a ’! i i  - a d ) ,  ‘lil t — i I
N a ‘ l i t  I ’I t ) i  I~~! I ’ , i  \‘ , - t : ; c l : -  t ’hi, ’ t t  i , ’ , k l  ‘ . 001 ,

li - c i t  a ’ t c i~~- , ’ i , a )  t ’ I  - S i : ;  l i t - _ U  ‘ .02’ ’

i ’ I \ i i ) , t  1 , :0’ I~ ’~’I”, ’I I i - : ) ’ ’ I ’ I l  1, 11)11)1

I I I ’ I t  ‘~t ’ iiat ‘k’j’ t It t ’e t i t  ‘ ‘ i  a ) ’ ’~ ’ t I i  lu - u t - c i i  a ) t ’j ’i Ii
, ‘l , ’a i t  .111 t ’i i i i  itl,IX 10 .;hi u I  I’) l i i  ~t . l \  I ’I (~~I j i l t  “ l i t )  la(~~~~

I t - i :  I a S  ‘ ‘up
N, ~: ; t ‘ t n j ’ ~ ’t  ~, l  .01’ ’ ’ ’ .01 ( i i  . I L U  .01 ’i .0. ’’ ’ .000 . - 11 _ c ) . lii! ’
11 , 11 — t - ‘c i i i - ’ - , -J  .01-1’ ’ .0 20  . 0( 10  .0-li ) 01~~. ’’ ’ — . 0 - I c )  . 1 ) .’ , ) . 1) ‘ u ’)

a ‘ hisiut I’. il —

I t ’t i)~~’, ’ i  - ‘ - I . 011 ’ 1 . t t i i t . 140 : 1  1 ” .0100 . I 1’  .0 1 ’ ’ i .o ;o
: - t  i t  j R  , , i l  i , ‘ :d t  I t  a i I - se’s’ ..a R i sk  Rut s l o t  1

a. ’’ ‘il t~ - l i  I ‘~~ ‘ I i  I ’ )  l o t  I i - l I t ]  a t - u )  t’i cu t ‘ t l t , ‘ i i a c

l i t  ‘ _ t  I “- ‘1  i i ;  , - I c - ’ u u u , ’~~ I .00’ N:: . .001
N1 ‘~~i I t ’t t t ~~’ , ’ - ‘ a I ‘a ’ a l - l i ’ a ‘I t , ’it u i ,  -

‘ i 1 N2 - - , i I  ‘ — c i i i

N’ ‘ I I I  t ’tlii ’ - t od ‘ a t  - i - - i i : :  l to~ I . 0 t h  . :‘ . i i  .01;~ ’ ’

_ _ _ _ _ _ _  - ‘- ‘- -~~~~- --~~~~~~~~~~~~~ - ---- -~~~~~~~~~~~~~ —- -- -~~~~~~~~ -~~~~~~ -



‘L’Altl,i ‘I. I))’Ia’) ’ii -0l I , ‘l’ i- R’l’ I ’ I I ’ : ’ ) l l

1i”~-
,’; -i i i !  I I ’ .‘ .. ‘~~~~ -F. s i l l  I - 2 , 0 4 - i - i: i t . , l  I

No . “Ia , . ‘I’ I ~‘a . 
- N

1.,(.?r1s tj t’Oujt .l a . : 1 1 : , a .’Ij L I I ’ aOk , _ ’ ’ l  h i - ’ ;~~. ‘ - I t ’ I - i ’ , ’ t ., ’ h , ’ I t a L l - I C 1 i i  , ‘k t  ~~ 1 ) ‘ i ’ a ’ ’ k ; t ,, ’ 1
Non te inpc t t ’ . l  31) 30 liii ) - — - -  - —

Flcat—tcmpt ’ui ’ui 31 ) 13 -I ;i i , 1 i )  “ ) 71! ’ n(,’’’) ‘t i ( ’ ’ . i )

Chemic1i 1—
tempert ’d 30 0 1 .  I ,  ( l a s ’) 2~ I 00) ) I ( 2 1  . 0 ( 7 u :  I

Statist i c a l  ! , ‘ : I L l l t d  (F151 , . - i  ‘ 5 , ‘O , h a ’L  c ’ ,,. :  1

