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Some O p tica l P ro p er tie s  o f Thin F ilm s o f S i lv e r  and

oth er M etals

A b stract

In the l a s t  f i f t e e n  years there has been a co n sid era b le  

in crea se  in  the knowledge o f the o p t ic a l p r o p e r t ie s  o f m etal 

la y e r s  l e s s  than 1000 A th ic k , and the use o f la y e r s  produced 

by evap oration  or cathod ic sp u tte r in g  has become in c r e a s in g ly  

common fo r  the determ ination  o f the o p t ic a l co n sta n ts  o f m eta ls .

In t h is  work the in te r fe r o m e tr ic  method, o r ig in a l ly  

due to  Tolansky, fo r  the d eterm ination  o f the r e la t iv e  phase 

changes occurring on r e f le x io n  a t the su rface o f a m etal la y e r  

has been fu r th er  developed, and, coupled w ith  a sim ple photo

e l e c t r i c  d ev ice  fo r  the measurement o f in te n s ity  changes, has 

been ap p lied  to  the study o f r e f le x io n  a t a number o f su rfa ces .

The method req u ires  s l i g h t ly  tran sparen t la y e r s  of 

the m etal to  form a tra n sm issio n  in ter fero m eter , and i t  i s  

th erefo re  o f p a r t ic u la r  im portance to  determ ine w ith in  what 

th ick n ess  l im it s  the o p t ic a l  p ro p er tie s  o f th ese  la y e rs  can be 

taken as c h a r a c te r is t ic  o f th e m etal in  bulk  form. To t h is  

end, a study o f the v a r ia t io n  w ith  th ick n ess  o f the c h a r a c te r is t ic s  

of non-normal r e f le x io n  a t th in  s i lv e r  la y e r s  has been made fo r  

th ic k n esse s  between 100 and 1000 A.

Measurements have a lso  been made using the technique  

of the o p t ic a l co n sta n ts  o f copper, t in ,  speculum, and a new t in -  

n ic k e l a l lo y .  Some in te r e s t in g  anom alies in  the o p t ic a l



p r o p e r tie s  o f evaporated la y e r s  o f t in  have been observed.

The t h e s is  commences w ith  a treatm ent o f the theory  

o f r e f le x io n  a t m etal su rfa ces and la y e r s ,  and the p rev iou s  

work in  th is  f i e l d  i s  review ed, w ith  p a r t ic u la r  re feren ce  to  

measurements on evaporated  la y e r s , and the v a r ia t io n  o f th e ir  

p ro p er tie s  w ith  th ic k n e ss . The evap oration  equipment and 

procedure used are d escr ib ed , and the measurement o f la y e r  

th ic k n e sse s  c r i t i c a l l y  d iscu ssed . The o p tic a l tech n iq u es are 

then d escrib ed , the in te r fer o m e tr ic  technique being  analysed  

in  d e t a i l .  F in a lly  the r e s u lt s  o f the experim ents are 

m entioned and d iscu sse d .
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REFLEXION AT THE SURFACE OF AN ABSORBING MEDIUM

Chapter I .

I f  a beam o f  l i g h t ,  p lane p o la r is e d  a t 45^ to  th e

p lane o f  in c id e n c e , i s  r e f le c t e d  at th e su rfa ce  o f  an absorb

in g  medium, th e r e f le c te d  l ig h t  i s  in  gen era l e l l i p t i c a l l y  

p o la r is e d . Both th e  am plitudes and th e phases o f  th e  com

ponents o f  th e  in c id e n t l ig h t  p o la r is e d  p a r a l le l  and p er 

p en d ic u la r ly  to  the p lan e o f in c id en ce  are changed by 

r e f le x io n , th e  amount o f the change in  each q u an tity  vary

ing w ith  th e  angle o f  in c id en ce .

In order to  exp la in  th ese  phenomena, the c la s s ic a l

e lectrom agn etic  theory must be extended from th e  sim pler  

case o f wave propagation  in  is o tr o p ic  tran sparen t media, 

and r e f le x io n  at th e  boundaries o f  such media, to  the more 

gen era l case o f propagation  in  and r e f le x io n  a t the boundaries 

of is o tr o p ic  absorbing media. Tbe change n ecessary  in  

Maxwell»s equations fo r  an electrom agn etic  f i e l d  i s  th a t in  

a d d itio n  to  the ^displacem ent current" term in  the eq u ation s  

fo r  th e  e l e c t r i c  v e c to r  e x is t in g  in  a d ie l e c t r ic ,  account 

must a ls o  be taken o f  a "conduction current" varying w ith  

th e  a p p lied  f i e l d ,  in  the case o f  conducting ( i . e .  absorbing) 

media.
(1 , 2, 3)

I t  can be shown th at lAhen the eq u ation s

fo r  wave propagation  in  an absorbing medium are developed.
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r e f le x io n  and re fra x io n  a t th e  boundary between an absorbing  

and a transparent medium can be com pletely  determ ined by 

th e  u sual eq u ation s fo r  r e f le x io n  and re fra x io n  between  

two transparent media provided th a t a r e fr a c t iv e  index  

having r e a l and im aginary p a r ts  i s  a ssign ed  to  the absorb

in g  medium.

The equation  fo r  the p ropagation  o f  an e le c t r o 

m agnetic wave in  th e d ir e c t io n  o f  an a x is ,  y  , in  an absorb

in g  medium i s  of th e  form

where ^  i s  the wavelength in  vacuo.
^ 2̂ïïifr. y.

The term p ^  rep resen ts  the am plitude of th e  

v ib r a t io n , vh ich , a f t e r  the wave has tr a v e l le d  a d is ta n ce  

^  in  th e  medium i s  reduced by a fa c to r  . The

constant k  i s  termed the A bsorption Q o e ff ic ie n t  o f the  

medium.

I f  we c a l l  the r a t io  o f  the v e lo c i t y  o f  propa

g a tio n  in  vacuo to  the v e lo c i t y  of propagation  in  the

medium, the R efra ctiv e  index n,  then the medium i s  com

p le t e ly  ch a ra cter ised  by the Complex R efra ctiv e  index  

g iven  by

J \ f  -  'TX f  /  -  h f y

The q u an tity  JsT i s  r e la te d , in  d isp e rs io n  theory , 

to  the d ie le c t r ic  con stan t, Z , and the co n d u c tiv ity , <T , 

by the equations
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t  ■-

and (S"  ̂ *0

where y) i s  the frequency o f th e  in c id e n t  

r a d ia t io n . The q u a n tit ie s  and k  are the O ptica l Constants 

o f  the medium.

Consider th e  r e f le x io n  of a beam of l i g h t ,  

p o la r is e d  e ith e r  p a r a l le l  or p erp en d icu la r ly  to  the p lane  

o f  in c id en ce , a t the boundary between a transparent medium 

o f  r e fr a c t iv e  index f t /  , and an absorbing medium of 

r e fr a c t iv e  index ^  ( f ig u r e  1 ) .  Let th e  in c id en t wave 

fron t be p la n e , o f a r^ litu d e  u n ity  and phase zero immediate

ly  b efore  r e f le x io n , and l e t  th e  angle o f in c id en ce  be ^  .

The angle o f  r e fr a c io n  in to  the absorbing medium,

^  , i s  g iven , by S n e l l ' s  Law, in  the equation

'T?/ ydiU P * ^  7*2/
But s in ce  we have seen th a t i s  a complex 

q u an tity  fo r  an absorbing medium, i t  fo llo w s  a ls o  th a t th e  

angle o f  re fr a x io n , y  , must a ls o  be complex. The p h y s ic a l

s ig n if ic a n c e  o f t h is  oowplex  an g le  o f  re fra x io n  has been
(4)d iscu ssed  by Fry . ih en  an e lectrom agn etic  d isturbance  

i s  t r a v e l l in g  in  a non-absorbing medium, th e  w avefronts, 

i . e .  the p la n es of equal phase, are a lso  p la n es of æqual 

aD ï)litude. Ihen the wave i s  t r a v e l l in g  in  an absorbing  

medium, however, the p la n es o f  equal phase remain perpen

d icu la r  to  the d ire c tio n  of propagation  of th e  wave, but
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th e  p la n e s  o f  equal am plitu de are not n e c e s s a r i ly  c o in c id e n t  

w ith  them. A v e c to r  r e p r e se n t in g  th e  d ir e c t io n  o f  maximum 

dancing o f  th e  v ib r a t io n  i s  n o t n e c e s s a r i ly  p a r a l l e l  to  th e  

v e c to r  r e p r e se n t in g  th e  d ir e c t io n  o f  p ro p a g a tio n  o f  th e  

v ib r a t io n  in  an ab sorb in g  medium.

In th e  ca se  o f  r e fr a x io n  in to  an ab sorb in g  medium 

a s  in  F igu re 1 , th e  p la n e s  o f  equal p hase remain p erp en 

d ic u la r  to  th e  d ir e c t io n  o f  p ro p a g a tio n , t h i s  d ir e c t io n  

v ary in g  o f  course w ith  th e  a n g le  o f  in c id e n c e , but th e  

p la n e s  o f  equal am plitude l i e  p a r a l l e l  to  th e  su r fa c e  o f  

th e  medium, w hatever th e  a n g le  o f in c id e n c e . Hence th ey  

are on ly  c o in c id e n t  w ith  th e  p la n e s  o f  equal p hase when 

th e  l i g h t  i s  in c id e n t  n orm ally  on th e  su r fa c e  o f  th e  ab sorb 

in g  medium.

I t  i s  p o s s ib le  t o  d e f in e  th e  o p t ic a l  c o n sta n ts  

in  such  a way th a t th e  a n g le  i s  r e a l ,  w ith  a num erica l 

v a lu e  o f  some s ig n if ic a n c e  as i s  o b v io u s ly  n o t th e  case  

w ith  a complex a n g le  o f  r e fr a x io n , îh e  c o n s ta n ts  d e fin ed  

in  t h i s  manner vary w ith  th e  an g le  o f in c id e n c e , a s m entioned  

by Wood(^ \  but are not th e  fundam ental c o n s ta n ts  r e la te d  

t o  th e  d isp e r s io n  th e o r y . The c o n s ta n ts  are a ls o  tr e a te d  

in  t h i s  way by S ch u ster  and N icholson^ ^ ^ , # 1 0  d e f in e  c o n s ta n ts  

and , where Q i s  th e  a n g le  o f  in c id e n c e . The

treatm en t g iv e n  h ere  n e c e s s i t a t e s  th e  in tr o d u c t io n  o f  a 

complex a n g le  o f  r e fr a x io n  in  ev ery  a p p lic a t io n  o f  S n e l l  » s
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Law, but seems more s a t is f a c t o r y  in  th a t  th e  o p t ic a l  co n sta n ts  

on t h i s  d e f in i t io n  are c h a r a c te r is t ic  o f  th e  medium a lo n e , 

and do not vary w ith  th e  an g le  of in c id en ce .

"The r e f le c t e d  beam in  F igure 1 can be d escrib ed  

by th e  complex q u an tity  ^  , r e la te d  to  th e  a n g les  o f

in c id en ce  and re fr a x io n  by F r e s n e l's  eq u a tio n s. I f  /  i s  

expressed  as , then th e  am plitude fa c to r

on r e f le x io n  i s  , and th e  phase change ^  . I f  the  

in c id e n t  l i g h t  has equal components p a r a l le l  and perpen

d ic u la r  to  the p lan e of in c id en ce , th e se  can each be taken  

as u n ity  and the r e f le c t e d  beam has two components g iven  by

P a r a l le l  Component ^

P erpend icu lar Component ^5 0 5 -  ̂ ' ------------- -— *-
A/ep̂ 'yj

The o p t ic a l  co n sta n ts , n and k , can be found 

from measurements on the r e f le c te d  beam. For a g iven  angle  

o f  in c id e n c e , eq u ation s 1 -1 , 1*2, 1*3 can be combined and 

n\ and k found from measurements o f  ^  >

and ^  . In p r a c t ic e ,  however, the e l l i p t i c a l l y  p o la r is e d

r e f le c t e d  beam i s  u s u a lly  analysed  by some form o f  o p t ic a l  

compensator, and th e  co n sta n ts  n and k  determ ined from 

measurements o f  th e  r a t io  , i . e .  from measurements

•2/
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o f  the e l l i p t i c i t y  o f  th e  r e f le c t e d  beam, s ^

and on th e  r e la t iv e  phase d if fe r e n c e  between th e  components

> A
From the eq u ation s fo r  th e  r e f le x io n  o f  an 

e lectro m a g n etic  wave, we can w r ite  

^p/f$ ^

Then, i f  ^  , and we put Z  -

Fry has shown (w ith a co r re c tio n  by Smberson^) th a t

In order to  c a lc u la te  ^  and Ic from g iven  v a lu es

o f <9 , ^  and , equation  1*5 must be s p l i t  in to  r e a l

and im aginary p a r ts . The com putation in v o lv ed  i s  q u ite  

len g th y  and most workers make some s u b s t itu t io n s .

The one most commonly used i s  due to  Drude^^), 

who gave the eq u ation s  

I f  'A#.

S  «

Then /c =

where  ̂ ^  ^ 9)

and "f"

S ta r tin g  from an equation  eq u iva len t to  1*5, 

P r ic e (^ ) has r e c e n t ly  developed the eq u ation s
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/ 9  ^  ^

U4ê̂ 2 ^  y0 9 A  •/ t0>9^ 2Jĵ )  ̂ ^

*XL% X f)^

In most tex tb o o k s on O ptics, approximate eq u ation s  

are g iv en . For most m eta ls  can be regarded

as much g re a te r  than 9  ^  l i e s  between

8 and 3q(^) J  and i f  A ^ 9  i s  n eg le c ted  in  a term o f the  

foim  { a/ ^   ̂ , then th e  approximate eq u ation s can

be g iv en  as

Z A» ^ / (

SÎ

AS an a lte r n a t iv e  to  measurements o f  ^  and Zb

f o r  a g iv en  v a lu e  o f  9  , measurements are o fte n  made o f

th e  angle o f P r in c ip a l In c id en ce , d efined  as th a t an gle of

in c id en ce  a t which the r e la t iv e  phase change

and o f  the corresponding va lu e o f ^  > th e  an g le  of

P r in c ip a l Azimuth,

I f  th e se  an g les are denoted by 9  and ^  , then

a r igorou s treatm ent by K e tte le r  (p resen ted  by EonigC^)) 

g iv e s  th e  equations fo r  7? and k

r i^ X ^  / . ^

«JV*- = *  c  I -  ^ y '* ]
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The s e t  o f  eq u ation s chosen t o  determ ine ^  

and A  in  any p a r t ic u la r  experim ent depends on th e  q u a n t it ie s  

measured in  th e  experim ent and the p erson a l ch o ice  o f  th e  

observer as to  ease  o f  com putation. For example th e  

eq u ation s developed by P r ic e  (1*7) are s ta te d  t o  be 

e s p e c ia l ly  s u ita b le  f o r  com putations made a t a f ix e d  an gle  

o f  in c id en ce  fo r  d if f e r e n t  w avelen gth s.

In a d d itio n  to  th e  q u a n tit ie s  and A  , th e  

normal in c id en ce  R eflex io n  C o e ff ic ie n t  i s  o fte n  measured 

fo r  absorbing m edia. This C o e ff ic ie n t  i s  th e  r a t io  o f th e  

in t e n s i t y  r e f le c t e d  a t normal in c id e n ce  from th e  su rface  

o f  the medium, to  th e  in c id e n t  in t e n s i t y .  I t  can r e a d ily  

be shown th a t i t  i s  r e la te d  to  th e  o p t ic a l co n sta n ts  ^  

and k  by th e  equation

O  -  /  /«y
h  i- ^

The experim ental methods used to  determ ine -71 

and k , and th e  r e s u lt s  found by p rev io u s workers w i l l  

be d iscu sse d  in  Chapter I I I .  In th e  next chapter (Chap. I I ) 

th e  th eo ry  d iscu ssed  above w i l l  be extended to  th e  treatm ent  

o f th in  la y e r s  o f  m eta ls , tran sp aren t to v i s i b l e  l i g h t .



REFLEXION AT A THIN METALLIC LAYER

Chapter I I .

The eq u ation s g iv en  in  th e  f i r s t  chapter enable  

the o p t ic a l  co n sta n ts  o f  any m e t a l l ic ,  or o th er absorbing  

medium to  be determ ined from measurements on the s ta te  o f  

p o la r is a t io n  o f l i g h t  r e f le c t e d  from the su rface o f  the  

medium. In th e  treatm ent g iv en  i t  was t a c i t l y  assumed th a t  

th e  media on e i t h e r  s id e  o f  th e  boundary were i n f i n i t e  in  

ex ten sio n  in  a l l  d ir e c t io n s .

I f ,  however, the m eta l i s  in  th e  form o f  a th in  

la y e r  -  in  t h i s  treatm ent th e  term 'th in*  w i l l  be used to  

d escr ib e  la y e r s  n ot more than h a lf  a w avelength o f  l i g h t  

th ic k  -  then th e  eq u ation s o f  chapter I  no lo n g er  serve to  

d e f in e  a beam r e f le c t e d  from such a la y e r ,  in  extending  

th e  treatm ent to  th e  case o f  a th in  la y e r , account must be 

taken n o t on ly  o f  rays r e f le c t e d  a t the upper su rfa ce  o f  

the la y e r , i . e .  th e  f i r s t  su rfa ce  which th e  in c id e n t beam 

s t r ik e s ,  but a ls o  o f  rays s u f fe r in g  m u ltip le  r e f le x io n s  

w ith in  th e  f i lm , and o f th e  in te r fe r e n c e  r e la t io n s h ip s  

between th e se  r a y s .

The problem has been trea te d  in  th e  gen era l case  

o f any in c id en ce  angle by se v er a l e a r ly  w orkers, n o ta b ly  

Machaurin(^) and F o r s te r l in g (9 ) .  A treatm ent roughly fo llo w 

in g  th a t o f  Machaurin w i l l  be b r ie f ly  d iscu ssed  h ere .
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I t  i s  assumed th a t th e  m e ta l l ic  la y e r  i s  i s o tr o p ic  

and bounded by two p a r a l le l  su r fa c e s , and th a t i t  i s  i n f i n i t e  

in  ex ten sio n  p a r a l le l  to  th e se  su r fa c e s . Let us con sid er  

a la y e r  o f  th ic k n ess  d  and r e fr a c t iv e  index iV* (com plex, 

g iv en  by I ' l ) ,  bounded on one s id e  by a vacuum, and on th e  

other sid e  by a tran sp aren t medium o f  r e fr a c t iv e  in d e x y iA  

(see  F igure E).

Let the r e f le x io n  fa c to r  fo r  th e  in te r fa c e  between  

th e  vacuum and th e  f ilm , Mien th e  in c id e n t  beam i s  in  the  

vacuum, be , t h i s  in te r fa c e  m i l  be termed th e  in te r fa c e  

/  J J  . Let th e  c o e f f ic ie n t  fo r  th e  in te r fa c e  jV" 

be , These q u a n t it ie s  are o f course complex,

and are g iven  by eq u ation s of th e  form o f  1*3

Consider a bundle of p a r a l le l  rays in c id e n t  on

the in te r fa c e  a t an an g le  B  . Let th e  complex

an gle  o f  re fra x io n  o f th e  rays in to  th e  f ilm  be ^  , and

in to  the tran sparen t medium ( r e a l ) .

The in t e n s i t y  and phase o f  a ray r e f le c t e d  at any 

p o in t such as (F igure E) i s  determ ined by th e  summation 

o f  the v a r io u s rays (1 , 2 , 3 , e t c . )  which have undergone 

se v e r a l r e f le x io n s  in  th e  f i lm .

In the case o f  a non-absorbing f i lm , th e se  rays  

can be tr e a te d  by th e  well-known A iry  summation^^^), and 

i t  i s  p o s s ib le  in  th a t treatm en t, to  d is t in g u is h  between  

an p litu d e fa c to r s ,  caused by r e f le x io n , and phase fa c to r s ,
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a s s o c ia te d  w ith  p a ssa g e  through  th e  f i lm ,  in  t h i s  c a se ,  

how ever, s in c e  th e  f i lm  i s  a b so rb in g , t h i s  i s  n o t p o s s ib le ,  

s in c e  both  r e f l e x io n  and p a ssa g e  through th e  f i lm  w i l l  

m odify b oth  th e  am plitude and th e  phase o f  a ra y .

Taking th e  am plitude o f  th e  f i r s t  ray tr a y  1 , 

F igu re 2) to  be u n ity ,  and i t s  p hase zero  a t a p o in t  j u s t  

b e fo r e  r e f l e x io n  a t £" , then  a f t e r  r e f le x io n  th e  c o n t r i 

b u tio n  to  th e  t o t a l  r e f l e c t e d  a lon g  th e  p ath  , due

to  th e  f i r s t  ray  i s  d escr ib ed  in  am plitude and p hase by 

th e  fa c to r  ' t  .

The n ex t ra y , (ray  2 ) ,  a f t e r  r e fr a x io n  in to  the  

f i lm , p a ssa g e  through  i t ,  r e f le x io n  a t  , and f i n a l

em ergence a lo n g  i r x  , g iv e s  a c o n tr ib u t io n  g iv e n  by th e  

f a c t o r

where g  .  ^

The th ir d  ray , a f t e r  two r e f l e x io n s  a t  ,

and one a t  /  , em erges a lo n g  ^oc cla

The fo u r th  ray g iv e s

•f ^ / - f t ) .  ^ and so  on.

The r e f l e c t e d  ray a t ^  , i s  then  g iv e n  in  

am plitude and phase by th e  complex q u a n tity  where

 ]



1 2 .

which red u ces to

H -  ^ - v
/  -h tt'. € ' * ‘

T his e ] g r e s s io n  has been d evelop ed  w ith o u t regard  

to  th e  p la n e  o f  p o la r is a t io n  o f  th e  in c id e n t  beam. Obvious

l y  th e r e  must be two q u a n t i t ie s  and A s  , f o r  the

components p o la r is e d  p a r a l l e l  and p e r p e n d ic u la r ly  to  th e  

p la n e  of in c id e n c e , g iv e n  by th e  eq u a tio n  2 -2  where ‘A 

and , have th e  a p p ro p r ia te  s u f f ix e s  and are g iv e n  by 

th e  a p p r o p r ia te  eq u a tio n s  o f  1*3

I f ,  fo l lo w in g  Chapter I ,  th e  r e f le x io n  f a c t o r s  

are ex p ressed  in  th e  form > and i f

(which h as r e a l  and im aginary p a r ts  s in c e  i s

complex (2 '1 )  ) i s  ex p ressed  a s  th en  i s  g iv e n

/  - t  e»* t- (

E quation 2*3 g iv e s  th e  am plitu de and phase o f  

th e  l i g h t  r e f le c t e d  from a th in  la y e r  in  term s o f  th e  

am plitude f a c t o r s  Y  , tk  and th e  phase a n g le s  ^

 ̂ f t  . These f a c t o r s  th em se lv es  a r e  fu n c t io n s  of th e  

film îs th ic k n e s s ,  th e  a n g le  o f  in c id e n c e , th e  p la n e  o f  

p o la r is a t io n  of th e  in c id e n t  l i g h t ,  and o f  th e  o p t ic a l

•3 /
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c o n sta n ts  o f  th e  m a te r ia l  o f w hich th e  f i lm  i s  composed.

The fa c to r  can he determ ined e x p e r im e n ta lly , o r , as  

in  th e  c a se  o f  exp erim en ts on r e f l e x io n  a t  bu lk  m eta l 

s u r fa c e s ,  th e  q u a n tity  (1$ can be d eterm in ed , fo r

g iv e n  v a lu e s  of th e  v a r ia b le s  quoted . Then from  th e s e  

m easurem ents th e  o p t ic a l  co n sta n ts  o f  th e  la y e r  can be 

c a lc u la te d .

U n fo r tu n a te ly , however, th e  form o f  eq u ation  

2*3 i s  such th a t  in  th e  g e n er a l ca se  o f  non-norm al in c id e n c e ,  

i t  i s  n o t p o s s ib le  to  d evelop  s tra ig h tfo r w a r d  eq u a tio n s  

r e la t in g  71 and k  t o  th e  o b ser v a b le s  A p  , A^ or 

T his means th a t  in  order to  determ ine /L and k  f o r  any 

p a r t ic u la r  la y e r ,  th e  q u a n t i t ie s  A p  , A s  e t c .  must be 

c a lc u la te d  f o r  v a r io u s  v a lu e s  o f n  and k  , and th e s e  

r e s u l t s  compared w ith  exp erim en t. The procedure i s  lo n g  

and la b o r io u s , and i t  i s  perhaps fo r  t h i s  reason  th a t  m ost 

exp er im en ta l work on th e  o p t ic a l  p r o p e r t ie s  o f  th ih r  f i lm s  

has been r e s t r ic t e d  to  normal in c id e n c e  where m a tter s  are  

much s im p lif ie d  s in c e  A p ^  A s ,

In th e  work o f  Murmann  ̂ \  O rnstein^^^) ' 

Krautkramer ( \  and many otheiS^ raphs r e la t in g  th e  

R e fle x io n  C o e f f ic ie n t  a t  normal in c id e n c e  to  th e th ic k n e s s  

cL o f  th e  la y e r  were computed fo r  v a r io u s  v a lu e s  o f  7L 

and k  , and th e  ex p er im en ta lly  determ ined curves compared 

w ith  th e s e  g ra p h s. The in t e r s e c t io n s  o f  th e  t h e o r e t ic a l
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and exp er im en ta l cu rves g iv e  th e  v a lu e s  o f  ft  and k  f o r

any p a r t ic u la r  th ic k n e s s .  However, r e c e n t  work hy P errot^^^)

on th e  d eterm in a tio n  o f  th e  am plitude fa c to r  on normal

r e f le x io n  at th in  la y e r s  o f  chromium, and l a t e r  by P errot  
{15 )and Cotton on th e  p hase change a t normal r e f l e x io n ,  

has g r e a t ly  s im p li f ie d  th e  trea tm en t o f  th e  r e s u l t s  o f  

exp erim en ts ca r r ie d  ou t a t  normal in c id e n c e . These w orkers 

have d ev elo p ed  a g r a p h ic a l trea tm en t whereby th e  v a lu e s  

o f  ft and k  f o r  a g iv e n  la y e r  can be determ ined d ir e c t 

l y  from th e e x p e r im e n ta lly  observed  v a lu e s  fo r  th e  am pli

tud e and phase changes on normal r e f l e x io n .

No such s im p l i f ic a t io n  appears p o s s ib le ,  how ever, 

in  th e  case  o f  non-norm al in c id e n c e , and d eterm in a tio n s  

o f  ft  and k  from m easurem ents o f  th e  e l l i p t i c i t y  ^  

and r e la t iv e  phase change , in v o lv e  th e  com putation

from eq u a tio n s  such as 2*3 o f  v a lu e s  o f  ^  and A» fo r

v a r io u s  th ic k n e s s e s  f o r  v a r io u s  v a lu e s  o f  7 t and k  ,

and com parison o f  the r e s u l t s  o f  th e s e  com putations w ith  

exp erim en t. C a lcu la tio n s a lo n g  th e s e  l i n e s  have been made

by E sser s-E h e in d o r f ) on th e  b a s is  o f th e  v/ork o f
/ Q \

F o r s t e r l in g '  ' .

More r e c e n t ly  an exam ple o f  t h i s  form o f  c a l -
(17 )

c u la t io n  has been made by W interbottom ' , whose work 

was a c t u a l ly  concerned w ith  th e  stu d y  o f  tra n sp a ren t or 

s l i g h t l y  ab sorb in g  f i lm s  d e p o s ite d  on to  a h ig h ly
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r e f l e c t i n g  b a se , e .g .  f i lm  o f  ox id e  on m e ta ls .  I t  can be 

seen  th a t a t h e o r e t ic a l  d is c u s s io n  would be s im ila r  in  

some r e s p e c t s  to  th e  one v;e have d is c u s s e d , excep t th a t  

th e  th ir d  medium, which v/e have co n sid ered  to  be t r a n s 

p a r e n t, would in  t h i s  ca se  have a complex r e f r a c t iv e  in d e x .

A la r g e  number o f  in v e s t ig a t o r s  have s tu d ie d  t h i s  type o f
{18 )

t h in  la y e r  e .g .  T ronstad  and Feachem , who s tu d ie d  f i lm s
f 19 )o f  f a t t y  a c id s  spread on m ercury, Lucy' , who s tu d ie d  

su r fa c e  la y e r s  on m e ta ls ,  and L eberknight and Lustman^^^^. 

The la st-n a m ed  v/orkers in tro d u ced  an approxim ate trea tm en t, 

in  which o n ly  two beams were co n sid ered  to  in t e r f e r e  w ith in  

th e  f i lm . T h is  approxim ation  le a d s  to  some s im p l i f ic a t io n  

of th e  c a lc u la t io n s ,  but i t  i s  o n ly  a p p lic a b le  in  c a se s  

where e i th e r  th e  a b so rp tio n  i s  v ery  h ig h , or th e  r e f le x io n  

c o e f f i c i e n t  o f  a t l e a s t  one su r fa ce  o f  th e  f i lm  i s  v e r y  low  

( e .g .  th e  ca se  o f  an o x id e  f i lm  on a m e ta l) .  In  g en er a l  

th e  approxim ation  i s  n o t a p p lic a b le  t o  th e  study o f  th in  

la y e r s  o f  m eta l which have an a p p r ec ia b le  l i g h t  tr a n sm iss io n ,  

s in c e  the r e f le x io n  c o e f f i c i e n t s  o f  both su r fa c e s  o f  th e se  

f i lm s  are u s u a l ly  h ig h .

The exp erim en ta l methods u sed  to  determ ine th e  

o p t ic a l  c h a r a c t e r is t ic s  o f  m e t a l l ic  su r fa c e s  and la y e r s ,  

w i l l  be d isc u sse d  in  th e  n ex t two ch a p te rs , to g e th e r  w ith  

th e  r e s u lt  o f  such m easurem ents and th e  a p p l i c a b i l i t y  o f  

th e  id e a l  t h e o r e t i c a l  eq u a tio n s d evelop ed  in  t h i s  ch ap ter  

and th e  p r e v io u s  one.
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Among th e  e a r l i e s t  e x p e r im e n ta l d e te r m in a t io n s  

o f  th e  r e f r a c t i v e  i n d i c e s  and a b s o r p t io n  c o e f f i c i e n t s  o f  

th e  m e ta ls  w ere th o s e  o f  Kundt^^^^ and Drude^^^. The w/ork 

o f  Kundt i s  u n iq u e  i n  t h a t  i t  i s  th e  o n ly  reco rd ed  a ttem p t  

to  m easure th e  r e f r a c t i v e  in d e x  o f  a m e ta l d i r e c t l y  by th e  

u s e  o f  a p r ism . V ery t h in  tr a n s p a r e n t  p r ism s o f  m eta l w ere 

p rep a red  by c a th o d ic  s p u t t e r in g  or ch em ic a l d e p o s i t io n ,  th e  

wedge a n g le  b e in g  o f  t h e  o rd er  o f  a few  m in u tes  o f  arc o n ly ,  

and th e  d e v ia t io n  o f  a beam o f  l i g h t  p a s s in g  th rou gh  th e  

p r ism  was m easured d i r e c t l y .

The v/ork o f  Drude rem ains th e  c l a s s i c  exam ple o f  

th e  % a to p tr ic ^  m ethods f o r  t h e  d e te r m in a tio n  o f  o p t ic a l  

c o n s t a n t s ,  i . e .  th e  m ethods dependent on t h e  a n a ly s i s  o f  

th e  s t a t e  o f  p o l a r i s a t i o n  o f  th e  l i g h t  r e f l e c t e d  from a 

s u r fa c e  in  r e l a t i o n  to  th e  s t a t e  o f  th e  in c id e n t  l i g h t .

He a llo w e d  l i g h t  w hich  was p la n e  p o la r is e d  a t  45® to  th e  

p la n e  o f  in c id e n c e  t o  f a l l  on t o  th e  s u r fa c e  o f  th e  m eta l 

under i n v e s t i g a t i o n .  The r e l a t i v e  p h a se  d i f f e r e n c e ,  ^  ,

betw een  th e  two com ponents o f  th e  e l l i p t i c a l l y  p o la r is e d  

r e f l e c t e d  l i g h t  was th e n  d eterm in ed  u s in g  a S o le i l - B a b in e t  

com pensator, and th e  azim uth  ( ) o f  th e

r e s u l t i n g  p la n e  p o la r i s e d  l i g h t  ( th e  azim uth  o f  r e s to r e d
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p o la r i s a t i o n )  was d eterm in ed  by th e  u se  o f  an a n a ly s e r .

T h is m ethod h a s formed th e  b a s i s  o f  n e a r ly  a l l  th e  d e t e r 

m in a t io n s  o f  o p t i c a l  c o n s ta n t s  c a r r ie d  ou t s in c e ,  a t y p ic a l  

o p t i c a l  arrangem ent f o r  th e  m ethod i s  shown in  F ig u r e  3 .

Drude ob serv ed  t h a t  th e  v a lu e s  found  f o r  th e  

o p t i c a l  c o n s ta n ts  depended c r i t i c a l l y  upon th e  manner in  

w hich  th e  r e f l e c t i n g  s u r fa c e  was p rep a re d , and a l s o  upon 

th e  e x i s t e n c e  o f  t h in  la y e r s  o f  im p u r ity  on th e  s u r fa c e .

He showed t h a t  th e  e f f e c t  o f  a t h in  la y e r  o f  g r e a s e ,  o x id e  

or o th e r  im p u r ity  had th e  e f f e c t  o f  lo w e r in g  th e  o b serv ed  

v a lu e  o f  th e  p h a se  d i f f e r e n c e ,  , v e r y  c o n s id e r a b ly ,

and th a t  th e  v a lu e  o f  th e  a z im u th , ^  , was s l i g h t l y  r a is e d

He d ev e lo p ed  a s e t  o f  e q u a tio n s  lAhich h ave been e x t e n s iv e ly  

u sed  s in c e  ( e . g .  by T ronstad  and Feachem ( l o c .  c i t . )  ) by  

means of w hich  th e  o p t i c a l  c h a r a c t e r ! s t i c s  o f  th e  im p u r ity  

l a y e r s  co u ld  be d eterm in ed  by m easu rin g  th e  ch an ges in  / S  

and Ÿ  o b serv ed  when a c le a n  s u r fa c e  was co v ered  w ith  such  

a la y e r .  I f  th e  n a tu r e  o f  th e  la y e r  was knovm th en  

a l t e r n a t i v e l y  th e  e q u a t io n s  cou ld  be u sed  t o  c o r r e c t  th e  

v a lu e s  o f  7  ̂ and k  c a lc u la t e d  from  m easurem ents on an 

im pure s u r f a c e .

Drude a l s o  p o in te d  out th a t  th e  a cc u ra cy  o f  th e  

v a lu e s  o f  and k  found from  ex p er im en ts  o f  t h i s  n a tu re  

was g r e a t e s t  when th e  ex p er im en ts  w ere made a t  a n g le s  o f  

in c id e n c e  such th a t  was o f  th e  ord er o f  %  . T h is  le d
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t o  th e  a d o p tio n  o f  th e  m easurem ent o f  th e  a n g le  o f  P r in c ip a l  

I n c id e n c e  and th e  P r in c ip a l  A zim uth, t h e s e  m easurem ents  

g iv in g  more a c c u r a te  v a lu e s  f o r  f t  and k  th an  m easu re

m ents o f  ^  and f o r  any o th e r  in c id e n c e  a n g le .

.S ince th e  work o f  Drude th e r e  have b een  many 

d e te n n in a t io n s  made o f  th e  o p t i c a l  c o n s ta n t s  o f  m ost o f  

t h e  m e t a ls .  The r e s u l t s  on th e  v h o le  a re  v er y  d is c o r d e n t  

and i t  a p p ea rs t h a t  m ost o f  th e  d i f f e r e n c e s  m ust b e con

s id e r e d  to  a r i s e  from  d i f f e r i n g  m ethods o f  p r e p a r a t io n  o f  

th e  r e f l e c t i n g  s u r f a c e s .  A co m p lete  r e v ie w  o f  t h i s  work 

w i l l  n o t  be a ttem p ted  h e r e , b ut a few  in v e s t i g a t i o n s  o f  

s p e c ia l  n o te  w i l l  be d e s c r ib e d , to  i l l u s t r a t e  some o f  th e  

m ethods o f  su r fa c e  p r e p a r a t io n , w ith  p a r t i c u la r  r e fe r e n c e  

to  th e  m e ta ls  w hich  have b een  s tu d ie d  in  th e  p r e s e n t  work, 

and t o  d e s c r ib e  n o tew o r th y  e x p e r im e n ta l m ethods o th e r  th an  

th e  u s u a l m ethod o f  Drude.

T y p ic a l o f  th e  m easurem ents on b u lk  m a te r ia l ,  

th e  m easurem ents by T o o l' ' in  1910 a r e  o f  i n t e r e s t .

U sin g  a v a r ia t io n  o f  th e  Drude p o la r i s a t io n  m ethod, h e  

m easured th e  change in  o p t i c a l  c o n s ta n ts  w ith  w a v e len g th  

o v er  th e  v i s i b l e  r e g io n . The r e f l e c t i n g  s u r fa c e s  w ere  

p rep ared  by f i r s t  f i l i n g  th e  s u r f a c e ,  th en  g r in d in g  i t  

w ith  f i n e  em ery, and f i n a l l y  p o l i s h in g  i t  w ith  ro u g e . The 

c o n d it io n s  o f th e  o p t i c a l  m easurem ent w ere such t h a t  a 

v a lu e  o f  ^  o f  0 -0 2  cou ld  be m easured to  an a ccu ra cy  o f
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1%, However th e  v a r ia t io n s  a r i s in g  from  s u r fa c e  c o n d it io n s

were such t h a t  th e  maximum s e n s i t i v i t y  o f  th e  in stru m en t

was n o t  em ployed, and t h e  s ta te m e n t i s  made t h a t  th e

o p t i c a l  c o n s ta n t s  can n ot be m easured t o  an a cc u r a c y  o f

g r e a te r  th an  2 or  3 p e r  c e n t .

In  an e f f o r t  t o  a v o id  th e  d i f f i c u l t i e s  a s s o c ia t e d
f 23 )w ith  t h e  s c r a t c h e s  cau sed  by m e c h a n ic a l p o l i s h i n g ,  Kent 

in  1919 u sed  t h e  s u r f a c e s  o f  m o lten  m e ta ls  a s  th e  r e f l e c t 

in g  s u r f a c e s .  M easurem ents were made on b ism u th , cadmium, 

t i n ,  le a d , and t h e i r  a l l o y s .

A s y s te m a t ic  i n v e s t i g a t i o n  o f  th e  e f f e c t  o f  method  

o f  s u r fa c e  p r e p a r a t io n  on th e  v a lu e  o b ta in ed  f o r  th e  o p t ic a l

c o n s ta n t s  o f  copper and c o p p e r -n ic k e l a l l o y s  was c a r r ie d
(24  25 261o u t by Lowery and h i s  co -w o rk er s ' ’ ’ ' b etw een  1932

and 1 9 3 6 . Three m ethods o f  p r e p a r a t io n  w ere u se d , m ech a n ica l  

p o l i s h in g ,  e l e c t r o l y t i c  p o l i s h in g ,  and th erm al e v a p o r a tio n  

in  v a cu o . # ie n  a m e c h a n ic a lly  p o l is h e d  s u r fa c e  was removed  

by th e  e l e c t r o l y t i c  p o l i s h in g  p r o c e s s ,  th e  v a lu e  o f  th e  

r e f r a c t iv e  in d e x  was found t o  d e c r e a s e , and th e  a b so r p tio n  

c o e f f i c i e n t  t o  in c r e a s e .  These ch an ges in  th e  o p t ic a l  

c o n s ta n ts  co n tin u ed  a f t e r  th e  B e i lb y  Layer cau sed  by  

m e ch a n ica l p o l i s h in g  had been  removed ( th ic k n e s s  3 0 -4 0  ) ,

and a la y e r  o f  up t o  *003 cm,, had t o  b e removed b e fo r e  no  

fu r th e r  change in  th e  c o n s ta n ts  was o b ser v ed . I f  th e  

m ech a n ica l p o l i s h in g  p r o c e s s  a f f e c t s  s u r f a c e s  t o  t h i s  e x t e n t
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i t  i s  o b v io u s  t h a t  t h e  com parison  o f  th e  r e s u l t s  o b ta in e d  

by v a r i o u s  w orkers u s in g  t h i s  p r o c e s s  would be e x tr e m e ly  

d i f f i c u l t ,  and Lowery, W ilk in so n  and smare^^^  ̂ s t a t e  th a t  

even a s i n g l e  o b se r v e r  cannot rep rodu ce s u r fa c e  c o n d i t i o n s  

by m ec h a n ic a l  p o l i s h i n g  t o  any d eg ree  o f  a c c u r a c y .

T h is  a p p ea rs  t o  be th e  f i r s t  i n v e s t i g a t i o n  in  

w hich  th e  p r o d u c t io n  o f  s u r f a c e s  c h a r a c t e r i s t i c  o f  t h e  

b u lk  m e ta l  was a ttem p ted  by th e  vacuum e v a p o r a t io n  p r o c e s s .  

The r e s u l t s  f o r  th e  ev a p o ra ted  s u r f a c e s  a g r e e  more c l o s e l y  

w ith  t h o s e  f o r  th e  m e c h a n ic a l ly  p rep a re d  s u r f a c e s  i n  

Low ery’ s i n v e s t i g a t i o n ,  than w ith  t h o s e  produced  by  

e l e c t r o l y t i c  p o l i s h i n g .  T h is i s  a t t r i b u t e d  to  th e  p r o b a b le  

m i c r o - c r y s t a l l i n e  s t r u c t u r e  o f  th e  ev a p o ra ted  l a y e r s ,  w hich  

i s  s a id  t o  ap proxim ate  to  th e  s t r u c t u r e  o f  th e  B e i lb y  la y e r  

formed by m e ch a n ic a l  p o l i s h i n g .

i n  th e  same y e a r  a s  Lowery’ s work was co n c lu d ed ,
( 27 )1936 , an a cco u n t was p u b l i s h e d  by O’Bryan o f  a d e t e r 

m in a t io n  o f  t h e  o p t i c a l  c o n s t a n t s  o f  a number o f  m e t a ls  

by a method b ased  on one o r i g i n a l l y  due t o  B rew ster . The 

r e f l e c t i n g  s u r f a c e s  were p rep a red  by e v a p o r a t io n  i n  vacu o ,  

and th e  method r e p r e s e n te d  a c o n s id e r a b le  advance on p r e v io u s  

work i n  t h a t  th e  s u r f a c e s  o f  th e  ev a p o ra ted  l a y e r s  were  

examined i n  v a c u o ,  and th e n  th e  fo r m a tio n  o f  s u r fa c e  

i n ^ u r i t i e s  was a v o id e d .  O’B ryan ’ s method i s  q u i t e  d i f f e r e n t  

from t h a t  o f  Drude, and worthy o f  a b r i e f  m en tio n .
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When p la n e  p o l a r i s e d  l i g h t  i s  r e f l e c t e d  a t  a 

m eta l su r fa c e  a t  th e  a n g le  o f  p r i n c i p a l  in c id e n c e ,  i t  i s  

con verted  i n t o  c i r c u l a r l y  p o l a r i s e d  l i g h t  (  ̂ ^  ) .