Comparison 1 . 5 0 — c m  Na i l I. + , ‘ . 2 ’ — , ’ h ’ c  l ’ , i l  I .1. ’ . ] -  a, l ’, u l  I

Hi-at V &01 scs ;

C’ torn u t : , i  1 N o- I I :  1 , ;

Nonteinpered Va ’ r S u i S

chem ical  . i,) t h t  0. ’ I . e - c t  ‘I t -  I s ot
N ont emp era .’d ~‘ ‘ i  : .U S

heat, .001 0 -  I s a  I N o  t s R

* (Accumulated t ot , i  I )

Wilcox on ’ s Rank 5111:1 ‘ I a ’ l t S’ ’ at ’ L ’ i , ’ , a - , : t~~~ I t .~ :R I ,~! ‘ i  :0 ; ) ’  l i l t
wi th  respect to i c ic  - Li i i  t - kn t : io .c  , c t i t  I 1~~t ’ , : I ‘ 1 :  a l t  - !  - L’ c - t ’Ii~ i i i  Ito :;  1 , ; t  i I i c~
d i f f e r e n c e  was found ict ’t ’ , -,’o, ’; :  t.lce 1 ci:ui’ , ‘ - ‘ ‘I ~u u  Sill~s , tics l t ’ i i i  - 1 ’ ’ , ’! t i  1~~’~ ;’
were signi ficantly thicket’ t l u a u  ~~

- t I  ha ,’ 0 ast ci  I -c u ) : - i ’ d 1, , - c c ’ ~, a : . ‘l i i ’
scratch depth of tIc , - I1o!lteltul’cicd L ’t i , c ’:; 0 , 1 : -  ~~. t ‘ I i i )  11 , 1 1 1 )  1’’ ‘ t i  a ’ , lt ’ ’ i L i l t ! )  a ’!
the heat—tempered ] 0 t 1 5 1’ S  at  ,i l~1 t i t i~~a.’ tUa. ’,l o ) c h ,  I i ’ a ’ i h t  1-  ‘ i t  i , t i a , , c l t , l  i n  t i c ’ ’

center and r i gh t  posi t cu n ~~, i i : ; ; ’  , h x a ’ , ’ I a ’i S i : :  a u  t ) i  , ‘ ~‘i i , ’ ’, a i c ’, i l  — t
lenses. The tempered louuac: ; t i l t  t o t  ,, ‘,i I ’ i,a.’:’: tack ‘ ‘t c. ‘ i n  i - p t  iu . ;t 1’, ’ )  I c
ends of the scratch but  I~~i i 0Wt ’d 110 1; i - l I ; )  1 ’ , ,‘,uc c t di L I  c i  ( i l t ’a. ’ ;t: t ju a ’ ‘ e i i t a . ’i
H i g h — in a gn i  N i  cat i o n  j’hottu;: of i t ’ i a oo  l i i  S a i d ) )  5!  t O t ) ’  i t i d i  c u l ,, ,, ’ I i i , ’ ::ci ’, i t  ‘ I i

surfaces a l i t ’  I . i i’  i roin smoot h  in  I , :x t  c c : ’ , i l - u ’; . ‘0) . ‘Ic - cha.’mtc ’.u l — t:1 ’oc - i
lens character i c c  t i  c i i i  v c O c o a  ~i ~ (1011, 1 0 ,it t ’ I t i ’ l i t  - ‘ ‘ N u t ’

probably the  c -, i u i a e  01 t I c ’ ’ i t o  t .’ i i l  l~ t t— ge R ’~’l I c  i o u - I l  I l I ) .