I f  th e  beam i s  then  a g a in  r e f l e c t e d  a t  th e  same s u r fa c e  

a t  th e  same a n g le  o f  in c id e n c e ,  i t  i s  co n v er ted  in t o  p la n e  

p o la r i s e d  l i g h t  a g a in  but o f  o p p o s i te  azim uth t o  th e  in c id e n t  

beam, i f ,  t h e r e f o r e ,  t h i s  beam i s  p a sse d  through th e  

p o l a r i s e r  ( a c t in g  as  a n a ly s e r  t o  t h e  r e tu r n in g  r e f l e c t e d  

beam) i t  w i l l  b e  e x t in g u is h e d .  In  O’B ryan’ s apparatus t h i s  

was e f f e c t e d  by th e  o p t i c a l  arrangement shown in  F ig u re  4 .

The evap orated  l a y e r  was d e p o s it e d  on t o  a g l a s s  s l i d e  mounted on 

a c e n t r a l  t u r n t a b le .  The in c id e n t  l i g h t  p a sse d  through a 

p o l a r i s e r ,  was r e f l e c t e d  a t  th e  ^ e c im e n  and then  re tu rn ed  

over i t s  own p a th  by normal r e f l e x i o n  a t  a p la n e  m irror  

mounted on arm geared  t o  th e  tu r n ta b le  by a tw o - to -o n e  

m o tio n . The p o l a r i s e r ,  t u r n t a b le ,  and p la n e  m irro r  were 

a l l  in c lu d e d  i n s i d e  th e  vacuum chamber, and th e  adjustm ent  

c o n s i s t e d  o f  r o t a t in g  th e  specimen and p o l a r i s e r  u n t i l  th e  

r e tu r n in g  beam was o f  minimum i n t e n s i t y .  The a n g le  o f  

in c id e n c e  was th en  th e  a n g le  o f  p r i n c i p a l  in c id e n c e ,  and 

th e  two p o s i t i o n s  o f  th e  p o l a r i s e r  found to  g iv e  minimum 

i n t e n s i t y  were sep a r a te d  by an a n g le  eq ual to  th e  a n g le  

o f  p r in c ip a l  azim uth .

B e s id e s  a v o id in g  atm osph eric  co n ta m in a tio n , t h i s  

method h as  th e  a d d i t io n a l  ad vantages th a t  no e x p e n s iv e
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p o la r im e t r i c  com pensators are  r e q u ir e d , and th e  method i s  

s u i t a b l e  f o r  e x te n s io n  in t o  th e  in f r a - r e d  i f  t h e  p o s i t i o n s  

o f  minimum i n t e n s i t y  a re  observed  w ith  th e  a id  o f  an i n f r a 

red d e t e c t o r .  O’Bryan s t a t e s  th a t  th e  a n g le s  o f  p r in c ip a l  

in c id e n c e  and azimuth cou ld  be measured to  an accu racy  o f  

i  O 'l^ , t h i s  g iv e s  v a lu e s  o f  and /c s u b je c t  to  an 

e r r o r  due t o  ex p er im en ta l  ca u se s  o f  zt" 1 or 2^.

V alu es  o f  the  o p t i c a l  c o n s ta n ts  were a ga in

o b ta in ed  from measurements on evap ora ted  la y e r s  w h i l s t  th e y
( 28 )

were s t i l l  in  a h ig h  vacuum by Hass . The measurements  

in  t h i s  ca se  were made by th e  standard  method o f  Drude, 

th e  specim en a lo n e  b e in g  s i t u a t e d  in  th e  vacuum chamber.

The o b s e r v a t io n s  were made a t  a f i x e d  a n g le  o f  in c id e n c e  

(7 0 ^ ) ,  t h e  l i g h t  e n te r in g  and le a v in g  th e  chamber through  

g l a s s  p o r t s .  The danger in  exp er im en ts  o f  t h i s  k ind  i s  

th a t  on f a s t e n in g  th e  p o r t s  t o  the  chamber, th e y  are  made 

s u b je c t  to  some s t r e s s ,  and hen ce  a c q u ir e  b i r é f r in g e n t  

p r o p e r t i e s  which a f f e c t  th e  s t a t e  o f  p o l a r i z a t i o n  o f  l i g h t  

p a s s in g  through them. In t h i s  c a s e ,  th e  p o r t s  were ’wrung’ 

on to  ground s u r f a c e s ,  th e  s e a l  b e in g  made w ith  g r e a s e  

o n ly ,  to  avo id  h e a t in g  them, and any e r r o r s  a s s o c ia t e d  w ith  

s t r a i n  in  th e  g l a s s  were l e s s  than th e  o v e r a l l  erro rs ,  e l s e 

where i n  th e  exp er im en t.

The accuracy  w ith  lËiioh th e  a n g le  o f  p r in c ip a l  

in c id e n c e  can. be measured can be improved by th e  a p p l i c a t io n

t-
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o f  e l e c t r o n i c  t e c h n iq u e s  to  th e  problem . We have seen  th a t  

ifliien p la n e  p o la r i s e d  l i g h t  i s  r e f l e c t e d  a t  th e  a n g le  o f  

p r i n c i p a l  in c id e n c e ,  i t  i s  transform ed  in t o  c ir c u la r ly -  

p o la r i s e d  l i ^ t .  Kent and L a w s o n ^  a llo w ed  th e  r e f l e c t e d  

beam t o  p a ss  through an a n a ly se r  which was c o n t in u a l ly  r o t a t 

in g  at co n sta n t  sp eed , and th en  to  f a l l  on to  a p h o t o - e l e c t r i c  

c e l l .  The output from t h e  c e l l  was a m p l i f ie d ,  and th e  a n g le  

o f  in c id e n c e  at which th e  a l t e r n a t in g  component o f  t h i s  o u t 

p u t was zero  cou ld  be v ery  a c c u r a te ly  d e t e c t e d .  An improve

ment on t h i s  method, t o g e t h e r  w ith  a com prehensive survey  

o f  th e  v a r io u s  methods f o r  d eterm in in g  o p t i c a l  c o n s ta n t s ,  

i s  d e sc r ib e d  in  a r e c e n t  work by Archard^^^l

In c o n c lu s io n  i t  seems t h a t  two main f a c t o r s  e n te r  

in t o  any a c c u r a te  measurement o f  th e  o p t i c a l  c o n s ta n ts  o f  a 

m eta l :

1 .  The s t a t e  o f  th e  s u r fa c e  ( i . e .  s t a t e  o f  p r e p a r a t io n ,  

c l e a n l i n e s s  e t c . )  must be c l e a r l y  d e f in e d ,  and r e p r o d u c ib le ,  

and

2 . The a ccu ra cy  req u ired  o f  th e  o p t i c a l  measurements  

i s  governed by th e  r e p r o d u c i b i l i t y  o f  th e  s u r fa c e s ,  s in c e  

th e  l a t t e r  i s  th e  l i m i t i n g  f a c t o r .

In t h i s  l a t t e r  co n n e c t io n  i t  appears t h a t  th e  

methods o f  O’Bryan and Kent and Lawson r e p r e se n t  an advance  

over  th e  o ld e r  p o la r im e t r i c  m ethods, s in c e  th e  exp er im en ts  

can b e  c a r r ie d  ou t more r a p id ly ,  l e s s  ex p en s iv e  apparatus
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i s  needed w ith  no l o s s  o f  accu ra cy , and th e y  are  more 

s u s c e p t ib l e  t o  re f in e m e n t  by modern t e c h n iq u e s .

P rod u ction  o f  th e  s u r fa c e s  by ev a p o ra t io n  appears  

a t  f i r s t  s ig h t  t o  be s u p e r io r  t o  o th e r  methods in  t h a t  

p o l i s h  marks, B e i lb y  l a y e r s ,  e t c .  are  a v o id ed , and a l s o  

th e  p r o c e s s  le n d s  i t s e l f  to  d i r e c t  o p t i c a l  measurements  

on t h e  s u r fa c e s  in  vacu o . I t  i s  e s s e n t i a l ,  however, to  

bear in  mind t h a t  th e  s t r u c tu r e  o f  an evap orated  la y e r  may 

n o t  be th e  same a s  t h a t  o f  a m eta l in  b u lk . The te ch n iq u e  

o f  e v a p o ra t io n  does not make i t  e a sy  to  d e p o s i t  l a y e r s  o f  

t h ic k n e s s  g r e a te r  than , say , 2 0 0 0 /? ,  w ith o u t  added com pli

c a t io n s  such as m u l t ip le  ev a p o r a t in g  s o u r c e s ,  e t c . ,  and 

i t  must be d ec id ed  fo r  each case  whether l a y e r s  o f  th e  

order o f  t h ic k n e s s  u sed  can be regarded as  t y p i c a l  o f  th e  

m a te r ia l  a s  a w h o le . The minimum t h ic k n e s s  r e q u ir e d ,  from  

th e  o p t i c a l  p o in t  o f  v ie w , i s  t h a t  th e  beams r e f l e c t e d  a t  

th e  back s u r fa c e  o f  th e  la y e r  s h a l l  n o t have s u f f i c i e n t  

i n t e n s i t y  t o  a f f e c t  th e  i n t e n s i t y  and p h ase  o f  th e  beam 

d i r e c t l y  r e f l e c t e d  a t  th e  f r o n t  s u r fa c e  t o  an e x te n t  which 

would be d e t e c t a b le  by th e  ex p er im en ta l method u sed .

The q u e s t io n  o f  th e  s t r u c t u r e  o f  th e  evap orated  

l a y e r s  w i l l  be co n s id er ed  in  more d e t a i l  in  th e  n e x t  ch a p ter ,  

when th e  o p t i c a l  behaviour o f  m e t a l l i c  l a y e r s  i n  r e l a t i o n  

to  t h e i r  t h ic k n e s s  w i l l  be d i s c u s s e d .
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Chapter IV.

U sing  Drude*s v a lu e s  f o r  th e  o p t i c a l  c o n s ta n t s
/Q \

o f  s i l v e r  and g o ld ,  M actaurin c a l c u la t e d  th e  v a r i a t io n  

o f  th e  e l l i p t i c i t y  and th e  r e l a t i v e  p h ase  r e ta r d a t io n  or  

r e f l e x i o n  a t  t h i n  l a y e r s  o f  th e s e  m e ta ls  to  be ex p ec ted  

a s  t h e i r  t h ic k n e s s  v a r ie d  from one t e n th  to  one hundredth  

o f  th e  w avelength  o f  th e  in c id e n t  l i g h t .  The m athem atica l  

e x p r e s s io n s  used  were o f  a s im i la r  form to  th o s e  d eveloped  

in  Chapter I I .  In  a d d i t io n ,  M actaurin t a b u la t e d  v a lu e s  

o f  th e  normal in c id e n c e  r e f l e x i o n  c o e f f i c i e n t s  o f  t h in  

l a y e r s .

These t h e o r e t i c a l  v a lu e s  were e x p e r im e n ta l ly  

t e s t e d  by Hagen and R u b e n s ^ , who measured th e  r e f l e x i o n
I

c o e f f i c i e n t s  o f  g o ld  l a y e r s  f o r  in c id e n t  l i g h t  o f  v a r io u s  

w a v e le n g th s . The t h in n e s t  l a y e r  a c t u a l l y  measured was o f  

th e  order  o f  3 0 0 /J in  t h i c k n e s s ,  b u t th e  exp er im en ta l  

cu rves  were e x tr a p o la te d  to  z e ro  r e f l e x i o n  c o e f f i c i e n t  

fo r  zero  t h i c k n e s s ,  and th e s e  curves agreed  v e r y  w e l l  

w ith  the  t h e o r e t i c a l  p r e d ic t io n s  o f  M actaurin. T h is  work 

l e d  t o  th e  assum ption  o f  a l i n e a r ,  or n e a r - l i n e a r ,  r e l a t i o n  

between r e f l e x i o n  c o e f f i c i e n t  and t h ic k n e s s  from th e  

t h in n e s t  l a y e r s  up t o  a l i m i t i n g  v a lu e  f o r  th e  r e f l e x i o n  

c o e f f i c i e n t  equal to  th a t  o f  th e  bulk  m e ta l .  The o p t i c a l
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c o n s ta n t s  o f  th e  m a te r ia l  o f  which th e  la y e r  was composed 

were c o n s id e r e d  to  be th o s e  o f  th e  bulk  m e ta l ,  and th e  

phenomena a s s o c ia t e d  w ith  th e  v a r i a t i o n  o f  t h i c k n e s s  o f  

m e t a l l i c  l a y e r s  appeared c o m p le te ly  e x p la in e d .

T h is  v iew  was h e ld  f o r  a number o f  y e a r s .  In  
( 32 )1927 , Fabry gave a form ula r e l a t i n g  th e  o p t i c a l  d e n s i t y ,  

i . e .  th e  lo g a r ith m  o f  th e  r e c ip r o c a l  o f  th e  tr a n s m is s io n  

c o e f f i c i e n t ,  o f  a t h in  m e t a l l i c  l a y e r  t o  th e  t h i c k n e s s ,  

which was assumed t o  h o ld  down t o  l a y e r s  o f  zero  t h ic k n e s s .  

An i n v e s t i g a t i o n  o f  th e  o p t i c a l  c h a r a c t e r i s t i c s  o f  th in  

f i lm s  of ir o n ,  prepared  e i t h e r  by c a th o d ic  s p u t t e r in g  or  

by therm al e v a p o r a t io n  in  vacu o , was d e s c r ib e d  by Cau^^^^ 

in  19 29, in  which th e  phenomena ob served  cou ld  be com

p l e t e l y  e x p la in e d  u s in g  th e  v a lu e s  o f  th e  o p t i c a l  c o n s ta n ts  

fo r  ir o n  in  b u lk . A gain , in  t h i s  i n v e s t i g a t i o n ,  th e  

t h in n e s t  l a y e r s  c o n s id er ed  were o f  the  ord er  o f  300/? in  

t h ic k n e s s .

However, between 1932 and 1937 th r e e  se p a r a te  

i n v e s t i g a t i o n s  v/ere made by Rouard^^^^ n o t  re p o r te d  t i l l  

1937 , Goos^^'^) and Murmann^^^^, o f  th e  v a r i a t io n  o f  th e

o p t i c a l  c h a r a c t e r i s t i c s  o f  sp u t te r e d  l a y e r s  o f  s i l v e r  w ith  

t h e i r  t h ic k n e s s .  In  each case  measurements were made o f  

th e  r e f l e x i o n  and tr a n s m is s io n  c o e f f i c i e n t s  o f  th e  l a y e r s  

f o r  t h ic k n e s s e s  down t o  about 2ofl , and i t  was found th a t  

th e  p r o p e r t i e s  o f  la y e r s  l e s s  than about Zoofl t h ic k  cou ld
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n o t  be e x p la in e d  i n  term s o f  th e  o p t i c a l  c o n s ta n ts  o f  th e  

bulk  m e ta l .  The r e f l e x i o n  c o e f f i c i e n t  o f  th e  l a y e r ,  seen  

from th e  a i r  a s  d i s t i n c t  from through th e  su p p o rt , was 

found t o  d e c r e a se  more r a p id ly  than p r e d ic t e d  by th e  

c l a s s i c a l  th e o r y ,  b e low  2 0 0 /9 ,  and t h e  r e f l e x i o n  c o e f f i c i e n t  

on th e  su p p ort, or  s u b s tr a te  s id e  showed *a c o m p le te ly  un

exp ected  minimum v a lu e  a t  a t h ic k n e s s  o f  about 30 t o  40/9 .

The form o f  th e  cu rves  r e l a t i n g  th e  r e f l e x i o n  c o e f f i c i e n t  

to  th e  t h ic k n e s s  a s  found by t h e s e  i n v e s t i g a t o r s  i s  shown 

in  F ig u re  5 .

In  t h i s  f i g u r e  (due t o  Rouard) th e  d o t te d  l i n e s  

r e p r e s e n t s  th e  v a lu e s  o f  th e  r e f l e x i o n  c o e f f i c i e n t s  ( a i r - s i d e  

and g l a s s - s i d e )  t o  be ex p ec ted  from th e  c l a s s i c a l  th e o r y ,  

u s in g  th e  m a ss iv e  m eta l c o n s t a n t s .  I t  i s  seen  from th e  

f ig u r e  t h a t  th e  anomalous b eh av iour  o f  th e  l a y e r s  b e g in s  

when the  t h ic k n e s s  o f  th e  la y e r  f a l l s  below  150/? , and 

below  t h i s  v a lu e  o f  th e  t h ic k n e s s ,  th e  l a y e r  must be assumed 

to  have o p t i c a l  c o n s ta n ts  d i f f e r i n g  from th o s e  o f  th e  

m a ss iv e  m eta l in  order  to  e x p la in  th e  ex p er im en ta l r e s u l t s ;  

th e  v a lu e s  o f  th e  c o n s ta n t s  chosen must a l s o  be assumed t o  

vary w ith  the t h ic k n e s s  o f  th e  la y e r  in  t h i s  r e g io n .

The work o f  Rouard h as formed th e  b a s i s  f o r  a 

l a r g e  number o f  i n v e s t i g a t i o n s ,  c a r r ie d  out in  F rance, w ith  

th e  o b je c t  o f  d eterm in in g  th e  v a r i a t i o n  o f  th e  o p t i c a l
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c o n s t a n t s  o f  m e t a l l i c  l a y e r s  w ith  t h e i r  t h i c k n e s s .  The

exp er im en ta l methods, u sed , and much o f  th e  e a r l i e r  and

wartim e work h as been  summarised by Arons^^^^. The

p rocedu re  in  th e  e a r l i e r  work was t o  measure th e  r e f l e x i o n

c o e f f i c i e n t s  w ith  r e s u l t s  a s  d e sc r ib e d  above, and from them

to  c a l c u la t e  th e  o p t i c a l  c o n s ta n ts  by th e  g r a p h ic a l  method
(11 )due t o  Murmann' w hich has a lr e a d y  been  m entioned

(Chap. I I ) .  These v a lu e s  o f  and k  were then  used  to

c a l c u l a t e  th e  p hase  changes o cc u r r in g  on normal r e f l e x i o n ,

and th e  r e s u l t s  o f  th e  c a l c u l a t i o n s  compared w ith  d ir e c t

e x p e r im e n ta l  measurements o f  th e  p h ase  changes.

The improvement in  ea se  o f  com putation made by

th e  in tr o d u c t io n  o f  the  d i r e c t  g r a p h ic a l  method fo r

d eterm in in g  nft and k  from th e  measurements on r e f l e x i o n

c o e f f i c i e n t s  and phase changes made by Perrot^^"^^ and
( 15 1P e r r o t  and C otton' ' h as  a lr e a d y  been d i s c u s s e d  (Chap. H )

A fu r th e r  advance has s in c e  been made by P e r r o t  and 
(3 6 ,  37)

Rouard who have d eve lop ed  a s t i l l  more d ir e c t  method

by which % and k  can be d e te im in ed  from th e  p o s i t i o n  

o f  th e  minimum in  th e  curve f o r  th e  r e f l e x i o n  c o e f f i c i e n t  

on th e  support s id e  o f  th e  l a y e r ,  and th e  v a r i a t i o n  in  

p o s i t i o n ,  w ith  r e s p e c t  to  t h ic k n e s s ,  o f  t h i s  minimum w ith  

w a v e le n g th . The most r e c e n t  summary o f  t h i s  work was by  

Rouard in  1949 .

A stu d y  o f th e  work o f  th e  French School in  t h i s  

s u b je c t  t e n d s  t o  l e a d  to  th e  o p in io n  th a t  th e  problem s
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a s s o c i a t e d  w ith  v e r y  t h i n  m e t a l l i c  l a y e r s  h ave now been  

s e t t l e d ,  and t h a t  t h e  r e s u l t s  quoted  a re  r e p r o d u c ib le  

w ith o u t  d i f f i c u l t y .  However, t h i s  v ie w  was d i s p e l l e d  

when a v e r y  e x h a u s t iv e  tre a tm e n t  by S tr o n g  and D i b b l e ^  

i n  1940 i s  c o n s id e r e d .

These w ork ers  m easured th e  r e f l e x i o n  ( a i r - s i d e  

o n ly )  and t r a n s m is s io n  c o e f f i c i e n t s  o f  142  s i l v e r  l a y e r s ,  

o f  v a r y in g  t h i c k n e s s e s ,  produced by th erm al e v a p o r a t io n  

in  vacu o . T h e ir  r e s u l t s  i n d i c a t e  t h a t ,  under t h e  c o n d i t i o n s  

o f  t h e i r  e x p er im en t, two d i s t i n c t  t y p e s  o f  s i l v e r  l a y e r  

co u ld  be form ed. In  F ig u r e  6 (a )  and ( b ) ,  cu rv e s  show ing  

S tr o n g  and D ib b le  v a lu e s  f o r  r e f l e x i o n  c o e f f i c i e n t  r e l a t e d  

t o  t r a n s m is s io n  c o e f f i c i e n t  and t o  t h i c k n e s s  a re  g iv e n .

The t h i c k e r  f i l m s  ( d > / o o f f )  m easured by S tro n g  

and D ib b le ,  t h e i r  d^'type f i l m s ,  show a v a r i a t i o n  o f  

r e f l e x i o n  c o e f f i c i e n t ,  ^  , and t r a n s m is s io n  c o e f f i c i e n t ,

7^ , w ith  t h i c k n e s s ,  s i m i l a r  i n  form t o  th e  v a r i a t i o n s  

o b serv ed  by Rouard and h i s  c o -w o r k e r s ,  though t h e y  d i f f e r  

m arked ly  from  th e  f i l m s  produced  by t h e  l a t t e r  in  t h a t  

t h e i r  l i g h t  a b s o i p t i o n ,  P  , g iv e n  by R / — 

i s  c o n s id e r a b ly  g r e a t e r .  The t h in n e r  f i l m s ,  th e  y^ -typ e  

f i l m s ,  are  a l s o  c h a r a c t e r i s e d  by a v e r y  la r g e  a b s o r p t io n ,  

much g r e a t e r  than  t h a t  o b ser v ed  by Rouard f o r  a c o r r e s 

pon d in g  t h i c k n e s s .  There i s  a c e r t a i n  t h i c k n e s s  r e g io n  

in  which f i l m s  may o ccu r  in  e i t h e r  o f  t h e s e  two t y p e s .
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The e x i s t e n c e  o f  t h e s e  two t y p e s  o f  la^œ r h a s  

nowhere been  o b ser v ed  in  th e  work o f  th e  French s c h o o l ,  

o r  i n  o th e r  m easurem ents o f  th e  r e f l e x i o n  and t r a n s m is s io n  

c o e f f i c i e n t s  c a r r ie d  ou t e l s e w h e r e ,  s t r o n g  and D ib b le  

s u g g e s t  t h a t  t h i s  may be due t o  t h e  sm a ll  number o f  f i l m s  

u s u a l l y  m easured, and t h e y  s t a t e  t h a t  i f  o n ly  a s c o r e  o r  

so o f  f i l m s  a r e  i n v e s t i g a t e d  t h e  r e s u l t s  may e a s i l y  

i n d i c a t e  a c o n t in u o u s  v a r i a t i o n  o f  r e f l e x i o n  c o e f f i c i e n t  

w ith  t h ic k n e s s  from which er ro n eo u s  c o n c lu s io n s  may be  

drawn.

In  d i s c u s s i n g  t h e s e  r e s u l t s  i t  must be r e a l i s e d  

t h a t  i t  i s  v e r y  d i f f i c u l t  t o  make a s a t i s f a c t o r y  c r i t i c a l  

com parison  o f  t h e  r e s u l t s  o b ta in e d  by v a r io u s  w orkers in  

t h i s  f i e l d  f o r  two r e a s o n s .

The f i r s t  rea so n  i s  t h a t  t h e  m ethods u se d  f o r  

t h e  measurement o f  t h e  t h i c k n e s s  o f  th e  l a y e r s  i s  d i f f e r e n t  

in  th e  v a r io u s  c a s e s .  A more d e t a i l e d  d i s c u s s i o n  o f  th e  

measurement o f  t h i n  f i l m  t h i c k n e s s e s  w i l l  be g iv e n  in  

P a r t  I I ,  Chap. I I ,  o f  t h i s  t h e s i s ,  b u t i t  may be s a id  h e r e  

t h a t  th e  two m ost commonly u sed  m ethods a r e  e s t im a t io n  o f  

t h e  l a y e r  t h i c k n e s s  by d i r e c t  w e ig h in g ,  and t h e  m easure

ment o f  t h e  t h ic k n e s s  o f  th e  f i lm  by an in t e r f e r o m e t r i c  

m ethod. Each o f  t h e s e  m ethods i s  s u b j e c t  t o  l a r g e  e x p e r i 

m en ta l e r r o r s ,  o f  a s  much a s  lo ^  o r  m ore, i n  th e  r e g io n  

where t h e  o p t i c a l  b eh a v io u r  o f  th e  l a y e r s  i s  anom alous.
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The t h i c k n e s s  o f  th e  l a y e r s  u se d  by s t r o n g  and D ib b le  was 

e s im a ted  from c o n s id e r a t i o n s  o f  th e  r a t e  o f  e v a p o r a t io n  

o f  th e  s i l v e r  and th e  geo m etry  o f  th e  e v a p o r a t io n  sy stem .  

T h is  method was ch eck ed  in  a few  c a s e s  by d i r e c t  w e ig h in g  

and th e  t h i c k n e s s e s  a s  found by th e  l a t t e r  method were  

found t o  be l a r g e r  than  th e  o t h e r s  by a f a c t o r  o f  1 * 3 5 .

The v a lu e s  by d i r e c t  w e ig h in g  were d iv id e d  by t h i s  f a c t o r  

to  o b ta in  c o n s i s t e n t  r e s u l t s .  However, com parison o f  t h e i r  

v a lu e s  f o r  th e  rt'-type f i l m s  w ith  t h a t  o f  Rouard (F ig u r e  5 )  

shows t h a t  th e  r e f l e x i o n  c o e f f i c i e n t  f o r  a g iv e n  t h i c k n e s s  

in  s t r o n g  and D ib b le * s  c a s e  i s  c o n s id e r a b ly  g r e a t e r  than  

t h a t  quoted  by Rouard. I f  th e  d i r e c t  w e ig h in g s  made by 

S tr o n g  and D ib b le  a r e  ta k e n  a s  c o r r e c t ,  and t h e  t h i c k n e s s e s  

o b ta in e d  by th e  o th e r  method m u l t i p l i e d  by th e  f a c t o r  1*35 ,  

th e  agreem ent betw een  th e  two s e t s  o f  cu rv es  i s  much 

im proved. That t h i s  l a t t e r  p ro ce d u re  i s  p erh a p s  more 

j u s t i f i a b l e  than  t h a t  u sed  by S tr o n g  and D ib b le  w i l l  appear  

l a t e r ,  # i e n  c e r t a i n  r e s u l t s  o b ta in e d  i n  t h i s  i n v e s t i g a t i o n  

a re  d i s c u s s e d .

In  t h i s  way th e  ^ - t y p e  f i l m s  may be s a id  t o  

have s i m i l a r  p r o p e r t i e s  t o  t h o s e  o f  Rouard, a s  f a r  a s  t h e  

v a r i a t i o n  w ith  t h i c k n e s s  i s  co n cern ed . However, a s  we 

have s e e n ,  th e  a b s o r p t io n  in  th e  form er f i l m s  i s  much 

h ig h e r  than  i n  f i l m s  p roduced  by th e  French w ork ers . The
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e x p la n a t io n  f o r  t h i s  i s  p r o b a b ly  to  be found in  th e  secon d

r e a so n  why a com p arative  s tu d y  i s  d i f f i c u l t .  As i n  th e

ca se  o f  m easurem ents o f  n and k  f o r  b u lk  m a t e r i a l s ,

th e  method o f  p r e p a r a t io n  o f  t h e  f i l m s  and t h e i r  h i s t o r y

a f t e r  p r e p a r a t io n  i s  o f  extrem e im portan ce  in  d e te r m in in g

t h e i r  o p t i c a l  c h a r a c t e r i s t i c s .  The e f f e c t  o f  ex p o su re  to

th e  atm oInhere a f t e r  p r e p a r a t io n  i s  p a r t i c u l a r l y  im p ortan t

when th e  f i lm s  a re  o f  m e ta ls  v/hich o x i d i s e  r a p id ly  on

exp osu re t o  a i r ,  a s  i s  shown by th e  r e c e n t  work o f  Cabrera

and T e r r i e n ^ on alum inium  f i l m s .  S i l v e r  f i l m s  a r e  known

t o  o x i d i s e  c o m p a r a t iv e ly  s lo w ly  in  a i r  and in  t h i s  c a s e

an e x p la n a t io n  f o r  d i f f e r e n c e s  i n  p r o p e r t i e s  l i e s  more

p r o b a b ly  in  d i f f e r e n c e s  i n  t h e  method o f p r e p a r a t io n .  Of

th e  v/ork we have d i s c u s s e d ,  t h e  f i l m s  o f  Goos and Rouard

were p rep a red  by c a t h o d ic  s p u t t e r i n g ,  t h e  l a t t e r  u s in g  an

atm osphere o f  a n th r a c e n e .  Murmann p rep a red  h i s  f i l m s  by

th erm a l e v a p o r a t io n ,  a s  have a l l  th e  w orkers in  th e  French

s c h o o l  s i n c e  Rouard»s o r i g i n a l  e x p e r im e n ts .  To t h e s e  may
(13 )be added E rautkram er' , who examined th e  p r o p e r t i e s  o f  

ev a p o ra ted  l a y e r s  o f  s i l v e r  and g o ld  in  1 9 3 8 , and S tr o n g  

and D ib b le .

The c h a r a c t e r i s t i c  o f  f i l m s  which i s  most 

s u s c e p t i b l e  t o  d i f f e r i n g  m ethods o f  fo rm a tio n  i s  t h e i r  

l i g h t  a b s o r p t io n .  T h is  a b s o r p t io n  i s  b e s t  se en  from th e
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e x p e r im e n ta l  m easurem ents o f  R. and T  i f  th e y  a re  

p l o t t e d  one a g a in s t  th e  o t h e r ,  a s  S tr o n g ,  and Cabrera  

and T e r r ie n  h ave  done, r a t h e r  th an  i f  t h e y  a r e  b o th  

p l o t t e d  a g a i n s t  an in d ep en d en t  a x i s  o f  t h i c k n e s s  m easu re

m ents vvhich may th e m s e lv e s  be s u b j e c t  t o  c o n s id e r a b le  

e r r o r s .  T h is  i s  done f o r  t h e  r e s u l t s  o f  Coos, f o r  

s p u t t e r e d  l a y e r s ,  and Krautkramer and S tr o n g  and D ib b le  

f o r  ev a p o ra ted  l a y e r s  i n  F ig u r e  7 .  I t  i s  s e e n  a t  once  

from t h i s  f i g u r e  t h a t  Krautkram er*s f i l m s ,  w hich are  

s i m i l a r  t o  t h o s e  p rep a red  by th e  French w o rk ers , h ave  

l e s s  a b s o r p t io n  f o r  a g iv e n  t r a n s m is s io n  o r  r e f l e x i o n  

c o e f f i c i e n t ,  th an  t h e  f i l m s  o f  e i t h e r  s t r o n g  or Coos.

I t  i s  n o t  u n e x p e c te d  t h a t  f i l m s  made by c a th o d ic  

s p u t t e r i n g  sh o u ld  show a g r e a t e r  a b s o r p t io n  than  f i l m s  

p roduced  by e v a p o r a t io n  (K rautkram er) ,  s in c e  th e  s p u t t e r 

in g  p r o c e s s  may p rod uce  l a y e r s  c o n t a in in g  r e l a t i v e l y  l a r g e  

q u a n t i t i e s  o f  o cc lu d ed  g a s e s .  However th e  a b s o r p t io n s  

o f  th e  l a y e r s  o f  r e f l e x i o n  c o e f f i c i e n t s  g r e a t e r  than  70^ 

o r  l e s s  th a n  35^ made by s t r o n g  by e v a p o r a t io n  a r e  o f  th e  

same o rd er  a s  t h o s e  o f  Coos made by s p u t t e r i n g .  The 

e x p la n a t io n  f o r  t h i s  seems t o  b e t h a t  Krautkramer, in  

common w ith  Murmann and o th e r  more r e c e n t  w ork ers , produced  

t h e  h ig h  vacua n e c e s s a r y  by th e  u s e  o f  m ercury d i f f u s i o n  

pumps and l i q u i d - a i r ,  and t h i s  h ig h  vacuum must be regard ed
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a s  a l t o g e t h e r  p u r e r  than  th e  vacua (o f  t h e  same o rd er  o f  

t o t a l  p r e s s u r e )  prod uced  hy u n trapped  o i l  d i f f u s i o n  p u r^ s  

by S tr o n g .  This p o i n t  w i l l  be borne out by some o b s e r 

v a t i o n s  on t h e  o p e r a t io n  o f  an e v a p o r a t io n  p la n t  u s in g  an 

o i l  d i f f u s i o n  pump, quoted  in  p a r t  I I ,  Chapter I .

I t  i s  a l s o  o b v io u s  t h a t  th e  c l e a n l i n e s s  o f  t h e  

s u b s t r a t e s  on t o  lAhich th e  f i lm s  a r e  d e p o s i t e d  w i l l  

c r i t i c a l l y  a f f e c t  t h e  p u r i t y  and h en ce  t h e  l i g h t  a b so r p 

t i o n  of th e  f i l m s .  In  t h i s  r e s p e c t ,  h ow ever , t h e  t e c h n iq u e s  

u sed  by a l l  w orkers appear m a t e r i a l l y  th e  same.

w h i l s t  t h i s  im p u r ity  h y p o t h e s i s  may e x p la in  th e  

h ig h  a b s o r p t io n  o f  s t r o n g » s  ^ - t y p e  f i l m s ,  i t  i s  d i f f i c u l t  

t o  a p p r e c ia t e  how i t  can a cc o u n t  f o r  th e  e x i s t e n c e  o f  two 

d i s t i n c t  t y p e s  o f  f i l m  a s  record ed  by s t r o n g  and D ib b le .

In th e  a b se n c e  o f  f u r t h e r  e v id e n c e ,  i t  seems t h a t  t h e  con

t e n t i o n  of t h e s e  w ork ers , t h a t  a c o n t in u o u s  v a r i a t i o n  o f  

r e f l e x i o n  c o e f f i c i e n t  w ith  t h i c k n e s s  may appear from a 

c o m p a r a t iv e ly  sm a ll  number o f  m easurem ents m ust be a c c e p te d ,  

though  i t  i s  e x tr e m e ly  d i f f i c u l t  t o  r e c o n c i l e  t h i s  w ith  th e  

e x c e l l e n t  r e p r o d u c i b i l i t y  o f  th e  r e s u l t s  o f  o th e r  w orkers,  

quoted  in  r e c e n t  s u m m a r i e s 4:0)^

W h ils t  i t  i s  ap p aren t from th e  fo r e g o in g  d i s 

c u s s io n  th a t  th e  o p t i c a l  b eh a v io u r  o f  t h in  m e t a l l i c  l a y e r s  

i s  not y e t  cca n p le te ly  e x p la in e d ,  i t  can be s a id  w ith  some 

c e r t a i n t y  t h a t  th e  o p t i c a l  c o n s t a n t s  o f  t h e  m a t e r ia l
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c o m p r is in g  a l a y e r ,  d i f f e r  from t h o s e  o f  t h e  h u lk  m a t e r ia l

i n  l a y e r s  o f  t h i c k n e s s  1 5 0 or  l e s s .  The ca u se  o f  t h i s

v a r i a t i o n  i s  im m e d ia te ly  ap p aren t Wien t h e  e x i s t i n g

know ledge o f  th e  s t r u c t u r e  o f  t h in  l a y e r s  i s  c o n s id e r e d .

I t  h a s  been shown by a l a r g e  number o f  w orkers u s in g  th e
(48  49)t e c h n iq u e s  o f  th e  u l t r a - m ic r o s c o p e '  ’ , e l e c t r o n

d i f f r a c t i o n ^ ^ ’ and o f  th e  e l e c t r o n  m i c r o s c o p e )

t h a t  f i l m s  o f  m e t a l s  o f  t h i s  o rd er  t h i c k n e s s  a re  g r a n u la r

in  s t r u c t u r e ,  th e  g r a n u le s  b e in g  in  th e  c a s e  o f  s i l v e r ,

c r y s t a l l i n e ^ ) and more or l e s s  o r i e n t e d

in  c e r t a i n  d i r e c t i o n s  a c c o r d in g  to  th e  n a tu r e  and tem p e ra tu r e

o f  t h e  s u b s t r a t e  on to  W iich th e y  were d e p o s i t e d .  These

g r a n u le s  h ave a d im en s io n  p a r a l l e l  t o  th e  s u r f a c e  o f  t h e

s u b s t r a t e  o f  t h e  ord er o f  2 0 0 -1 0 0 0 ^  , and i t  i s  im m e d ia te ly

o b v io u s  t h a t  a f i l m  composed o f  such  g r a n u le s  d o es  n o t

s a t i s f y  th e  fun dam en ta l a s s u r ^ t io n s  of t h e  c l a s s i c a l  t h e o r y

d i s c u s s e d  in  C hapter I I  in  r e l a t i o n  t o  i s o t r o p i c  l a y e r s ,

bounded by p a r a l l e l  s u r f a c e s ,  and i n f i n i t e  in  e x t e n s io n

p a r a l l e l  t o  t h e s e  s u r f a c e s .

Only one o f  t h e  w orkers in  t h e  o p t i c a l  f i e l d ,
( 13 )Krautkramer , has a ttem p ted  to  e x p la in  t h e s e  v a r i a t i o n s  

o f  th e  o p t i c a l  c o n s t a n t s  in  term s o f  a g r a n u la r  s t r u c t u r e .

T h is  f i g u r e  was g iv e n  by P r o f .  G-. I .  F inch  in  a p r i v a t e  
com m unication .
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He based  h i s  a t te m p t  on e a r l i e r  t h e o r e t i c a l  work by  

M axwell G a r n e t t , who c a l c u l a t e d  th e  o p t i c a l  p r o p e r t i e s  

o f  a l a y e r  supposed  t o  c o n s i s t  o f  in h e r e s  o f  m e ta l  (ea ch  

h a v in g  t h e  o p t i c a l  c o n s t a n t s  o f  t h e  b u lk  m e t a l ) ,  vdiose 

d ia m e te r  was sm a ll  w ith  r e s p e c t  to  th e  w a v e le n g th  o f  t h e  

i n c i d e n t  l i ^ t .  He c o n s id e r e d  t h e  v a r i a t i o n  o f  th e  o p t i c a l  

p r o p e r t i e s  w ith  a ’p a c k in g  f a c t o r » ,  d e f in e d  a s  th e  r a t i o  o f  

th e  volume o f  th e  l a y e r  o c c u p ie d  by t h e  ^ h e r e s ,  t o  t h e  

volum e o f  th e  w hole l a y e r .  The tr e a tm e n t  does n o t  n e c e s s i t a t e  

t h a t  th e  sp h e r e s  a r e  a l l  o f  th e  same s i z e ,  but r a t h e r  t h a t  

random d i s t r i b u t i o n  ab ou t a mean d ia m e te r  e x i s t s .  In  making  

a com parison betw een  M axwell G a r n e tt» s  c a l c u l a t i o n s  and h i s  

own ex p er im en ta l r e s u l t s ,  Krautkramer to o k  th e  v ie w  t h a t  

f o r  a c e r t a i n  p a c k in g  f a c t o r  o f  ^  ^  , t h e  t h i c k n e s s  o f

th e  l a y e r ,  a s  m easured by an in t e r f e r o m e t r i c  m ethod, was 

t im e s  to o  g r e a t ,  s in c e  t h e  f i l m  was o n ly  t im e s  a s  d e n s e .

U sin g  t h i s  c o r r e c t io n  to  h i s  t h ic k n e s s  m easurem ents,  

Krautkramer o b ta in e d  a q u a l i t a t i v e  agreem en t betw een  h i s  

own r e s u l t s  and t h o s e  o f  M axwell G a m e t t .  I t  w o u ld , how ever ,  

be v er y  d i f f i c u l t  t o  make any q u a n t i t a t i v e  com parison  u s in g  

t h i s  th e o r y ,  s in c e  th e  g r a n u le s  ob served  in  t h in  f i l m s  a r e  

n o t  s p h e r i c a l ,  and s in c e  i t  i s  v ery  d i f f i c u l t  to  make any  

a c c u r a te  e s t im a t io n  o f t h e i r  mean s i z e .  The d i f f i c u l t i e s

in h e r e n t  in  a n y  such com parison  have been  r e c e n t l y  t r e a t e d
' ( 40 )by Cabrera and T e r r ie n
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In  th e  p r e c e d in g  c h a p te r ,  t h e  u s e  o f  th e  s u r f a c e s

o f  e v a p o r a te d  m e t a l l i c  l a y e r s  f o r  th e  d e t e im in a t io n  o f  th e

o p t i c a l  c o n s t a n t s  o f  a m e ta l  was d i s c u s s e d ,  and t h e  im p ortan ce

o f  e n su r in g  t h a t  t h e s e  l a y e r s  had a s i m i l a r  s t r u c t u r e  t o

t h a t  o f  th e  h u lk  m e ta l  was s t r e s s e d .  From th e  o p t i c a l

m easurem ents on t h in  f i l m s  quoted i n  t h i s  c h a p te r  we can

say  t h a t  th e  o p t i c a l  c h a r a c t e r i s t i c s  o f  l a y e r s  g r e a t e r  th a n ,

s a y ,  2 5 0 at  th e  m o st ,  can be e x p la in e d  by th e  b u lk  m e ta l

c o n s t a n t s ,  a s  f a r  a s  th e  v a r i a t i o n  o f  r e f l e x i o n  c o e f f i c i e n t

w ith  t h i c k n e s s  i s  con cern ed , but t h a t  th e  a b s o r p t io n  o f  th e

l a y e r s  i s  c r i t i c a l l y  d ep en dent on th e  c o n d i t i o n s  o f

p r e p a r a t io n .  However, f o r  th e  measurement o f  th e  o p t i c a l

c o n s t a n t s  by any o f  th e  m ethods s u i t a b l e  f o r  b u lk  m e t a l s

i . e .  dependent on r e f l e x i o n  a t  a s i n g l e  s u r f a c e ,  th e  beams

r e f l e c t e d  a t  th e  f i lm - s u b  s t r a t e  i n t e r f a c e  must make a

n e g l i g i b l e  c o n t r ib u t io n  o n ly  to  t h e  i n t e n s i t y  and p h a se  o f

th e  beam r e f l e c t e d  a t  t h e  f i r s t  s u r f a c e ,  and so f o r  f i l m

of t h e  o rd er  o f  t h i c k n e s s  r e q u ir e d  f o r  t h i s  c o n d i t io n  t o

be s a t i s f i e d ,  th e  a b s o i p t i o n  i s  o f  no im p o r ta n c e .  F u r th e r -
(41 )more, th e  work o f  P ic a r d  and D uffen d ack ' , S c o t t  and 

H a s s ^ ^ ^ \  and L e v i n s t e i n ^ ^ , u s in g  th e  e l e c t r o n  m ic r o sc o p e ,  

h a s  shown t h a t  f o r  l a y e r s  o f  h ig h  m e l t in g  p o i n t  m e t a l s ,

( e . g .  Ag, Au, A l ,  Or, Cu) t h e i r  s u r fa c e  s t r u c t u r e  i s  

e q u iv a le n t  t o  t h a t  o f  a b u lk  m e ta l  o n ly  when a t h i c k n e s s  

o f  4 0 0 - 5 0 0 i s  r e a c h e d .  M easurements o f  r e f l e x i o n  and
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t r a n s m is s io n  c o e f f i c i e n t s  i n d i c a t e  t h a t  f o r  f i l m s  o f  t h i s  

o rd er  o f  t h i c k n e s s ,  t h e  o p t i c a l  p r o p e r t i e s  in  r e f l e x i o n  

are  p r a c t i c a l l y  e q u iv a le n t  t o  r e f l e x i o n  a t  a s i n g l e  s u r f a c e ,  

and so  th e  f i g u r e  o f  4 5 0 ^  may be ta k e n  a s  a s u i t a b l e  

minimum t h i c k n e s s  r e q u ir e d  b e fo r e  a m e t a l l i c  l a y e r  can be  

tak en  a s  o p t i c a l l y  c h a r a c t e r i s t i c  o f  a b u lk  m a t e r i a l ,  f o r  

t h e s e  m e t a l s .