The } ‘c I ’ L’ t ,- t c t n  of  br , ’j L ~~’ i ’ - l~~st  I , ‘ h a : ;  :5011)15 \ s , ’ i  , a ’ a ’ I c 4 O t l  Si , U : .  I i i - )

F isher ’s E x ac t . Test l o u  0 x ,‘ 1’O n t i i ic q a c a ’~ ’ , u t ’ l o a .  T h i s  o’, i :  I ’ s’ I a~’ I Ii’ ’
1.59—cm dropbai,1 d a i t , i , t l i a ’ t u  t i c ,  t ’’ ’ i , S ’j h u i ’ a I  I .  ‘~~~‘ , h i , . I  2 .  ‘.1 , 1’ dOt a , , t t h t l

fj ! ial .1  1’,’ , the conibitical ala t ’ .u ot  a I I t l u t a c . c l i  t O ’  I t I  . : O t u l  ‘: t h~ I . ‘ ,~~1

data applied to the 1)0101 i ’Ifl ) ’ t ’ t a ’t l~~ I a l t ; : ,  a 5  ‘ ‘I I ) ’  5111’ ’,.’ 11 ) 1) ”  Lt i , ’ ,i k . u ’ c - ’ a ’ , ’ - ’U t  t , ’d
WL  Ut that S i  I~i’ alt’ oplo.il I

In Table 4 the h r e ak , i aj , .’ o i  I i l l ’ i!otct a S c I i - - i Cal ( ‘t i ’ ; , ’:; I : ;  S ’S  II  to I’ ,-

significantly gt& -11U’x’ tls,kti 05 tic s I ‘‘1’d’ ’° ‘a l  q ! ’i 5 ’ o .  1 1 01 ; ; t , i I  t a t  i a ’,’ u l

is seen b e t w ’ t: i i  t h e  t t ’tti l’ I ’i ‘ ‘ a )  ‘ l c ’ ’ l i I ’ - I a S  1 )0 ’  i t t  1 k, ’ ‘ i t  t - i ’ l ’.ul 1

t ests ( 1 .59—cm , 1. ’ - ’ ) — I- .‘ . 2 2 — ~ ‘ 1 1 , m a t  1 .50— I ‘ . 2 2 —  ‘ .‘ _ 5 - ’ — ’m l ’ a I l a \

—-.-

~

——-- .— - ‘ - - -. .  ._ . .- , 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — —---.-- 



- ‘ .~~~~~~~~ ~~~~~

~~- . . —~~~~~~ ~~ ~~~~~

- - 
- 

~~

F l  0 1 1 1 1 ’ 5. ( ‘ I u : t l , i a  I e l ’  I at I a ’ 0)1 ’ r l I  , ‘ I u  . I l ’ ] ’ ~~’;c 1 , 1 1 ,  ‘ 1  - ‘ ‘ ‘ i  : I ’l ut’ci i I a ’ .t I —

t a. ’i : i p a ’ r i - al  I , ‘ i i : ;  ‘Iii , ]  I ,‘: i , I t a- - I t , I  a u ’ , IL’
N t ’ h i t  a ’5 1’ - t l i t  I I a S S .

ti c ‘I’d’ I , ’’ - I Pa , I i i , ,u n -i Ic - i I , m a  : - , ‘ - , : ;  1 : ,  m l ‘ : a s, - )  .0 - Ii , ) 1
‘ t 5 t i ~ ’l ’ , l t 5 a l  l’\ tIl t ’ ‘1 . -h— k -i t~~’i ‘ I ’ \‘ a l ) ’ \ ’ 1 , 1 0 ’ , 55 t 5 a ’ l \ ’ . 5 c , t I  I ’ l l ’ ., ’:; , ! 1 I , ) I ‘ a’s::
t It s ‘ i u  c t t ~ ‘h i  ‘ ‘I lt ’l c :;, :, . ‘ISis c I t  ‘S i  ‘ -i:c~ - - ‘“I It -i c : ;, - I , lIla ‘ I  - - I ) - I ’ - , ,  0 ,  0 ” ’ - c-cc ’ :
s itu I~’j’ t Ii , tt u:) I I  ‘a, ’ , i ; ,  l ’  h a l t ’, )  t a t , ‘aSh; ’ , c i  a ’ I i ’ ’ - , ‘ a  

~~~~~~~~~~~ ~~~~~~~ I - ‘ u k—
. 1 ’  is o ’j  I i i  I I c , i  t ‘ ‘I  I I c - 5 ’ , u )  - ,i~~t l  , ‘ I i ,  S I  o i l  - - t ‘ a :  , ‘ :  ‘ , ,  , - :  : ,~~
l I t ’ I ’ m l  cIt ‘It ‘j I lt  c i ( 1 . 1 ) , ,  I I I  - ‘ I  i S ’ )  S i l I S V  I ,  a ’S!  1 . 0 ’  , O h , ’ 0 . ‘ SI : 0 ’ ’  I t  I c

w , icc  i t ,  ‘ t ’fl i t t  2 , ’ a ‘ t i , .’t ci I C al I — I a ‘1:1 ] - ’ )  t ‘ a )  i, ’c c- : , 
~~~~~~~~~~~~~~~~~~ I t h ; , ’;~~’ ~c a ’, ‘ c c l ’ : ]  t i