In  th e  c a s e  o f  lo w  m e l t in g  p o i n t  m e ta ls  ( e . g .

^  , 2a  ) ,  P ic a r d  and D uffendack  and L e v i n s t e i n  have shown 

t h a t  ev a p o ra ted  l a y e r s  o f  t h e s e  m e t a ls  are  v e r y  d i f f i c u l t  

t o  form a t  room te m p e r a tu r e s ,  and cannot r e a so n a b ly  be  

u sed  a s  r e f l e c t i n g  s u r f a c e s  c h a r a c t e r i s t i c  o f  th e  b u lk  

m a t e r i a l .
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Chapter V.

In  th e  p r e c e d in g  c h a p te r s ,  th e  u s e  o f  ev a p o r a te d  

m e ta l l a y e r s  t o  p r o v id e  r e f l e c t i n g  s u r f a c e s  c h a r a c t e r i s t i c  

o f  t  h e  m e ta l  in  b u lk  h a s  b een  d e s c r ib e d ,  t o g e t h e r  w ith  th e  

v a r i a t i o n  o f  th e  o p t i c a l  c h a r a c t e r i s t i c s  o f  th e  l a y e r s  w ith  

t h e i r  t h i c k n e s s ,  a t  t h i c k n e s s e s  b e lo w  th e  minimum r e q u ir e d  

f o r  b u lk  m e ta l  c h a r a c t e r i s t i c s .

We h ave seen  t h a t  t h e  m easurem ents on t h in

m e t a l l i c  l a y e r s ,  i n  r e l a t i o n  t o  t h e i r  t h i c k n e s s ,  have b een

a lm o s t  e n t i r e l y  o f  th e  r e f l e x i o n  and t r a n s m is s io n  c o e f f i c i e n t s

a t  norm al i n c i d e n c e ,  and t h a t  t h e  a b s o r p t io n  o f  th e  l a y e r s

m easured seems t o  v a ry  c o n s id e r a b ly  w ith  th e  method o f

p r e p a r a t io n .  In  t h i s  la b o r a t o r y ,  l a y e r s  o f  s i l v e r  are  u sed
( 51 )a g r e a t  d e a l  in  c o n n e c t io n  w ith  s p e c tr o s c o p y  and

( 52  )m u l t i p l e  beam in t e r f e r o m e t r y  , and a few  m easurem ents  

have b een  made o f  th e  n o im a l in c id e n c e  c o e f f i c i e n t s  o f  

s i l v e r  and alum inium  l a y e r s  t o  a s s i s t  w ith  t h i s  work. 

l a y e r s  were produced  by e v a p o r a t io n  u n d er  th e  normal con

d i t i o n s  p r e v a i l i n g  w ith  th e  la b o r a t o r y  equ ipm ent.

The main p a r t  o f  th e  work i s  concerned  w ith  th e  

a p p l i c a t i o n  o f  a  new t e c h n iq u e ,  f o r  th e  measurement o f  t h e  

r e l a t i v e  p h a se  r e t a r d a t io n  on r e f l e x i o n ,  to  t h e  s tu d y  o f  

th e  o p t i c a l  c h a r a c t e r i s t i c s  o f  m e t a l l i c  l a y e r s ,  m  i n v e s t 

i g a t i o n  i n t o  th e  n o n -n o m a l  in c id e n c e  r e f l e x i o n  p r o p e r t i e s
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o f  l a y e r s  o f  s i l v e r  w i l l  be d e s c r ib e d .  M easurem ents h ave  

been  made o f  th e  p r o p e r t i e s  o f  l a y e r s  t h i c k  enough t o  

r e p r e s e n t  b u lk  s i l v e r ,  and o f  th e  v a r i a t i o n  w ith  l a y e r  

t h i c k n e s s  o f  t h e  e l l i p t i c i t y  and r e l a t i v e  p h a se  r e t a r 

d a t io n  on r e f l e x i o n  a t  t h i n  l a y e r s ,  in  a d d i t io n  t o  t h e  

work on s i l v e r ,  t h e  new te c h n iq u e  h a s  been  a p p l i e d  t o  t h e  

s tu d y  o f  r e f l e x i o n  a t  t h i c k  l a y e r s  o f  t i n ,  cop p er , speculum ,  

and a new t i n - n i c k e l  a l l o y ,  and t h e  o p t i c a l  c o n s t a n t s  o f  

t h e s e  m e t a l s  and a l l o y s  have been  d e te r m in e d . Ih e  r e s u l t s  

o b ta in e d  w i l l  b e  compared w ith  th e  p r e v io u s  i n v e s t i g a t i o n s  

a lr e a d y  d e s c r ib e d .

The new o p t i c a l  te c h n iq u e  w i l l  be d i s c u s s e d  in  

P a rt  I I I  o f  t h i s  T h e s i s , - P a r t  i i  which f o l l o w s  w i l l  c o n s i s t  

o f  a d e s c r i p t i o n  o f  th e  e v a p o r a t io n  equipment and p ro ce d u re  

u s e d ,  t o g e t h e r  w ith  a d i s c u s s i o n  and some e x p e r im e n ta l  

r e s u l t s  on t h e  measurement o f  t h i n  l a y e r  t h i c k n e s s e s .  The 

e x p e r im e n ta l  r e s u l t s  form th e  s u b j e c t  o f  p a r t  17 .
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PART I I

THE EVAPORATION TECHNIQUE 

Chapter I .

The d e p o s i t io n  o f  t h in  la y e r s  by means o f  therm al

ev a p o ra t io n  i s  now a standard  te c h n iq u e ,  u sed  a g r e a t  d ea l

not o n ly  f o r  th e  p r o d u c t io n  o f  m e t a l l i c  l a y e r s  f o r  i n t e r -

fero m etry , sp e c tr o s c o p y  e t c . ,  but a l s o  f o r  th e  p r o d u c t io n

o f  a n t i - r e f l e x i o n  c o a t in g s  o f  d i e l e c t r i c s ,  o f  in t e r f e r e n c e

c o lo u r  f i l t e r s , and l a y e r s  o f  d i e l e c t r i c s  such a s  s i l i c o n

m o n o x i d e t o  p r o t e c t  f r o n t  s u r fa c e  m ir r o r s  from atm osph eric

c o r r o s io n .  The te c h n iq u e  has been a d e q u a te ly  d e sc r ib e d  in

a number o f  b ooks, e . g .  by Tolansky^^^' S t r o n g a n d
( 55 )Lewis , and f o r  t h i s  reason  th e  tre a tm e n t  h ere  w i l l  be 

r e s t r i c t e d  t o  a r e l a t i v e l y  b r i e f  d e s c r ip t i o n  o f  th e  p la n t  

and te c h n iq u e  used  in  t h i s  i n v e s t i g a t i o n .

The Equipment U sed .

The m e t a l l i c  f i l m s  u sed  were produced in  e i t h e r  

o f  two e v a p o r a t io n  p l a n t s .  The f i r s t  m easurements were made 

on f i l m s  d e p o s i t e d  in  a commercial C oating U n it  Type £^3 

m anufactured by w. Edwards & Go. L a ter , t o  r e l i e v e  th e  

c o n g e s t io n  in  th e  la b o r a to r y  caused  by c o n t in u a l  u se  o f  

t h i s  p la n t ,  a second ev a p o ra t in g  p la n t  was c o n s tr u c te d ,  

embodying c e r t a in  improvements o ver  th e  commercial u n i t .
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M e s s r s .  E d w ard ’ s  p l a n t  i s  o f  t h e  v e r t i c a l  t y p e .

The vacuum chamber i s  a l a r g e  P yrex  b e l l - j a r ,  60 cms. h ig h ,  

r e s t i n g  on a m a s s iv e  s t e e l  b a s e p l a t e ,  a vacuum s e a l  b e in g  

made by  an u n g rea sed  ru bber g a s k e t  on t h e  lo w e r  edge o f  

t h e  b e l l - j a r .  A l a r g e  d ia m e te r  f l a p - v a l v e  s e t  i n t o  t h e  

b a s e p la t e  c o n n e c t s  th e  chamber t o  a th r e e  s t a g e  o i l  d i f f u s i o n  

pump, u s in g  s i l i c o n e  o i l .  A number o f  v a c u u m -t ig h t  i n s u l a t e d  

e l e c t r o d e s  a r e  f a s t e n e d  i n t o  t h e  b a s e p l a t e ,  betw een  Tmhioh 

th e  e v a p o r a t io n  f i l a m e n t s  and e l e c t r o d e s  f o r  h ig h  t e n s i o n  

d is c h a r g e  a r e  c o n n e c te d .  The s u b s t r a t e s  t o  be c o a te d  a re  

p la c e d  f a c e  downwards on a t a b l e ,  some 30 cms. above t h e  

f i l a m e n t .  T h is  d i s t a n c e  i s  l a r g e  enough f o r  t h e  v a r i a t i o n  

in  d e n s i t y  o f  t h e  d e p o s i t ,  from a p o i n t  s o u r c e ,  a c r o s s  a 

c i r c l e  on th e  t a b l e  o f  d ia m e te r  10 cms. t o  be l e s s  than  1%.

The v d l t a g e  a v a i l a b l e  f o r  p a s s i n g  a  h ig h  t e n s i o n  

d i s c h a r g e  b e tw e e n  tw o  l i n g s  s i t u a t e d  b e tw e e n  t h e  f i l a m e n t  

an d  t h e  s p e c im e n  t a b l e  i s  3 , 3 0 0 .  The maximum f i l a m e n t  h e a t 

i n g  c u r r e n t  a v a i l a b l e  i s  1 5 0  am ps.

The c a p a c i t y  o f  th e  b e l l - j a r  and sp eed  o f  th e  

pump a r e  such  t h a t  a co m p lete  e v a p o r a t io n  p r o c e s s  ta k e s  

o n ly  h a l f  an h o u r ,  ih e  p r e s s u r e  in  th e  chamber i s  m easured  

by a P h i l i p s - t y p e  i o n i s a t i o n  gau ge , a c o ld -c a t h o d e  g a u g e .

The e v a p o r a t io n  i s  u s u a l l y  c a r r ie d  ou t vhen th e  p r e s s u r e  

i s  b e lo w  10 o f  , but t h e  gauge d oes  n o t p e im i t
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o f  any a c c u r a te  e s t im a t io n  o f  p r e s s u r e s  o f  t h i s  o r d e r .

F ig u r e  8  i s  a  p h o to g r a p h  sh o w in g  t h e  a r r a n g e m e n t  o f  t h e  

c o m p o n e n ts  on t h e  b a s e p l a t e .

T h is  e v a p o r a t io n  u n i t  h a s  been  found t o  be  

a d m ira b le  f o r  t h e  g e n e r a l  work o f  th e  la b o r a t o r y .  I t  h a s  

b een  u s e d  f o r  t h e  p r o d u c t io n  o f  a t  l e a s t  t h r e e  or f o u r  

hundred s i l v e r  l a y e r s  f o r  i n t e r f e r o m e t r i c  p u r p o se s  o v e r  

th e  p a s t  two y e a r s .  However, from t h e  p o i n t  o f  v ie w  o f  

th e  p r o d u c t io n  o f  l a y e r s  f o r  th e  s tu d y  o f  t h e i r  own o p t i c a l  

c h a r a c t e r i s t i c s  i t  s u f f e r s  from two s e r i o u s  d i s a d v a n t a g e s .  

The f i r s t  c o n c e r n s  th e  lo w e r  l i m i t  o f  p r e s s u r e  M iich  may 

be m easu red , a lr e a d y  m en tio n ed  a s  10  . o f  . I f  t h e

mean f r e e  p a th  o f  a p a r t i c l e  ev a p o ra ted  from t h e  so u rc e  

i s  ta k e n  t o  be th e  same a s  t h a t  o f  a m o le c u le  o f  r e s i d u a l  

g a s  a t  t h i s  p r e s s u r e ,  i t  i s  l o o  c m s . , o n ly  t h r e e  t im e s  th e  

f i l a m e n t - s u b s t r a t e  d i s t a n c e .  To p rod u ce  p u r e ,  r e p r o d u c ib le  

f i l m s  i t  i s  a d v a n ta g eo u s  t o  red u ce  t h e  p r e s s u r e  much f u r t h e r ,  

so  t h a t  t h e  mean f r e e  p a th  i s  a t  l e a s t  t e n  t im e s  t h i s  

d i s t a n c e .  The secon d  d isa d v a n ta g e  i s  t h a t  th e  l i g h t  t r a n s 

m is s io n  o f  th e  f i l m  can o n ly  be r o u g h ly  e s t im a t e d  d u r in g  

p r o d u c t io n  i n  th e  com m ercial u n i t  by lo o k in g  through  i t  

a t  th e  h e a te d  f i l a m e n t .  T h is  i s  n o t  a s e r i o u s  drawback 

when i t  i s  d e s i r e d  t o  p rod uce f i l m s  o f  o n ly  th r e e  or  f o u r  

p e r  c e n t  t r a n s m is s io n ,  a s  i s  g e n e r a l  p r a c t i c e  f o r  i n t e r -  

f e r o m e tr y ,  b ut i t  makes t h e  e s t im a t io n  o f  t h in n e r  l a y e r s  

v e r y  d i f f i c u l t  in d e e d .
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A c c o r d in g ly ,  w hen i t  w as d e c id e d  t o  c o n s t r u c t

a  s e c o n d  e v a p o r a t io n  p l a n t  s p e c i a l l y  f o r  t h i s  i n v e s t i g a t i o n ,

i t s  d e s i g n  in c o r p o r a t e d  f e a t u r e s  o v e r c o m in g  t h e s e  tw o  m a in

d i s a d v a n t a g e s .  The d e s i g n  a d o p te d  w as t h a t  o f  a  h o r i z o n t a l
( 5 6 )

u n i t ,  s i m i l a r  t o  t h a t  u s e d  b y  B i t s  c h i  . A s c h e m a t ic  

d ia g r a m  o f  t h i s  p l a n t  i s  shown i n  F ig u r e  9 ,  and  som e p h o t o 

g r a p h s  i n  F ig u r e  1 0 .

The s u b s t r a t e s  a r e  f a s t e n e d  t o  tw o  en d  p l a t e s  

w h ic h  b o l t  on t o  a c y l i n d r i c a l  m e t a l  vacuum  cham ber 35  cm s. 

l o n g .  The f i l a m e n t  e l e c t r o d e s  a r e  f a s t e n e d  t o  a  p l a t e  v d iic h  

b o l t s  on  t o  a  f l a n g e  i n  t h e  c e n t r e  o f  t h i s  ch a m b er , d i r e c t l y  

o v e r  t h e  p i p e  l e a d i n g  t o  t h e  A p ie z o n  o i l  d i f f u s i o n  p u m p s.

Two r in g s  o f  alum inium  w ir e  n ea r  each  end form  th e  e l e c t r o d e s  

f o r  th e  h ig h  t e n s io n  d is c h a r g e ,  th e  v o l t a g e  b e in g  a p p lie d  

th rou gh  two g la s s - m e t a l  s e a l s  in  th e  w a ll  o f  th e  cham ber.

The cham ber i s  l i n e d  on e a c h  s i d e  o f  t h e  f i l a m e n t  w it h  g l a s s  

c y l i n d e r s ,  v h ic h  can  e a s i l y  b e  rem oved  f o r  c l e a n i n g .  The 

p r e s s u r e  i n  t h e  cham ber ca n  b e  a d j u s t e d  b y  a  n e e d l e  v a l v e ,  

w h ic h  i s  c o n n e c te d  t o  a  s u p p ly  o f  d r y  n i t r o g e n ,  s o  t h a t  

n o  o x y g e n  n e e d  b e  p r e s e n t  d u r in g  an  e v a p o r a t i o n .

The d im e n s io n s  o f  t h e  a p p a r a tu s  a r e  su c h  t h a t  a  

d e p o s i t ,  u n ifo r m  i n  d e n s i t y  t o  Ifo, i s  o b t a in e d  on a  r e g i o n  

2 cm s. i n  d ia m e t e r  a t  e a c h  en d  o f  t h e  p l a n t .  T h is  a r e a  i s  

q u i t e  s u f f i c i e n t  f o r  t h e  w ork t o  b e  d e s c r i b e d .  The u s e  

o f  t h e  h o r i z o n t a l  s y s te m  m a k es t h e  e s t i m a t i o n  o f  f i l m
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d e n s i t y  d u r in g  p r o d u c t io n  m uch e a s i e r  th a n  i n  t h e  v e r t i c a l  

t y p e .  A c o n s t a n t  l i g h t  s o u r c e  c a n  b e  v ie w e d  th r o u g h  t h e  

tw o  f i l m s ,  and t h e  d e n s i t y  e s t i m a t e d  v e r y  r e a d i l y .  I f  

n e e d  b e ,  a  p h o t o  e l e c t r i c - d e v i c e  c o u ld  b e  e m p lo y ed  t o  

f u r t h e r  im p ro v e  t h e  l i m i t s  w i t h i n  l A i c h  a  f i l m  o f  g i v e n  

d e n s i t y  c a n  b e  p r e p a r e d ,  b u t  t h i s  w as n o t  fo u n d  t o  b e  

n e c e s s a r y .

The p r e s s u r e  i n  t h e  cham ber i s  m e a su r e d  i n  t h i s

p l a n t  b y  a  h o t  f i l a m e n t  i o n i s a t i o n  g a u g e .  Ah e l e c t r o n i c

c o n t r o l  u n i t  s u p p l i e s  t h e  v a r io u s  p o t e n t i a l s  and a n ç l i f i e s
-h

t h e  i o n  c u r r e n t ,  so  t h a t  p r e s s u r e s  down t o  5 x  1 0  .

o f  c a n  b e  e a s i l y  m e a s u r e d , and  ro u g h  e s t i m a t i o n s  o f  

p r e s s u r e s  b e lo w  t h i s  m ad e . The g a u g e  i s  a t t a c h e d  t o  t h e  

s y s t e m  b y  a  s h o r t  t u b e ,  an d  t h i s  r e s u l t s  i n  t h e  p r e s s u r e  

r e a d in g s  b e in g  i n c o r r e c t  t o  a  c e r t a i n  e x t e n t  du e t o  t h e  

c o n s u n ç ) t io n  o f  o i l  v a p o u r , v fliich  i s  a lw a y s  p r e s e n t  i n  v a r y 

i n g  a m o u n ts i n  t h e  ch am b er, b y  d e c o m p o s i t io n  a t  t h e  h o t  
( 57  )f i l a m e n t  \  B e c a u s e  o f  t h i s  t h e  r e a d in g s  o f  p r e s s u r e  

m u st b e  t a k e n  a s  s e l f  c o n s i s t e n t  t o  a  g r e a t e r  a c c u r a c y  

t h a n  a s  m e a s u r e m e n ts  o f  t h e  a c t u a l  p r e s s u r e  e x i s t i n g  i n  

t h e  ch a m b er . I t  w a s fo u n d  fro m  e x p e r ie n c e  t h a t  i n  o r d e r  

t o  i n c r e a s e  t h e  s p e e d  o f  r e s p o n s e  o f  t h e  g a u g e ,  t h e  

e l e c t r o d e s  h ad  t o  b e  o u t g a s s e d  b y  e l e c t r o n  bom bardm ent 

a f t e r  e a c h  e x p o s u r e  t o  t h e  a tm o s p h e r e , and t h e  e l e c t r o n i c  

c o n t r o l  u n i t  f o r  t h e  g a u g e  w as s u i t a b l y  m o d i f i e d  t o  a l l o w  ’
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a n  e l e c t r o n  c u r r e n t  o f  50  m i l l i a m p s  t o  bom bard e i t h e r  t h e  

a c c e l e r a t o r  o r  t h e  c o l l e c t o r  o f  t h e  g a u g e .

The pump u s e d  w as a  t w o - s t a g e  o i l  d i f f u s i o n  pump, 

u s i n g  A p ie z o n  o i l ,  h a v in g  a  s p e e d  o f  3 0  l i t r e s / s e c .  a t  

p r e s s u r e s  b e lo w  1 0  o f  / ^ .  i t  i s  f i t t e d  w i t h  a  b a f f l e

a b o v e  t h e  to p  j e t ,  and  i n  a d d i t i o n  a  se c o n d  b a f f l e  p l a t e  

w as in t r o d u c e d  i n t o  t h e  s h o r t  p i p e  l e a d i n g  from  t h e  pump 

t o  t h e  ch am b er. The p r e s e n c e  o f  t h e s e  b a f f l e s  i s  e s s e n t i a l ,  

s i n c e  i n  t h e  e x p e r i e n c e  o f  t h e  w r i t e r ,  t h e  am ount o f  o i l -  

v a p o u r  s t r e a m in g  b a c k  fro m  t h o s e  pum ps i s  q u i t e  l a r g e .  I t  

i s  e s t i m a t e d  t h a t  t h e  r e s u l t a n t  pum ping s p e e d  i n  t h e  cham ber  

i s  a b o u t  1 0  l i t r e s / s e c .