a ’ I  t i a ’ I i )  I l , - , c )  - I cSt5 ‘ c ‘ a ]  I~~ t ; :; , ,  a l  t i c  I h a ’ ‘5 . I ~ ” ” - - l b I l ; l  - a ’!  S t  c l i  ~l ’ j ’ t  h i .I i i  - ‘k, ‘ a t f l t  Ii ’ L t i l l ’  I . ‘~~ I a tli l ’ , i I I . ‘I” l ;c ; ; , I Ii , ’ . .~~‘ i - - I a l t , , )  I ‘ a c t ’ , - 1 -2 i~~~t i OS
liia ’ t , ’ i nu l ’ , l a ’t  u t ’ :; i : ; t , i c ; , ’~ - I ‘ ;, m: : l i t , ’ t c a ’ l ; I  ‘ ‘ 115 c , ’a l  i t , ’ ,

- - l i - h i _ I ’ ’ I ! l l l f l l t t ’ j ;  I f l a l k i ’ I I t 5,1 I a ’. I I , ‘ a -11: 1 1 1 5  c , , ’cc :  ‘st  O t ”  I ,  I Ii - ’ In , a . c
a ‘ l c t ’t t l  i i i !  — I t ’lliu - , - i ‘ ‘ I I l , ’ t c . - ; , ’~’, l i t  l a S  - i I , u i i  



: - ~ a.’(~t i i l . c I  u t u d  t i c  t t , _ a t , , . ’ a L ‘ t , , t  , ,  I ’  , i l - I ’ - I ‘ t ,  . i  I .  1~~~~ 1 l a ’ , , I  i t S

I - i ’ ’ . a ~~, ; a ’  c - I  1 1 t ,  1 , , t i a-i: m; ’ a . - i a . - a I  , 1 : 0  5 0  - I  - I t -  1 a l  I i l  - c ’ ’ t  i t

t h i  a . i ia . ’mu t , ‘ . i  I — t ’  L - 4  ‘ I  I c - i c - - . I I  ‘a~.ia:~~~t , ’ , - - , , t , ’ , l  i c m i  a - a ’ I l i - c l  ; , i  , ; , h , : ; I  t a - t ; . t  I
, i , i t _ , ,  t a t  . 1  ‘ ‘ I a _ l a ’ I t ’S’ c i i  I ‘ ‘ c t  ,!l i t i  - h a _ i t  I , ’i ,, I S I t . , t c t , , - , i . I c i t ’ ,

i a i , l u  I c a ’ c l , i  I t a ~~i i , ~~ ‘ i ,  a _ a l a _ i , , 1 ’ ’l 0) ‘as t i t . ’ i t t , ’ , : . ’  , : ; , t , , t a . ’ t u -  1 , c , , :

( l a _ l a  I a. ’i ; ’  - t~ t i l t ’ ‘...‘ t I t i c ’  ‘ , ‘ . ‘ ‘ - I  — six i. I I . t ,i i I c i a  a ’ I a , ’ti u i  a.’, I I — I t t i l l  “ I ‘ - I  I - - 4 , 1 , ’ : , ,

“‘ I  - ; c c a ’ , c c ; .u  - ‘ .1 I ~~
- t il t ’ - I c  , ‘;  - I ‘, t i I ,  ; ‘I  t ci ’ I , ,  - ,  L— t , - ‘ l I l ) i a  - 1 i t  l c ’ I u ; - ’ ’ c c , I i  101, 51 1l ’I) -’ .1

~~l t , . , l i  I l u s ; , i ’  , 1, i ~ 
,
~ ‘a - - i ’  - ‘ a _ S t : i ’ i  i l i ~ , )  1 , 1 1 5  I l i e ’ a , ) ! 1 1 1 ) 1 :  i i , t I .  I I ‘ ‘ , i k , i ’ e.’ ls’ , l ~~I t o c c l c , I

a . t  is ’  I ’ l l . S , -- ( 0 ) , , l i l t ’ )  I or I I I ,  - ‘ h i ,  ‘1 :1 c , . t l  -- I - ‘ i , : 1  ,‘i  t I  a~ I a ’ 5 ,  ~~: ‘I 7 1 . I ’~ - ( ‘ c ’ ‘5, ’)
I a t r  I 1i~ - i t a ’ i  I — I tn  ‘ ‘ t a  I ~:‘ - ‘ ‘ c i  ‘ . T I n ’  t I  c t I a.. I a _ c , - -

‘ i t t  1111 : a. - t ‘ - i  t - - t , I . I ’ I , ’ ’: 1,’ . ; -

c , a ’t  : c t , c t u : ; L ; - , , l  1’ ,’ c i - t i c i ’  ( t a u n t

i l l  Ot ’ ! 5: I - ‘N

T i u — I . - 
- ‘ 0 I ‘ ‘I’ .:~ ‘ u a: 

~ “ ‘ ‘ ‘u , u  - I a. ’ 1 c c , - - ‘  a a,  i a. ’ c a ’ i a  I Vu  l u ,  1 t ’  I ‘ I l i i i
ca - u t  , i t :  ‘a. c , I ‘ t o  s i ’  t o  I i . c i , , u i t , - - l i t ’ I. :, t. I c , i i , ,  - O c t  a h . ‘ ,m I . ; t t  a . . , ci  a. ’ - a t  —

- t ’ . C  i ’ll a ,  5- ‘ I  ~~1 : a . ’t :  i i  I .a - 5’ t - x  a ’ I t t i s  a t I c\’  - ‘ .~ c i :  I u - - ‘ ‘ a ” ; .  s i  a. ’Sc~c I a ’ S  . 1  t -

‘c i - ; , , , I I I -  I c a , m I  — , u , , h  oh, c : , c , ’ , m l I t .’ S h ) ’ ~.’i - - - t  a i i m ; ; : ;  i C t a ’ ’ . ’ I a )  I n ’ i h c ’ ’t

: ; t c i v i V , , :  t l i t ’ ,’ I , ’  h t ’ t : - h ’j I l  i m p . s-t  1 15111 t c h i ’ t i a t c : t ~~’tt u~ ta. ’ u ~~’~ c ~t l , m  - .  l i t ;  a. ’ .
c l i v  , i , u I : , , u ’ l ’ ’ - h . I c , ’ . a ’ L , i I  u t  ~h a ’ pt ’ i , , ’ 1 . ‘ i  I ia ’ I t ’ U j  ‘l Oa l  l , ’t ; : ; , ’’ is , I a ’

‘ ‘ -~ u c  v .u  I ’ : 1 )  , l ’ u i l  1 , 1 ; , ’  c i ,  S t  - c h i ] ’ ~ ’r  a ’ :) - - ‘ 1  - - Sc!  i i - ,  - I - Ic i’ l l ’ I i I i , i  1 ,‘ ‘ I l i t ’  I I I c i  -

, - I i e ’n ti - - u I — ot  i ie . i a l  I — b - t tq ta . ’ c , - ‘ I I i cc: a ; ;  , w u Lh ,u ii h w i  - ‘ u l, a ’ ‘ t c a t  c: t u ; t  . ‘l I t  1 : 1

i l i a i i a . ’ . I I ’ ’ - t l t , t t I ‘S3 ’~ ‘11 110  . i c I ’ _ ’iO ,, t I m ’  ‘ I l , .. i I a ’, ;i  t ’ I c , l l ’ , l a ’ t . ’t  1 ’ )  i t . ’ a !  I l c
‘ ,Sl i O i l , IS ,Ik i I I ’ )  I t  iUa . ’ t t ’  FL’li t c l  c c i  I , ’  s~ I , I L a ’ I u i l c a t .  lc ’c; , . I , a - i c  - - 1  a :  I L  I S-
1~~ha,’ t , i t a ’ i ’ . ’ t X 0 ) ’ t  i i  t I C a ’ w i t h l t ’ ’ l  - t .’i  , u I c I I , - , c  I a ’ i l ] ’ ~~’ :  ,~a l I ,  t c ’ ’ , ’n (tie - h i d - i d