W ith  t h e  s y s te m  a s  d e s c r i b e d ,  b e f o r e  t h e  o u t -  

g a s s i n g  p r o c e d u r e  w as a d o p te d  w i t h  t h e  i o n  g a u g e , i t  w as  

n e c e s s a r y  t o  pump f o r  s i x  o r  s e v e n  h o u r s  b e f o r e  t h e  g a u g e  

r e c o r d e d  p r e s s u r e s  o f  t h e  o r d e r  o f  l o  w e r e  r e a c h e d ,

d é b i t é  t h e  f a c t  t h a t  t h e  l e a k a g e  r a t e  i n  t h e  cham ber w as  

v e r y  s m a l l .  When t h e  o u t g a s s i n g  p r o c e d u r e  w as a d o p te d , t h e  

g a u g e  r e c o r d e d  t h o s e  p r e s s u r e s  a f t e r  t h r e e  o r  f o u r  h o u r s  

p u n n in g . H o w ev er , viien t h e  pu m pin g  w as c a r r i e d  on f o r  t h i s  

l e n g t h  o f  t im e ,  d e s p i t e  t h e  p r e s e n c e  o f  t h e  b a f f l e s  i n  t h e  

p u m p in g  l i n e ,  i t  w as fo u n d  t h a t  o i l  v a p o u r  w as c o n t a m in a t in g  

t h e  s u b s t r a t e s  b e f o r e  d e p o s i t i o n  t o o k  p l a c e .  T r a c e s  o f  o i l  

w e re  fo u n d  i n  t h e  cham ber on c o m p le t io n  o f  an e v a p o r a t i o n .

To com bat t h i s ,  a  g l a s s  tu b e  w as a t t a c h e d  t o  t h e  s i d e  o f
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t h e  ch am b er , and i t s  c l o s e d  en d  w as d ip p e d  i n t o  a  f r e e z i n g  

m ix t u r e  o f  s o l i d  c a r b o n  d i o x i d e  a n d  a l c o h o l . T h is  s e r v e d  

a s  a  pump f o r  t h e  o i l - v a p o u r ,  and i t  w as fo u n d  t h a t  t h e  

r e q u ir e d  p r e s s u r e s  c o u ld  th e n  b e  r e a c h e d  i n  l e s s  t h a n  tw o  

h o u r s ,  an d  a l l  v i s i b l e  t r a c e s  o f  c o n t a m in a t io n  o f  t h e  

s u b s t r a t e s  d i s a p p e a r e d .

The E v a p o r a t io n  P r o c e d u r e .

The l i g h t  a b s o r p t io n  e x h i b i t e d  b y  m e t a l l i c  f i l m s  

i s  v e r y  d e p e n d e n t  u p on  t h e  c l e a n l i n e s s  o f  t h e  s u b s t r a t e  

p r i o r  t o  d e p o s i t i o n .  A num ber o f  d i f f e r e n t  c l e a n i n g  

t e c h n i q u e s  h a v e  b e e n  p r o p o s e d ,  f o r  e x a m p le  t h e  u s e  o f  

C o n t r o l l e d  c o n ta m in a t io n » b y  l a n o l i n e  p r o p o s e d  b y  s t r o n g ( .

I n  o r d e r  t o  o b t a i n  r e p r o d u c ib le  r e s u l t s  i n  a n y  o n e  i n v e s t i 

g a t i o n  t h e  p a r t i c u l a r  c l e a n i n g  m eth o d  c h o s e n  i s  l e s s  im p o r ta n t  

th a n  e n s u r in g  t h a t  t h e  m eth o d  u s e d  f o r  e a c h  d e p o s i t i o n  i s  

t h e  sa m e.

In  t h i s  i n v e s t i g a t i o n  a l l  t h e  l a y e r s  c o n s id e r e d  

h a v e  b e e n  d e p o s i t e d  on t o  on e  o f  t h r e e  o r  f o u r  g l a s s  d i s c s ,  

t h e s e  d i s c s  b e in g  u s e d  r e p e a t e d l y .  The p r o c e d u r e  a d o p te d  

f o r  c l e a n i n g  t h e  d i s c s  p r i o r  t o  a  f r e s h  d e p o s i t i o n  w as a s  

f o l l o w s :

1 .  The o ld  f i l m  w as rem oved  w i t h  c o n c e n t r a t e d  a c i d  

( n i t r i c  a c i d  f o r  A g , Gu, s n ,  and t h e  a l l o y s ,  h y d r o c h l o r ic  

a c i d  f o r  A l ) .
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2 .  The d i s c  w as d r i e d  w i t h  c le a n  c o t t o n  w o o l and  

ru b b ed  w i t h  p i e c e s  o f  c o t t o n  w o o l u n t i l  t h e  ’b r e a t h  f i g u r e s ’ , 

fo rm e d  b y  b r e a t h i n g  g e n t l y  on t h e  s u r f a c e ,  w e r e  u n i f o r m ly  

g r e y  i n  c o lo u r  and d is a p p e a r e d  i n  a b o u t  o n e  s e c o n d  o r  l e s s .

3 .  The d i s c s  w e r e  t h e n  p la c e d  i n  t h e  e v a p o r a t io n  

cham ber o f  t h e  p l a n t  b e in g  u s e d ,  and t h e  p r e s s u r e  r e d u c e d  

t o  a b o u t  * 0 l  mms. b y  t h e  m e c h a n ic a l  r o t a r y  pxnrç). A h ig h  

t e n s i o n  d i s c h a r g e  w as t h e n  p a s s e d  i n  t h e  cham ber t o  c le a n  

t h e  s p e c im e n  f u r t h e r  b y  i o n i c  bom b ard m en t. I n  t h e  c o m m e r c ia l  

u n i t ,  t h e  d i s c h a r g e  w a s p a s s e d  f o r  on e  m in u te  i n  e a c h  c a s e ,  

a b o u t  2 5 0  m i l l i a m p s  p a s s i n g  i n  t h e  d i s c h a r g e ,  a t  150Q  v o l t s .  

I n  t h e  l a b o r a t o r y  b u i l t  p l a n t ,  t h e  d i s c h a r g e  e l e c t r o d e s  a r e  

l e s s  th a n  on e  in c h  from  t h e  s u b s t r a t e  s u r f a c e ,  and t h e  

c l e a n i n g  may b e  e x p e c t e d  t o  b e  m ore e f f i c i e n t  th a n  i n  t h e  

c o m m e r c ia l  u n i t .  A d i s c h a r g e  c a r r y in g  l o  m i l l i a m p s  a t  

1 5 0 0 - 2 0 0 0  v o l t s  w as p a s s e d  f o r  t h r e e  s e p a r a t e  p e r i o d s  o f

on e m in u te  i n  t h i s  p l a n t .

A f t e r  c l e a n i n g ,  t h e  p r e s s u r e  i n  t h e  cham ber w as

r e d u c e d  b y  t h e  d i f f u s i o n  pump, e v a p o r a t io n  b e in g  c a r r i e d

o u t  i n  t h e  c o m m e r c ia l u n i t  a t  a  p r e s s u r e  (unknow n) b e lo w  
—

1 0  and i n  t h e  l a b o r a t o r y  p l a n t  a t  a  p r e s s u r e  b e lo w

2 X lo " ^ # # ^  .

The t y p e  o f  f i l a m e n t  u s u a l l y  u s e d  f o r  t h e  

e v a p o r a t io n  d i f f e r e d  i n  t h e  tw o p l a n t s ,  i n  t h e  c o m m e r c ia l
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u n i t ,  t h e  f i l a m e n t  u s u a l l y  c o n s i s t e d  o f  a  s t r i p  o f  

m olybd en um , E” x  §»♦ x  * 0 0 8 ” , i n  t h e  c e n t r e  o f  w h ic h  a  

s m a l l  d e p r e s s i o n ,  -J” i n  d ia m e t e r  w as p u n c h e d  t o  t a k e  t h e  

c h a n g e  o f  m a t e r i a l .  E v a p o r a t io n s  fro m  t h i s  t y p e  o f  f i l a 

m en t w e r e  c a r r i e d  o u t  a t  a  h e a t i n g  c u r r e n t  o f  lEO am p s.

I n  t h e  l a b o r a t o r y  p l a n t  t h e  f i l a m e n t  w as a  s t r i p  o f

m olybdenum  w id e  b y  -0 0 4 "  t h i c k ,  b e n t  i n t o  t h e  sh a p e
( 51  )

reoom m ended b y  T o la n s k y  , an d  show n i n  F ig u r e  9 .  i h e n  

t h e  m a t e r i a l  f u s e d ,  i t  fo im e d  a  drop  c o m p l e t e ly  f i l l i n g  

t h e  ’ tJ’ s e c t i o n  o f  t h e  f i l a m e n t ,  an d  fo im e d  an e v a p o r a t io n  

s o u r c e  o f  a b o u t  t o  3 /1 5 "  i n  d ia m e t e r .  The a d v a n ta g e  

o f  t h i s  fo rm  o f  f i l a m e n t  i s  t h a t  t h e  h e a t  r a d i a t i o n  i n  t h e  

d i r e c t i o n  t h e  ^ e c im e n  i s  c u t  dow n, i n  c o m p a r is o n  w i t h  t h e  

form  u s e d  i n  t h e  v e r t i c a l  p l a n t ,  s i n c e  t h e  f i l a m e n t  i s  

v ie w e d  ' s i d e w a y s ’ fro m  t h e  f i l a m e n t .  The h e a t i n g  c u r r e n t  

u s e d  f o r  t h i s  f i l a m e n t  v a r i e d  w i t h  t h e  p a r t i c u l a r  m e t a l  

u s e d .

A l i s t  f o l l o w s  o f  t h e  v a r i o u s  m e t a l s  e v a p o r a te d  

d u r in g  t h e  i n v e s t i g a t i o n ,  t o g e t h e r  w it h  d e t a i l s  o f  t h e  t y p e  

o f  f i l a m e n t  u s e d  i n  e i t h e r  o r  b o th  o f  t h e  e v a p o r a t io n  p l a n t s ,  

i f  d i f f e r e n t  from  t h e  s ta n d a r d  m olybdenum  o n e s  d e s c r i b e d .

The h e a t i n g  c u r r e n t  u s u a l l y  e m p lo y e d  w i l l  b e  s t a t e d  i n  e a c h  

c a s e ,  t o g e t h e r  w it h  r e l e v a n t  d e t a i l s  c o n c e r n in g  t h e  e a s e  

w it h  w h ic h  t h e  m e t a l  e v a p o r a t e d .  A v e r y  c o m p le te  s u r v e y  

o f  t h e  e v a p o r a t i o n s  o f  m e t a l s  h a s  b e e n  made b y  C a l d w e l l ) ,
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an d  t h e  w r i t e r s  e a p e r i e n c e s  a g r e e  w i t h  t h e  o b s e r v a t i o n s  

o f  C a ld w e l l  i n  t h e  m a in , th o u g h  on e  o r  tw o  d i f f e r e n c e s  

a r e  n o t e d  b e lo w .

S i l v e r . The m e ta l  w as a v a i l a b l e  i n  t h e  form  o f  3 mm. 

d ia m e t e r  w i r e ,  s p e c t r o s c o p i c a l l y  p u r e ,  an d  w as e v a p o r a te d  

i n  b o th  p l a n t s  from  t h e  s t a n d a r d  m olybd en um  f i l a m e n t s  a s  

d e s c r i b e d .  The h e a t i n g  c u r r e n t s  u s e d  w e re  1 2 0  am p s, i n  

t h e  v e r t i c a l  p l a n t  an d  4 0  am ps, i n  t h e  h o r i z o n t a l  p l a n t ;  

w it h  t h e s e  c u r r e n t s  an o p a q u e  l a y e r  c o u ld  be  fo im e d  e a s i l y  

i n  3 0 - 4 5  s e c o n d s .  The s i l v e r  w e t t e d  t h e  m olybdenum  when  

f u s e d  a n d , a s  i s  g e n e r a l  e x p e r i e n c e ,  e v a p o r a te d  v e r y  r e a d i l y ,  

A lu m in iu m . A lu m in iu m  f o i l  w a s e v a p o r a t e d ,  i n  t h e  

v e r t i c a l  p l a n t  o n l y ,  fro m  c o n i c a l  b a s k e t s  o f  1  mm. d ia m e te r  

t u n g s t e n  w i r e ,  fo rm e d  by w in d in g  t h e  w ir e  w hen r e d - h o t  on  

t o  an  o r d in a r y  wood s c r e w , a b o u t  -g-” i n  l e n g t h ,  a s  a  m a n d r e l .  

The s p i r a l  viols h e a t e d  b y  t h e  p a s s a g e  o f  a c u r r e n t  o f  som e 

9 0  am p s. A s h a s  b e e n  r e p o r t e d  b y  S t r o n g t h e  a lu m in iu m  

r e a d i l y  fo im e d  an a l l o y  w i t h  t h e  t u n g s t e n ,  and f o r  t h i s  

r e a s o n  i t  w as n o t  u s u a l l y  p o s s i b l e  t o  o b t a in  an  op a q u e  l a y e r  

b e f o r e  t h e  f i l a m e n t  i t s e l f  f u s e d .  To o v erco m e  t h i s  tw o  

b a s k e t s  w e re  u s e d ,  o n e  a f t e r  t h e  o t h e r ,  an  op a q u e  l a y e r  

b e i n g  fo r m e d  a f t e r  tw o  o r  t h r e e  m in u t e s .  I t  i s  p r o b a b le  

t h a t  t h e  f i l m s  p r o d u c e d  b y  t h i s  p r o c e s s  a c t u a l l y  c o n s i s t  

o f  an  a lu m in iu m  t u n g s t e n  a l l o y .
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C o p p e r . The e v a p o r a t io n  o f  c o p p e r  w as c a r r i e d  o u t  i n

b o t h  p l a n t s ,  t h e  c o n d i t i o n s  b e in g  t h e  sam e a s  t h o s e  f o r

s i l v e r .  No a l l o y i n g  t o o k  p l a c e  b e tw e e n  t h e  m e t a l  and  t h e

f i l a m e n t .  S i n c e  C opper h a s  a  lo w e r  a b s o r p t io n  c o e f f i c i e n t

th a n  s i l v e r ,  o p a q u e  l a y e r s  t o o k  some tw o  m in u te s  t o  fo r m ,

v / i t h  t h e  sam e h e a t i n g  c u r r e n t s  a s  f o r  s i l v e r .

T i n . 9 9 * 9 9 2 ^  p u r e  t i n ,  i n  t h e  form  o f  s m a l l  c h i p s ,  w as

v e r y  k i n d l y  s u p p l i e d  b y  D r . H e d g e s  o f  t h e  T in  R e s e a r c h

A s s o c i a t i o n .  I t  w as fo u n d  t o  e v a p o r a t e  r e a d i l y  fro m

m olybdenum  f i l a m e n t s ,  and w as fo u n d  t o  w et th em , c o n t r a r y

t o  C a l d w e l l ' s  o b s e r v a t i o n s ,  p r o v id e d  t h a t  t h e  t i n  w as n o t
—* 4**

f u s e d  u n t i l  a  lo w  p r e s s u r e  ( l o  <?»«.,».) h a d  b e e n  r e a c h e d .

A t p r e s s u r e s  a b o v e  t h i s ,  a n  o x id e  scum  fo im e d  on m e l t i n g ,  

w h ic h  p r e v e n t e d  t h e  m e t a l  fro m  w e t t i n g  t h e  f i l a m e n t .

D r . H e d g e s  h a s  s u g g e s t e d ,  i n  a  p r i v a t e  c o m m u n ic a tio n , t h a t  

a n  a l l o y  may b e  fo im e d  b e tw e e n  t i n  and  m olyb d en u m , i f  t h i s  

i s  s o ,  i t  m u st b e  an a l l o y  o f  a  v e r y  lo w  p e r c e n t a g e  o f  

m olyb d en u m , s i n c e  o n e  f i l a m e n t ,  *004"  t h i c k ,  s e r v e d  t o  

p r o d u c e  f o u r t e e n  l a y e r s ,  w i t h o u t  i t s e l f  f u s i n g .  I t  w as  

fo u n d  t h a t  i f  t h e  f i l a m e n t  w ere  h e a t e d  b ey o n d  r e d - h e a t ,  

t h e  f i l m s  p r o d u c e d  h ad  a  m a ik e d  'b lo o m ' on t h e  s u r f a c e ,  and  

t h e i r  o p t i c a l  r e f l e c t i v i t y  w as v e r y  lo w  ( <  2 0 ^ ) .  B e c a u s e  

o f  t h i s ,  t h e  h e a t i n g  c u r r e n t s  e m p lo y ed  w e re  lo w e r  th a n  f o r  

s i l v e r ,  n o t  e x c e e d in g  9 o  am p s, i n  t h e  v e r t i c a l  p l a n t ,  and
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2 5 - 3 0  am ps, i n  t h e  h o r i z o n t a l  p l a n t .  The h o r i z o n t a l  p l a n t  

w as fo u n d  t o  h e  s u p e r io r  f o r  t h e  e v a p o r a t io n  o f  t i n ,  due  

t o  t h e  r e d u c e d  h e a t i n g  e f f e c t  o f  t h e  f i l a m e n t ,  a s  h a s  b e e n  

m e n t io n e d .

Chrom ium. The m e ta l  w as a v a i l a b l e  i n  t h e  form  o f  sm a ll  

c h ip s  w h ic h  w ere  e v a p o r a te d ,  i n  t h e  v e r t i c a l  p l a n t  o n ly ,  

from  t u n g s t e n  b a s k e t s  s i m i l a r  t o  t h o s e  u s e d  f o r  t h e  

e v a p o r a t io n  o f  a lu m in iu m . I t  w as fo u n d  n e c e s s a r y  t o  h e a t  

t h e s e  b a s k e t s  t o  w h it e  h e a t  (1 3 0  am ps, o r  m ore h e a t i n g  

c u r r e n t )  i n  o r d e r  t o  f u s e  t h e  m e t a l , and  th e n  t h e  e v a p o r a t io n  

t o o k  p l a c e  o n ly  s l o w l y ,  a  t h i c k  l a y e r  t a k i n g  a t  l e a s t  t h r e e  

m in u te s  t o  fo rm . The m e t a l  w as fo u n d  t o  a l l o y  w it h  t h e  

f i l a m e n t , th o u g h  n o t  so  r e a d i l y  a s  a lu m in iu m .

Z in c . Z in c  w as fo u n d  t o  e v ^ o r a t e  r e a d i l y  fro m  m olybdenum  

f i l a m e n t s ,  u n d e r  s i m i l a r  c o n d i t i o n s  t o  t h o s e  f o r  s i l v e r .

A s i s  u s u a l  when z in c  i s  e v a p o r a te d  on t o  s u b s t r a t e s  a t  

room  t e ] % e r a t u r e s ,  t h e  l a y e r s  form ed  w ere  n o n -u n ifo r m  i n  

d e n s i t y ,  and no o p t i c a l  m ea su rem en ts  w ere  made ( c f .  e .g .^ " ^ ^ ’ ^^^ ) .  

.Speculum  and T in - N ic k e l  A l l o y s . T h ese  a l l o y s  w ere  a g a in  

s u p p l ie d  th r o u g h  t h e  c o u r t e s y  o f  D r . H ed ges o f  T in  R e se a r c h  

A s s o c i a t i o n .  T hey w ere  i n  t h e  form  o f  a  f i n e  p ow der and  

h e n c e  c o u ld  o n ly  b e  e v a p o r a te d  from  t h e  m olybdenum  f i l a m e n t s  

i n  t h e  v e r t i c a l  p l a n t .  They w ere  fo u n d  t o  e v a p o r a te  r e a d i l y  

u n d e r  i d e n t i c a l  c o n d i t i o n s  t o  t h o s e  f o r  s i l v e r .  T h ere  w as
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n o  a l l o y i n g  b e tw e e n  sp e c u lu m  and m olybdenum , b u t i t  i s  

p o s s i b l e  t h a t  t h e  t i n - n i c k e l  a l l o y  fo r m s an  a l l o y  w i t h  

t h e  f i la m e n t  t o  a  c e r t a i n  e x t e n t .



TES MEASÜHEMINT OF THIN FILM THICKNSS^S

C h a p ter  I I .

In  t h e  t h e o r e t i c a l  d i s c u s s i o n  o f  t h e  o p t i c a l  

p r o p e r t i e s  o f  t h i n  l a y e r s  g iv e n  i n  P a r t  I ,  Chap. I I ,  t h e  

l a y e r  w as a ssu m ed  t o  h e  h o m o g e n e o u s , and b ou n d ed  b y  p a r a l l e l  

s u r f a c e s  s e p a r a t e d  b y  a d i s t a n c e  JL . H ow ever, a s  we h a v e  

s e e n  i n  P a r t  I ,  C hap. 1 7 , m o d em  w ork on t h e  s t r u c t u r e  o f  

t h i n  l a y e r s  h a s  shown t h a t  t h i s  a s s u m p tio n  i s  i n c o r r e c t ,  

and t h a t  l a y e r s  o f  l e s s  th a n  2 o o -3 o 0  ^  i n  t h i c k n e s s  a r e  

m ore a c c u r a t e l y  r e g a r d e d  a s  g r a n u la r .  In  t h e  l i g h t  o f  t h i s ,  

i t  i s  v e r y  d i f f i c u l t  t o  d e f i n e  t h e  ’ t h i c k n e s s ’ o f  a  l a y e r ,  

and i t  w i l l  b e  a p p r e c ia t e d  when t h e  v a r io u s  m eth o d s u s e d  

t o  d e te r m in e  t h e  q u a n t i t y  (L a r e  c o n s id e r e d ,  t h a t  t h e  

d e f i n i t i o n  o f  t h e  t h i c k n e s s  d e p e n d s  t o  a  l a r g e  e x t e n t  on  

t h e  m eth o d  o f  m easu rem en t a d o p te d .