vult i et , ti ’ i l i l y  a t !  I u a . ’a I - : 1  , ‘ l i t ’ t t i u , ’ , i I  -- I i - t t ~~~- , i a _ t i  I S I b ) ’ ; ,  h ‘ I lu ;;t  , l t l a l , ! I , I
ult’ s~ c - i l l  1 , -at c c ; tu t u ’ , , t ’ , ’ a )  ‘a s h , ’ ; ,  i l ’ ’ aS’ t m v , .x  S t t t ’ l c 5 ” ’  , . - ‘ t ’ ’ ‘ I ~~’ :;a. ’: i t a ~l i , - a l .
l - i Va ’ u l  I i a ’ ; u ’ ; ’ , I ‘ c ,  , h ; , ’c h , u , ’ , ; l  — I  a_ ’l :5 ’a. ’t ‘ - I  l a - I - ; - : -  I S - I  ‘ - C l - i ,  c i c a ’ :  t l c , , t  j ’ e i l ’ - I  t i )  ‘S t

l i l a  t a l l ! t I •~~‘ a ’, c : i ;  ‘ I i  ; ;:, h a  ‘I i  I u’ ‘ t , ~‘i i It ~~~I l  I y ;:, ‘ , 1 I t lc l ’ _ i t ’I ‘a ’ m i t t ,  I i i  I t I v
t s , u : c  ~~, , t  :-i t ,t t , i :  I i a _ ’~~I I s , ’ , ] ~~~I ’ . , ’t. , ’ ’ : l  i I I . I l c  I t ’  t, l i a.~ l m s , , l — t  , - t ” ~~ , ’ i ’ i  l e t :  ~‘5 s’i tlt

- - ‘ c c , ’ , i - , ‘a ,  - s a c  1 ~h ‘ ‘~~
‘ ‘ ‘- I a t  ‘ 1  I I 11 - -S - i , ., I c i  a_ - I ,

“au ’KI ’I I’I l . i ’ I a .  ‘ - ‘0- N i’

‘I c , _ u I l l  l i s t - - . 1 1 , - i : .  ca . - ; O  - a )  I a t 1 ’ . I i  0 , ’ i  ‘ I , : , ,  Lt . I__,, i~ t ’t  I t ’’, , , n,t “ c i  i t a ,~ ; ,  I - l i  - t
I I  5: : -  i i ’ I i n  a. ’ . I ’  u a. ’ t - - - I a_ ’ c I a .’V t - c t  ct~ L I ; ,  ‘~~~~ ‘I t ,,‘ , i I - a. ’ i V j C ’S  I , S a I 15 . 1- : - I l i t :
c-c I ; c -  I ’ . 

~ 
‘t S h S  c i - i



Ri’S” ) I-Il IN ;  1 :

1. ‘,N :-l 1110 . H i ’ I  “ . 1 .  ,‘i i h t , ’ i l ( ’1 , I i  N,i] c t , i ~~t J  0t , i~ i . I m t  t O ;  t ” ” o t i  i L ’ W C i c I  : -  for I c t  : .; t
i i i , i l i t ’ c ’  ~~~‘ ‘~~ c ’1’ i t t  i t ) U  c ] u h t h l I t t h i m ’ t t ’ t c ‘ ‘ . ic ’ t : t ’ l - ~~j t i  N o t  t ’ ’i c a i  l ’i t a ’ in d ,mrd a

E h ’ i : c t i tU t i ’ , t-~t -w ‘cork , N. ’i’., 1’~~72 .