A m eth od  f r e q u e n t l y  u s e d  t o  d e t e im in e  ct ( e . g .  b y  

G oos^ ^ ^ ), P e r r o t^ ^ ^ ^ , S t r o n g  and D i b b l e ^ ) ,  c o n s i s t s  o f  

m e a s u r in g  t h e  m a ss  o f  m e ta l  d e p o s i t e d  up on  a  known a r e a  o f  

s u b s t r a t e ,  b y  d i r e c t  w e ig h in g  w ith  a  m ic r o b a la n c e .  T h is  

m eth od  h a s  t h e  a d v a n ta g e  t h a t  th e  m ic r o b a la n c e  can  b e  

in t r o d u c e d  i n t o  t h e  vacuum  cham ber w ith o u t  much d i f f i c u l t y  

and t h e  m ea su r em e n ts  made a s  t h e  f i l m  i s  p r o d u c e d . A s an  

a l t e r n a t i v e  t o  t h e  u s e  o f  a  m ic r o b a la n c e ,  c o lo r im e t r i c
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m eth o d s  can  he u s e d  t o  d e t e im in e  t h e  m a ss o f  m e t a l  d e p o s i t e d

A c o l o r i m e t r i c  m eth od  f o r  t h e  e s t i m a t i o n  o f  s i l v e r  h a s  b e e n

d e s c r ib e d  b y  S c h o o n o v e r ^ ^ . The v a lu e  f o r  t h e  t h i c k n e s s

d  , i s  o b t a in e d  b y  d i v i d i n g  t h e  m ass o f  m e t a l  d e p o s i t e d

p e r  u n i t  a r e a  o f  s u b s t r a t e  b y  t h e  d e n s i t y  o f  t h e  m e t a l .  I t

i s  s e e n  a t  o n c e  t h a t  i f  t h e  f i l m  i s  g r a n u la r  i n  s t r u c t u r e ,

t h i s  w i l l  n o t  y i e l d  c o r r e c t  r e s u l t s ,  s i n c e  t h e  d e n s i t y  o f

t h e  m a t e r i a l  o f  t h e  f i l m  (m a ss  p e r  u n i t  vo lu m e o f  f i l m )  i s

n o t  t h e  same a s  t h a t  o f  t h e  m e ta l  i n  b u lk .  The e r r o r

in tr o d u c e d  by t h e  a s s u m p t io n  o f  b u lk  d e n s i t y  f o r  t h e  f i l m

w i l l  be n e g l i g i b l e  f o r  f i l m s  o f  t h e  o r d e r  o f  5 o o / ? , and

g r e a t e r ,  i n  t h i c k n e s s ,  b u t  w i l l  becom e v e r y  l a r g e ,  p o s s i b l y

10055 o r  m o re , f o r  v e r y  t h i n  l a y e r s  l e s s  th a n  lOOA t h i c k .

A t y p i c a l  e x p e r im e n ta l  m easu rem en t u s in g  a  m ic r o b a la n c e
(1 4 )

g i v e s  v a l u e s  f o r  t h e  t h i c k n e s s  a c c u r a t e  t o  1 0  o r  2 0 ^

A se c o n d  m eth od  f o r  t h e  d e t e im in a t io n  o f  fé  , 

u s e d  by  Ro u a r d ( ,  and K rautkram er^^^^ f o r  s i l v e r  f i l m s ,  

r e l i e s  on t h e  cd iem ica l t r a n s f o r m a t io n  o f  t h e  m e t a l l i c  l a y e r  

i n t o  a  t r a n s p a r e n t  l a y e r  o f  i o d a t e  o r  s u l p h a t e .  The t h i c k 

n e s s  o f  t h i s  l a y e r  ca n  th e n  b e  d e t e n a in e d  b y  t h e  u s e  o f  a  

Jam in i n t e r f e r o m e t e r ,  o r  s i m i l a r  m eth o d . I h i l e  t h e  r e s u l t s  

o f  Rouard and K rau tk ram er a r e  a s  s e l f - c o n s i s t e n t  a s  t h o s e  

o b t a in e d  b y  w o r k e r s  u s i n g  o t h e r  m e th o d s , t h i s  m eth od  i s  

op en  t o  s e v e r a l  o b v io u s  o b j e c t i o n s .  The m ain  d is a d v a n ta g e
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i s  th a t  th e r e  i s  no means o f  t e l l i n g  e th e r  th e  io d a te  

la y e r  i s  o f  th e  same th ic k n e s s  a s  th e  o r ig in a l  m e t a l l i c  

la y e r .  I f  th e  l a t t e r  h a s a d is c o n t in u o u s  s t r u c tu r e ,  i t  

i s  a lm ost c e r ta in  t o  be m o d ifie d  d u r in g  a ch em ica l t r a n s 

fo rm a tio n , and even i f  i t  i s  c o n tin u o u s , th e  la y e r  o f  th e  

s a l t  i s  n ot n e c e s s a r i ly  o f  th e  same t h ic k n e s s .  A lso  th e  

r e f r a c t iv e  in d ex  o f  th e  io d a te  or s u lp h a te  must b e known.

The t h i r d  m eth od  i s  t h e  i n t e r f e r o m e t r i c  m eth od  

d e v e lo p e d  b y  W ien er^ ^ ^ ^ , and u n t i l  r e c e n t l y  n e g l e c t e d ,  

e x c e p t  b y  C au^^^L The m eth o d  i s  t h e  one t h a t  h a s  b een  

u s e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  and  i t  w i l l  b e  d e s c r ib e d  

and  c r i t i c a l l y  d i s c u s s e d  i n  d e t a i l .

A f t e r  t h e  f i l m  h a s  b e e n  d e p o s i t e d ,  a  t h i n  s t r i p  

i s  c a r e f u l l y  rem o v ed , l e a v i n g  a  c l e a r  s t r i p  o f  g l a s s  a c r o s s  

t h e  s u b s t r a t e ,  b ou n d ed  on e a c h  s i d e  b y  s t e p s  o f  h e i g h t  

e q u a l  t o  t h e  t h i c k n e s s  o f  t h e  f i l m .  O ver t h e  v d io le  an  

op aq u e l a y e r  o f  t h e  sam e m e ta l  a s  t h e  f i l m  i s  d e p o s i t e d ,  

and t h e  u p p e r  s u r f a c e  o f  t h i s  l a y e r ,  f o l l o w in g  t h e  c o n to u r s  

u n d e r n e a th , h a s  two s t e p s  i n  i t .  T h is  a rra n g em en t o f  f i l m s  

i s  show n i n  F ig u r e  11  ( a ) .  An o p t i c a l  f l a t  i s  t h e n  p la c e d  

w ith  i t s  s u r f a c e  v e r y  c l o s e  t o  t h i s  op aq ue l a y e r  and i n  t h e  

a i r - f i l m ,  b e tw e e n  t h e  f l a t  and t h e  l a y e r ,  i n t e r f e r e n c e  

f r i n g e s  o f  e q u a l t h i c k n e s s  a r e  o b s e r v e d  v iien  t h e  i n t e r 

f e r o m e t e r  i s  i l l u m i n a t e d  w ith  m o n o ch ro m a tic  l i g h t .  The
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o p t i c a l  arran gem en t e in p loyed  i s  shown i n  F ig u r e  11 ( b ) .

The r e l a t i v e  p o s i t i o n s  o f  th e  s u r f a c e s  a r e  a d j u s t e d  so  

t h a t  th e  f r i n g e s  run i n  s t r a i g h t  l i n e s  p e r p e n d ic u la r  t o  

th e  s t e p s  i n  t h e  opaque l a y e r ,  and from  th e  d is p la c e m e n t  

o f  t h e  f r i n g e s  a s  t h e y  p a s s  o v e r  t h e  s t e p ,  th e  h e ig h t  o f  

t h e  s t e p ,  and h e n c e  th e  t h i c k n e s s  o f  t h e  t h in  f i l m  can be  

m e a su r e d .

I t  i s  o f  im p o r ta n ce  t o  a p p r e c ia t e  f u l l y  th e  

f u n c t io n  o f  th e  opaque l a y e r  d e p o s i te d  o v e r  th e  t h in  f i l m  

w it h  i t s  c l e a r  s t r i p .  I f  no opaque l a y e r  w ere p r e s e n t ,  

t h e  p h a se  c h a n g e s  o c c u r r in g  when l i g h t  i s  r e f l e c t e d  a t  t h e  

t h i n  f i l m  and t h e  c l e a r  g l a s s  w ou ld  b e  d i f f e r e n t ,  and t h e  

d i ^ la c e m e n t  o f  th e  f r i n g e s  a s  th e y  p a s s  o v e r  th e  s te p  

w ou ld  be due n o t  o n ly  to  th e  d i f f e r e n c e  in  gap o f  t h e  

in t e r f e r o m e t e r  c a u se d  by  t h e  rem o v a l o f  th e  t h i n  f i l m ,  b u t  

a l s o  t o  t h e  d i f f e r e n c e  in  t h e  p h a se  ch a n g es  on r e f l e x i o n  

in  t h e  tw o c a s e s .  By d e p o s i t in g  an opaque l a y e r  o v e r  t h e  

w h o le , t h e  p h a se  ch a n g es a r e  made u n ifo r m  th r o u g h o u t , and  

t h e  d is p la c e m e n t  o f  th e  f r i n g e s  i s  due s o l e l y  t o  t h e  s t e p s  

i n  th e  opaque l a y e r .

A v ery  c o n s id e r a b le  ad van ce upon th e  a c c u r a c y  

and u s e f u l n e s s  o f  th e  te c h n iq u e  a s  o r i g i n a l l y  d e v e lo p e d  by  

l i e n e r  h a s  b een  made by a p p ly in g  th e  t e c h n iq u e s  o f  m u l t i p l e  

beam in t e r f e r o m e t r y  d e v e lo p e d  by T o la n sk y  and h i s  c o - w o r k e r s ^ ^ ,
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K ham sevl and D o n a ld so n ^ ^ ^ ), b y  c o a t in g  th e  s u r f a c e  o f  th e  

o p t i c a l  f l a t  w ith  a h i g h l y  r e f l e c t i n g ,  s l i g h t l y  t r a n s p a r e n t  

s i l v e r  l a y e r ,  h a v e  u s e d  t h e  g r e a t l y  en h an ced  sh a ir in e ss  o f  

m u lt ip le -b e a m  f r i n g e s  in  c o n ju n c t io n  w ith  W ien er’ s  m eth od .

The r e f l e c t i v i t y  o f  th e  l a y e r  on th e  in t e r f e r o m e te r  f r o n t  

s u r f a c e  sh o u ld  b e  i n  t h e  r e g io n  o f  805J, t h e  e x a c t  v a lu e s  

t o  g i v e  th e  b e s t  i n t e r f e r e n c e  f r i n g e s  have been d i s c u s s e d  

in  a t r e a tm e n t  o f  t h e  r e f l e x i o n  in t e r f e r o m e t e r  by E o ld e n ^ ^ ^ ). 

The o p t i c a l  a rran gem en t e n ^ lo y e d  i s  th e  same a s  t h a t  g iv e n  

in  F ig u r e  11 ( b ) ,  b u t t h e  c o n d i t io n s  n e c e s s a r y  f o r  t h e  b e s t  

v i s i b i l i t y  and s h a r p n e s s  o f  th e  f r i n g e s  a r e  more s t r i n g e n t .

The c o n d i t io n s  f o r  t h e  optimum o b s e r v a t io n  o f  m u lt ip le -b e a m  

i n t e r f e r e n c e  f r i n g e s  w i l l  b e  d i s c u s s e d  in  d e t a i l  in  P a r t  I I I ,  

Chap. I l l  o f  t h i s  t h e s i s ,  b u t b r i e f l y  i t  may be  s a id  t h a t  

t h e  c o l l i m a t i o n  o f  th e  i n c id e n t  p a r a l l e l  beam sh o u ld  b e  su ch  

a s  t o  g i v e  an a n g u la r  sp rea d  in  th e  beam o f  l e s s  th a n  one  

o r  tw o d e g r e e s ,  and t h e  n u m e r ic a l a p e r tu r e  o f  th e  l e n s  u se d  

t o  p r o j e c t  th e  f r i n g e s  i n t o  an e y e p ie c e  o r  on t o  a  p h o to g r a p h ic  

p l a t e  sh o u ld  be a d e q u a te . The e f f e c t  o f  t h e s e  f a c t o r s  on 

t h e  sh a r p n e ss  and v i s i b i l i t y  o f  t h e  f r i n g e s  i s  g r e a t l y  

r ed u c ed  i f  t h e  s e p a r a t io n  o f  th e  in t e r f e r o m e t e r  s u r f a c e s  

i s  made a s  sm a ll  a s  p o s s i b l e .  The a i r  gap in  th e  i n t e r 

f e r o m e te r  sh o u ld  p r e f e r a b ly  b e  l e s s  th a n  «01 mm.
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In  F ig u r e  1£  a t y p i c a l  s e t  o f  in t e r f e r e n c e  

f r i n g e s  ta k e n  t o  m easu re  th e  t h i c k n e s s  o f  a t h in  f i l m  

u s in g  m u l t i p l e  beam m eth od s i s  shown. The f r i n g e s  a re  

o v e r  a s t e p  in  a s i l v e r  f i l m ,  th e  s te p  b e in g  176 f  15 f) 

i n  h e i g h t .

In  t h e  work q u o te d , K ham savi and D on ald son  a l s o  

u s e d  w h ite  l i g h t  f r i n g e s  o f  e q u a l ch ro m a tic  o r d e r  to  m easure  

t h e  s t e p  h e i g h t ,  i n  a d d i t io n  t o  m onochrom atic  F iz e a n  f r i n g e s  

o f  e q u a l t h i c k n e s s .  T h is  p r o c e d u r e  i n v o l v e s  f o c u s s in g  a  

v e r y  sm a ll s e c t i o n  o f  th e  in t e r f e r o m e t e r  on t o  th e  s l i t  

o f  a  s p e c t r o s c o p e  , and t h u s  h a s  th e  d is a d v a n ta g e  t h a t  

l o c a l  v a r i a t i o n s  i n  t h e  f i l m ’ s  t h i c k n e s s  may c a u se  

e r r o n e o u s  r e s u l t s .  The u s e  o f  m onoch rom atic  f r i n g e s  o f  

e q u a l t h i c k n e s s  i n v o l v e s  ta k in g  m easu rem en ts o v e r  a t  l e a s t  

one c e n t im e tr e  o f  th e  f i lm  s t e p ,  so  a d e s i r a b l e  a v e r a g in g  

e f f e c t  i s  a c h ie v e d .  The a v e r a g e  e x p e r im e n ta l e r r o r  

o b t a in a b le  w ith  a  good  in t e r f e r o m e t r i c  te c h n iq u e  i s  ab ou t  

Î  1 5 f l  f o r  f i l m s  o f  th e  o r d e r  o f  ZOQR in  t h ic k n e s s  and  

g r e a t e r ,  and i  l o f l  f o r  f i l m s  o f  th e  o r d e r  o f  lOO^ t h i c k .

I t  w ould seem  a t  f i r s t  s i g h t  t h a t  th e  i n t e r 

f e r o m e t r ic  m ethod i s  s u p e r io r  to  t h e  o th e r  tw o m eth ods  

d i s c u s s e d ,  i n  t h a t  t h e  v a lu e  o b ta in e d  f o r  cL w ould be a  

m easu re o f  th e  ’mean maximum’ t h ic k n e s s  o f  a  l a y e r  h a v in g  

a g r a n u la r  s t r u c t u r e ,  and t h a t  f o r  c o n t in u o u s  f i lm s  d
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i s  g iv e n  d i r e c t l y ,  no k n ow led ge  o f  th e  d e n s i t y  b e in g  

r e q u ir e d .  K ham savi and D on a ld son  u se d  t h e  c o lo r im e t r i c  

m ethod o f  S ch o o n o v er  t o  d e te r m in e  t h e  m ass p e r  u n i t  a r e a  

i n  a number o f  s i l v e r  f i l m s ,  t h e  t h i c k n e s s  o f  # i i c h  had  

b een  m easu red  b y  t h e  in t e r f e r o m e t r i c  m eth od . They th e n  

c a lc u l a t e d  t h e  d e n s i t y  o f  t h e  f i l m  and found t h a t  i t  

a p p ea red  t o  b e  c o n s ta n t  and eq u a l t o  t h e  v a lu e  f o r  b u lk  

s i l v e r ,  lG - 6 ,  dovni t o  q u i t e  sm a ll t h i c k n e s s e s  ( 1 8 2 ^ ) .

In  th e  l i g h t  o f  th e  e l e c t r o n  m ic r o sc o p e  and 

e l e c t r o n  d i f f r a c t i o n  e x p e r im e n ts  p r e v io u s l y  m e n tio n e d , 

t h i s  r e s u l t  i s  s t r a n g e ,  s in c e  f i l m s  o f  t h i s  o r d e r  o f  

t h i c k n e s s  h a v e  b een  shown t o  b e  g r a n u la r , and h e n c e  co u ld  

b e e x p e c te d  t o  h a v e  a  d e n s i t y  d i f f e r i n g  from  t h a t  o f  t h e  

b u lk  m e t a l .  K ham savi and D on a ld son  th e m s e lv e s  s u g g e s t ,  

h o w e v e r , t h a t  t h i s  m ig h t  b e /n e c e s s a r y  r e s u l t  o f  t h e  m eth od . 

T hey s u g g e s t  t h a t  th e  r e s u l t  may be due t o  t h e  f a c t  t h a t  

when t h e  opaque l a y e r  i s  d e p o s i t e d  o v e r  th e  t h in  o n e , th e  

p a r t i c l e s  o f  th e  opaque l a y e r  f i r s t  f i l l  up th e  i n t e r s t i c e s  

b e tw e en  t h e  p a r t i c l e s  o f  t h e  t h i n  f i l m  b e fo r e  b u i ld in g  up 

on to p  o f  i t .  The e f f e c t  o f  th e  p a r t i c l e s  p a c k in g  t o g e t h e r  

in  t h i s  way w ou ld  be t h a t  t h e  s te p  on t h e  s u r fa c e  o f  th e  

opaque l a y e r  w ou ld  c o r r e sp o n d  t o  th& t ■which w ould be  

p ro d u ced  b y  a  f i l m  h a v in g  th e  same m ass p e r  u n i t  a r e a  a s  

t h e  one a c t u a l l y  p r e s e n t ,  b u t h a v in g  t h e  d e n s i t y  o f  t h e  

opaque l a y e r ,  i . e .  o f  th e  b u lk  m e t a l . I f  t h i s  i s  s o ,  i t
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seems th a t  f o r  f i lm s  w ith  a d e f in i t e  g ran u lar  s tr u c tu r e ,  

th e  in te r fe r o m e tr ic  method can o n ly  s a f e ly  be u sed  f o r  th e  

d eterm in a tio n  o f th e  mass p er  u n it  area  in  a f i lm , ra th er  

than  i t s  m e tr ic a l  t h i c k n e s s . •

I f  th e  h y p o th e s is  o f  Khamsavi and Donaldson i s  

c o r r e c t , th en  th e  in te r fe r o m e tr ie  method i s  o n ly  su p er io r  

to  th e  o th e r  m ethods in  th a t  i t  g iv e s  a d ir e c t  v a lu e  fo r  

th e  th ic k n e s s  o f  th in  la y e r s ,  but fo r  th in n e r  o n es , i t  ca n  

o n ly  be used  to  determ ine th e  mass p er  u n it  a re a , a s  w ith  

a m icro b a la n ce .

An experim ent h as been c a r r ie d  o u t, and w i l l  now 

be d e sc r ib e d , which te n d s  to  confirm  t h i s  v iew . I t  was 

co n sid ered  th a t  i f  t h i s  ’p a c k in g - in  e f f e c t*  occu rred , i t  

would be t o  a d i f f e r e n t  e x te n t  in  th e  ca se  vhere th e  

superposed  la y e r  and th e  th in  f i lm  were o f  d i f f e r e n t  m e ta ls ,  

from th e  u su a l ca se  ■where th e y  are  o f  th e  same m e ta l.

A cco rd in g ly  a number o f  th in  f i lm s  o f s i l v e r  were 

p rep a red , m ost on g la s s  s u b s tr a te s ,  but some on s u b s tr a te s  

o f  s i l v e r  (p r e v io u s ly  prepared by ev a p o ra tio n  to  a th ic k 

n e s s  o f  IQOQ ft or m ore). A s t r ip  was removed a c r o ss  th e  

f i lm  in  th e  u su a l way, and two opaque la y e r s  d e p o s ite d , 

s id e  by s id e ,  over t h i s  s t r i p ,  one o f  th e  la y e r s  was o f  

s i l v e r ,  and th e  o th e r  o f  a d i f f e r e n t  m e ta l. Two o th e r  

m e ta ls  were u sed , chromium, and speculum a l l o y ,  in  a l l  

c a s e s  i t  was found th a t  th e  apparent th ic k n e s s  o f  th e  f i lm
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w ith  an u n l i k e  su p e r p o se d  l a y e r  was g r e a t e r  th a n  th e  

a p p a r e n t  t h i c k n e s s  w ith  a s i l v e r  l a y e r  s u p e r p o s e d .

The a c t u a l  r e s u l t s  w ith  chromium and sp ecu lu m  

a r e  g iv e n  b e lo w  in  t h e  t a b l e .  S , y i s  th e  a p p a r e n t  t h i c k 

n e s s  w ith  a s i l v e r  o v e r la y e r ,  and !2>z t h e  a p p a re n t t h i c k 

n e s s  w ith  an u n l ik e  o v e r la y e r

S u b s t r a t e A A X l o o

S i l v e r 247 312 Cr 65 26

S i l v e r 470 569 Cr 99 21

G la s s 202 2 7 9 Cr 77 38

G la s s 377 504 Cr 127 34

G la s s 198 239 S p e c . 41 21

G la s s 288 317 S p e c . 29 10

Owing t o  t h e  f a i r l y  lo w  r e f l e c t i v i t y  o f  chromium  

(50% ), t h e  a c c u r a c y  o f  t h e  m easu rem en ts on t h e  f r i n g e s  w ith  

a chromium o v e r la y e r  was f a i r l y  p o o r , £  2 5 P  , b u t  w ith  

t h e  sp ecu lu m  o v e r la y e r  ( r e f l e x i o n  c o e f f i c i e n t  ■ 64% ), t h e  

e x p e r im e n ta l  e r r o r  was £  1 5 f l  . F ig u r e  13 show s th e  f r i n g e s  

u s e d  i n  one o f  t h e  e x p e r im e n ts  w ith  a sp ecu lu m  o v e r la y e r .