2 .  ~‘ l u , u : ; a . ’ , G.  -‘c .  1 f l I ] ’ . u t ’t  — t ’c : ; j c - m t a tit  S [ ” l I I  l m , m i t ’ : c t ’ l e t u : ; a_ - : , . Opt a t La-v I b t .:t O tII

I I t ’~~:i 721 ’ (.1 172 )

3 . I I i . t t t : ; t t a . u t t i , 5.  A a l v a u i c ~ ’al I t t i l h i a t l c t t i e : t c t  l ot’ ‘ I ’ ) a l t I I l ’ l  i I ; ; ]  c ;—-- O~- i c t l I t  1 : 1 0

li~it’dwa r,’. I 5 ’t o ; n , ’t . t i c . ’ Nt ’ t ’k I - ,’ i - 7~~2~ (1 17 1, )

- I .  I” s a i t ’r a j ]  R ’ c J j a I , a ’i ’ I i -  ( I ~~~’ )  : 1557 , - ‘ I :-:o
~~’ 157 1.

Krau sa_ ’ , R .  I’. I h , ’flI I ‘ I ’h l ’ I ’i i t ” ;  Ic-Ia ’,’. Coi’ni sq S lass  W a ’ ) l,: ; , ( ‘c . ’rn i l i q

N .Y . ,  I°74,

6 . N, -w:; f rom \~.i:; I cinq toti . Op totiut ’ Lii. ’ - WooLly ‘ .l : 1 1 ) 1 . 1 (1’~7 ‘3)

7 . Lark , 1 .  A .  Tougl t e o t c i n m .; o f  oplitltal mb ‘c l,’i: ;cc I a ’ci ~~a. ’S— — T l ia _ ’ c l c o n ui  c i i
‘rI ’- , ’I ’:;:; . Aa.tst 3 O !ct ’. orn ‘ ,‘~ :10 (1° t’s)

5 . 0) a - ,i P t , A. I ., .  A c o n m pr e lu t ’ t i si ve  look a t  opl i t l u c m l m i c  cJ ] a i ; c a  lens
I i - ~~c. ’1 or , .’ u t a ;  i a ( . , ’au c ; - , ’— —l’ ar t 5 : .-I\s a fu n c t i o n  of ions d aniaqo .
5 - i , ’ :,, ’ t i ’ l , ’ W& ’ok lv  ( ‘I i : i i ,  ( 1 0 7 7 ) .

~I s j h h , I .  W .  i” t ’~ u ct U r L ’  r c ; ; i s t - m t c t ”  a t’

-~1 to :-;:; 1, - u t : ; , ’:; i ’.l , l cc c anal l ’u c a u ’I i1’t ,ioii” Aui t ’x i a a icm.Iun d st’ua_Iy

- t m_’t~ ‘ torn — -‘i t - c I t  - ‘ltd Acaa_) Oj’toiti .11. :  1’~ ’ 1 (‘ 1 ‘5- 1

11 ) . “~‘ ‘iac!i , K .  W. , a ’t a l .  l i a h lj st , i c  i t lI J -dU l L ’ s]  i t i ’ t  ci :‘;( ‘ t ’ , i L a ’ h I , ’ uh anal
I i t c : ; t -r ~1t.cha.’a_ 1 o~t l it . l ta  I , mi. c 1 c u d : c t ’:; . AlIt a t ‘, t

~~
lt ’ Sti’, I’lt’c’a iol Clpt ( 1 q 7 4 )

I I .  W t  I a o t c , I’ . A compar ison ci” I u:i’ ’tur a_n i ,c:~~m ; t , u c c ; ’’ d m 1  , m of chiomi  cci ly
an al  tiie-rina l i v  t.t,’t t c j ’ i - i ’oal , 

~ 
-h th,i l tu i is I ’  ‘ t c c ; a ’c; I a _ I  1 1 owi itq al l  i s~~ i Ot t .

c t l ’t I l  i t ’ t a ” i  I i i  ft ,i .l f . 1 1 lUleOtIt .  01 ( h a ’ ut ’u l u ,m Lrcma .’nt:  t ar  (ii,.’ L~, ‘cI ao  51’

t t. ’ t I o t  i ’ c ’  P ‘‘l L’i’ t ’ , t J n i V cr s i t . ’c’ of a..’a li  f on t  c .m cicl ’iool o I C1I~~t’ St I I t ~ h i ’ o

, iu ne  15 ’l

I ‘-‘

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ .~~~ 
---

~
-- - - - - ---

~~—