The m a g n itu d e  o f  t h e  e f f e c t  o b s e r v e d  i s  n o t  

s u f f i c i e n t l y  g r e a t e r  th a n  th e  e x p e r im e n ta l  e r r o r  f o r  any  

q u a n t i t a t i v e  c o n c lu s io n s  t o  be  draw n, b u t  i t  i s  s i g n i f i c a n t  

t h a t  i n  a l l  c a s e s  th e  a p p a r e n t t h i c k n e s s  w ith  u n l ik e  o v e r -  

l a y e r s  was g r e a t e r  th a n  w ith  an o v e r la y e r  o f  th e  same m e t a l .
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T his i s  in  g e n e r a l agreem ent w ith  th e  p a o k in g -in  h y p o th e s is ,  

s in c e  th e  p ack in g  could  be ex p ected  to  be m ost com plete  

when th e  same m e ta ls  were u se d .

I t  i s  n o t  s u g g e s t e d  t h a t  t h i s  e x p e r im e n t r e p r e s e n t s

a c o m p le te  i n v e s t i g a t i o n  i n t o  t h e  p r o b le m . No a c c o u n t  h a s

b e e n  ta k e n  o f  t h e  p o s s i b i l i t y  o f  e x t e n s i v e  l a t e r a l  m ig r a t io n

o f  atoms a f t e r  d e p o s it io n  w hich , q uoting  P ica rd  and 
(41)D uffendack , i s  n o t g r e a te r  than 5oO^ in  th e  ca se  o f  

th e  h ig h e r  m e lt in g  p o in t  m e ta ls , but in  th e  ca se  o f  low  

m e lt in g  p o in t  m e ta ls  and a l lo y s  may be q u ite  c o n s id e r a b le .

I n  i n t e r e s t i n g  phenom enon w as o b s e r v e d  d u r in g  some p r e l im in a r y  

e x p e r im e n ts  on t h i s  q u e s t io n  v h ic h  i s  an i n d i c a t i o n  o f  th e  

a s p e c t s  o f  t h e  p r o c e s s  o f  fo rm in g  l a y e r s  o v e r  one a n o th e r ,  

w h ich  rem ain  u n r e s o lv e d ,  one o f  th e  m e t a ls  f i r s t  t r i e d  f o r  

t h e  se c o n d  o v e r la y e r  was z i n c .  When i t  w as d e p o s i t e d  o v e r  t h e  

e d g e  o f  a  s i l v e r  f i l m ,  in  s e v e r a l  c a s e s  i t  w as o b se r v e d  t h a t  

t h e  z in c  d e p o s i t  w as q u i t e  u n ifo r m  w here i t  l a y  on to p  o f  

th e  t h i n  s i l v e r  f i l m ,  vihere i t  l a y  on t h e  g l a s s  i t  w as p a tc h y  

i n  a p p e a r a n c e , b u t  e x a c t l y  a lo n g  t h e  ed ge  o f  t h e  t h in  s i l v e r  

f i l m  th e r e  w as no z in c  a t  a l l .  F ig u r e  1 4  i s  a photograph"' 

made b y  s i n g l y  e x p o s in g  a  p i e c e  o f  p h o to g r a p h ic  p a p e r  th r o u g h  

t h e  c o m b in a tio n  o f  f i l m s ,  and t h e  l i n e  o f  u n c o v e r e d  g l a s s  

a t  t h e  e d g e  o f  t h e  s i l v e r  f i l m  can b e  c l e a r l y  s e e n .  A 

s i m i l a r  phenom enon h a s  b een  o b se r v e d  by H eaven s when

«
0 . 3* H e a v e n s , U n iv . o f  R e a d in g , p r i v a t e  C om m unication .
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chromium  w as d e p o s i t e d  o v e r  t h e  ed g e  o f  a  s i l v e r  f i l m ,  h u t  

t h e  w r i t e r  n e v e r  o b s e r v e d  t h i s .

In  a d d i t io n  t o  t h i s  phenom enon, t h e  r e s u l t s  o f  

th e  e x p e r im e n t q u o ted  show t h a t  t h e  p e r c e n ta g e  d i f f e r e n c e  

b e tw e en  t h e  tw o a p p a r e n t t h i c k n e s s e s  i s  o f  t h e  o r d e r  o f  

30^ f o r  l a y e r s  SooA  t h i c k .  T h is  i s  v e r y  d i f f i c u l t  t o  

e x p la in  p u r e ly  on a p a c k in g  t h e o r y ,  s i n c e  t h e s e  l a y e r s  a r e  

g e n e r a l l y  assum ed  to  be c o n t in u o u s .

To c o n c lu d e , t h e  i n t e r f e r o m e t r i c  m eth od  f o r
su(ftrrLy

d e te r m in in g  th e  t h i c k n e s s  o f  m e t a l l i c  l a y e r s  i s j i s u p e r io r  

in  a c c u r a c y  t o  o t h e r  m eth o d s , and may s a f e l y  b e  u s e d  t o  

g i v e  d i r e c t  m easu rem en ts o f  t h e  t h i c k n e s s  o f  l a y e r s  w h ich  

can  be assum ed t o  h a v e  a  c o n t in u o u s  s t r u c t u r e ,  i n  th e  

c a s e  o f  m ea su rem en ts on t h i n  f i l m s ,  h o w ev e r , t h e  work o f  

K ham savi and D o n a ld so n  and t h e  r e s u l t s  q u o ted  h e r e  com bine  

t o  s u g g e s t  t h a t  t h e  m ethod  can  o n ly  b e  u s e d  w ith o u t  r e s e r v e  

f o r  t h e  d e te r m in a t io n  o f  m ass p e r  u n i t  a r e a ,  r a th e r  th a n  

t h i c k n e s s ,  and in  t h i s  r e s p e c t  i s  no a d v a n ce  o v e r  t h e  

d i r e c t  w e ig h in g  m eth o d . I t  i s  a  d e b a ta b le  q u e s t io n  h o w ev er , 

i n  t h e  l i g h t  o f  t h e  k n o w led g e  o f  t h e  s t r u c t u r e  o f  t h e s e  

t h i n  l a y e r s ,  w h e th e r  th e  term  ’ t h ic k n e s s »  can  be  a p p l ie d  

t o  them  a t  a l l ,  s i n c e  th e y  p r o b a b ly  c o n s i s t  o f  a  c o l l e c t i o n  

o f  s m a ll  c r y s t a l l i t e s  o f  v a r y in g  s i z e s .  I t  seem s t h a t  

t h e  m ass p e r  u n i t  a r e a  c o n ta in e d  i n  su ch  a  f i l m  i s  a  

q u a n t i t y  h a v in g  much m ore p h y s i c a l  m ean ing th a n  a  ’ t h i c k n e s s ’ 

d e f in e d  i n  a  r a th e r  a r b i t r a r y  m anner, su ch  a s  t h e  ’mean 

maximum’ t h i c k n e s s  o f  t h e  g r a n u le s .
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THa MEASURSMMT OF INTENSITY COSFFICIMTS AND SLLIPTICITY

C h ap ter  I .

In  t h e  work d i s c u s s e d  on t h e  m easurem ent o f

t h e  n orm al in c id e n c e  r e f l e x i o n  and t r a n s m is s io n  c o e f f i c i e n t s

o f  m e t a l l i c  l a y e r s ,  th e  m eth o d s u se d  f o r  t h e  m easurem ent

o f  t h e s e  c o e f f i c i e n t s  can  b e  g ro u p ed  r o u g h ly  i n t o  t h r e e

c l a s s e s .  The i n t e n s i t y  r e f l e c t e d  o r  t r a n s m it t e d  by t h e

l a y e r  can be com pared w ith  some s ta n d a r d  i n t e n s i t y  ( s u c h

a s  r e f l e x i o n  from  a  g l a s s  s u r f a c e )  b y  th e  u s e  o f  a  s u i t a b l y

c a l i b r a t e d  p h o to g r a p h ic  p l a t e ,  a s  w as done b y  R ouard^^^L

In  a se c o n d  m eth od , t h e  i n t e n s i t y  t o  be  m easu red  can b e

com pared w ith  a  s ta n d a r d  i n t e n s i t y  in  a form  o f  h a l f - s h a d e

d e v i c e ,  a s  i n  t h e  a b s o r b in g  w edge p h o to m e te r  u se d  by  Cau^^^^

o r  t h e  m eth od  o f  F a b ry  and B u is s o n , u s e d  a l s o  by R ouard .

F i n a l l y ,  f o l l o w in g  P e r r o t ^ ^ ^ ) , .s tr o n g  and D ibb le^ ^^ ^ and  
(13 )K ra u tk ra m er ' , t h e  r e f l e c t e d  o r  t r a n s m it t e d  i n t e n s i t y  can

b e  d i r e c t l y  com pared w ith  t h e  i n c id e n t  i n t e n s i t y  u s in g  a  

p h o t o e l e c t r i c  c e l l .

in  d e c id in g  upon a m ethod t o  b e  u s e d  in  t h e  

p r e s e n t  w ork , i n  a d d i t io n  t o  c o n s id e r a t io n s  o f  a c c u r a c y ,  

i t  was im p o r ta n t  t o  c h o o se  a m eth od  w h ich  w as c a p a b le  o f  

e a s y  e x t e n s i o n  t o  t h e  m easurem ent o f  th e  c o e f f i c i e n t s  a t
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a l l  a n g le s  o f  i n c i d e n c e .  T h is  r u le d  o u t  t h e  m ethod o f  

Fabry and B u is s o n ,  and an a b s o r b in g  w edge p h o to m e te r  t o  

w ork a t  any a n g le  o f  in c id e n c e  w ou ld  i n v o l v e  v e r y  c o m p li

c a te d  o p t i c a l  p a t h s .  The c h o ic e  th e n  l a y  b e tw e e n  th e  u s e  

o f  a  p h o to g r a p h ic  p l a t e  a s  a r e c o r d e r  o f  i n t e n s i t i e s ,  and  

th e  u s e  o f  a p h o t o e l e c t r i c  c e l l .  Of t h e  two th e  l a t t e r  

i s  g r e a t l y  t o  be p r e f e r r e d ,  s i n c e  th e  u s e  o f  a  p h o to g r a p h ic  

p l a t e  i n v o l v e s  th e  c a r e f u l  p r o v i s i o n  o f  d e n s i t y  m ark s, 

e t c . ,  f o r  ea ch  p l a t e ,  and th e  su b se q u e n t u s e  o f  a  m ic r o 

p h o to m e te r , w h erea s th e  p h o t o e l e c t r i c  m ethod e n a b le s  an 

i n t e n s i t y  c o e f f i c i e n t  t o  be o b ta in e d  d i r e c t l y  from  t h e  

r a t i o  o f  tw o  g a lv a n o m e te r  r e a d in g s .  The p h o t o e l e c t r i c  

m eth od  was t h e r e f o r e  a d o p te d .

The e x p e r im e n ta l  a rran gem en t i s  q u i t e  s im p le .

The g l a s s  s u b s t r a t e s  on to  w h ich  t h e  l a y e r s  a r e  d e p o s i t e d  

a r e  p e r m a n e n t ly  a t t a c h e d  t o  b r a s s  r i n g s .  H t h  th e  a id  o f  

t h e s e  r in g s ,  t h e  s u b s t r a t e  can  be  m ounted in  a  v e r t i c a l  

p la n e  on a  t u r n t a b le  w h ich  e n a b le s  i t  t o  r e c e i v e  l i g h t  a t  

an y  a n g le  o f  i n c id e n c e ,  t h e  a n g le  b e in g  m easu red  by  a  

g r a d u a te d  c i r c l e  on th e  t u r n t a b le  r e a d in g  t o  one t e n t h  o f  

a d e g r e e .  M ounted t o  p i v o t  a b o u t th e  same a x i s  a s  t h e  

f i l m  i s  an  arm c a r r y in g  a  p h o t o e l e c t r i c  c e l l  i n  a  h o u s in g ,  

w h ich  can  b e  tu r n e d  t o  r e c e i v e  e i t h e r  th e  l i g h t  r e f l e c t e d  

from  o r  t h e  l i g h t  t r a n s m it t e d  th r o u g h  t h e  f i l m .  A d iagram
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o f  t h i s  in s t r u m e n t ,  t o g e t h e r  w ith  i t s  a s s o c i a t e d  o p t i c a l  

sy s te m  i s  shown i n  F ig u r e  1 5 .

As s o u r c e  a IS  v o l t .  48  w a t t  t u n g s t e n  f i l a m e n t  

lanç) i s  u s e d ,  m ounted so  t h a t  t h e  f i l a m e n t  i s  v e r t i c a l .

The l i g h t  from  t h i s  i s  c o n d e n se d  on t o  a p i n h o l e  and a  

m a g n i f i e d  im age o f  t h i s  p i n h o l e  i s  f o c u s s e d  on t o  a s h u t t e r  

p l a c e d  i n  t h e  f r o n t  o f  t h e  p h o t o e l e c t r i c  c e l l  h o u s i n g .

The m o u n t in g  f o r  t h e  s u b s t r a t e  i s  such  t h a t  t h e  a x i s  o f  

r o t a t i o n  o f  t h e  arm c a r r y in g  t h e  p h o t o c e l l  i s  c o n t a in e d  

i n  t h e  p l a n e  o f  t h e  f r o n t  o f  t h e  s u b s t r a t e ,  and so  t h e  

im age o f  t h e  p i n h o l e  on t h e  s h u t t e r  i s  i n  f o c u s  b o th  f o r  

d i r e c t  l i g h t ,  and when t h e  beam i s  r e f l e c t e d  a t  a n y  a n g le  

o f  i n c i d e n c e .  The m a g n i f i c a t i o n  em p loyed  i s  su ch  t h a t  t h e  

cone o f  l i g h t  fo r m in g  th e  im age  h a s  a s e m i - a n g l e  o f  l e s s  

th a n  h a l f  a  d e g r e e ,  so  t h a t  a n y  e f f e c t  t h a t  n o n - p a r a l l e l i s m  

o f  t h e  beam may h a v e  on t h e  c o r r e c t  m easurem ent o f  t h e  

i n c i d e n c e  a n g l e  can b e  n e g l e c t e d  t o  t h i s  a p p r o x im a t io n .

The u s e  o f  a  f o c u s s e d  im a g e , i n s t e a d  o f  a p a r a l l e l  

beam i s  n e c e s s a r y  s i n c e ,  when a p a r a l l e l  beam i s  u s e d  i t s  

c r o s s - s e c t i o n a l  a r e a  w i l l  v a r y  w i t h  i n c i d e n c e  a n g le  a f t e r  

r e f l e x i o n ,  and t h i s  m eans t h a t  t h e  l i g h t  i n  c o n c e n t r a t e d  

on t o  l e s s  o f  t h e  a v a i l a b l e  p h o t o s e n s i t i v e  c a th o d e  a r e a ,  

w h ich  may l e a d  t o  i n c o r r e c t  r e s u l t s .  W ith an im age o f  t h e  

p i n h o l e  f o c u s s e d  a t  o r  n e a r  t h e  c a t h o d e ,  t h e  l i g h t  p a s s i n g
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th r o u g h  t h e  p i n h o l e  form s an im age o f  t h e  same s i z e ,  

i r r e s p e c t i v e  o f  i n c i d e n c e  a n g l e .  The im age i s  n o t  a c t u a l l y  

f o c u s s e d  on t h e  c a th o d e ,  h u t ,  a s  s t a t e d ,  on t o  a s h u t t e r  

some 3 cms. i n  f r o n t  o f  i t .  T h is  m eans t h a t  t h e  c a th o d e  

i s  i l l u m i n a t e d  w i t h  a d i f f u s e  im a g e , and a l a r g e r  a r e a  o f  

t h e  c a th o d e  u s e d  th a n  w ou ld  o t h e r w i s e  be t h e  c a s e .

The p h o t o e l e c t r i c  c e l l  u s e d  i s  an 9 3 1 ^  

e l e c t r o n  m u l t i p l i e r  p h o t o t u b e ,  h a v in g  a  b l u e  s e n s i t i v e  

c a th o d e  w i th  maximum s e n s i t i v i t y  a t  a  w a v e le n g th  o f  

a p p r o x im a t e ly  4 0 0 0  B •

The p a r t i c u l a r  w a v e le n g th  d e s i r e d  i s  s e l e c t e d  

b y  t h e  u s e  o f  'W r a tte n '  f i l t e r s .  The f i l t e r s  u s e d  a r e  

N o s .  4 7 ,  6 2 ,  and 2 7 ,  g i v i n g  mean w a v e le n g th s  o f  4 , 5 0 0 ,

5 , 4 0 0 ,  and 6 , 1 0 0 / 7  r e s p e c t i v e l y ,  and a c o m b in a t io n  o f  

N o s .  22 and 5 8 ,  g i v i n g  a mean w a v e le n g th  o f  5 , 7 0 0  /?. The 

w avebands t r a n s m i t t e d  b y  t h e s e  f i l t e r s  e x te n d  t o  a p p r o x im a t e ly  

15 0 /7  on e i t h e r  s i d e  o f  t h e  m ean, and s i n c e  t h e  v a r i a t i o n  

o f  t h e  s e n s i t i v i t y  o f  t h e  p h o t o c a th o d e  w i t h  w a v e le n g th  i s  

n o t  a c c u r a t e l y  known, i t  i s  p o s s i b l e  t h a t  v a l u e s  o f  t h e  

c o e f f i c i e n t s  o b t a in e d  u s i n g  t h e s e  f i l t e r s ,  c o r r e s p o n d  t o  

w a v e le n g th s  s l i g h t l y  s h o r t e r  th a n  t h e  mean v a l u e s  q u o ted  

a b o v e •

The e r r o r s  i n  v a l u e s  f o r  t h e  r e f l e x i o n  and  

t r a n s m i s s i o n  c o e f f i c i e n t s  o f  t h e  f i l m s  m easu red  w i t h  t h i s  

s y s te m  can  b e  d i s c u s s e d  u n d e r  two h e a d i n g s .
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The f i r s t  c l a s s  o f  e r r o r s  a r i s e  from  a n y  l a c k  

o f  s t a b i l i s a t i o n  o f  t h e  i n c i d e n t  l i g h t  i n t e n s i t y ,  and o f  

t h e  p o t e n t i a l s  s u p p l i e d  t o  t h e  e l e c t r o n  m u l t i p l i e r .  The 

t u n g s t e n  f i l a m e n t  lanç) i s  s u p p l i e d  b y  a t r a n s f o r m e r ,  t h e  

p r im a r y  o f  w h ic h  i s  f e d  from  t h e  o u t p u t  o f  a c o n s t a n t  

v o l t a g e  t r a n s f o r m e r ,  g i v i n g  a v o l t a g e  c o n s t a n t  t o  one  p e r  

c e n t .  The p o t e n t i a l s  on t h e  v a r i o u s  e l e c t r o d e s  o f  t h e  

e l e c t r o n  m u l t i p l i e r  a r e  s u p p l i e d  by  an e l e c t r o n i c  c o n t r o l  

u n i t  c o m p r is in g  a  r e c t i f i e r  and s t a b i l i s i n g  u n i t .  T h is  

c i r c u i t  i s  shown i n  F ig u r e  16 and f o l l o w s  s ta n d a r d  d e s i g n  

f o r  h i g h  v o l t a g e  p o w er  u n i t s ,  e x c e p t  t h a t ,  a s  i s  s t a n d a r d  

p r a c t i c e  w i t h  e l e c t r o n  m u l t i p l i e r  t u b e s ,  t h e  p o s i t i v e  s i d e  

o f  t h e  s y s te m  i s  a t  e a r t h  p o t e n t i a l .  The p o t e n t i a l s  a r e  

t a k e n  fro m  p o i n t s  a lo n g  a  'b l e e d e r *  c h a i n ,  t a k i n g  l o  m i l l i a m p s  

w i t h  1 2 0 0  v o l t s  a c r o s s  i t ,  and t h e  f i n a l  p h o t o c u r r e n t  i s  

m ea su r ed  on a m icr o a m m e ter ,  p r o v i d e d  w i t h  some n e c e s s a r y  

sh u n t  r e s i s t e r s .  The s y s t e m  was n o r m a l ly  a r r a n g e d  so  t h a t  

t h e  i n c i d e n t  beam p r o v i d e d  a  c u r r e n t  from  t h e  f i n a l  

c o l l e c t o r  o f  a b o u t  0*8 m i l l i a m p s  (maximum p e n a i s s i b l e  1 * 0  

m i l l i a m p s ) .  When t h e  s o u r c e  and t h e  s t a b i l i s e r  c i r c u i t  

had r e a c h e d  t h e r m a l  e q u i l i b r i u m ,  w h ic h  t o o k  a b o u t  45 m i n u t e s ,  

i t  was fo u n d  t h a t  t h e  r e a d in g  o f  t h e  m icroam m eter  w as s t e a d y  

t o  much l e s s  th a n  ^  o v e r  p e r i o d s  o f  s e v e r a l  m i n u t e s ,  

and o n l y  v a r i e d  b y  £  1 ^ i n  p e r i o d s  o f  t w e n t y  m in u t e s  o r  

m o re .
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The se co n d  s o u r c e  o f  e r r o r s  l i e s  i n  t h e  v a r i a t i o n

o f  p h o t o s e n s i t i v i t y  o v e r  t h e  s u r f a c e  o f  t h e  p h o t o c e l l

c a t h o d e . T h is  m eans t h a t  i f  t h e  beam d o e s  n o t  f a l l  on

e x a c t l y  t h e  same a r e a  o f  t h e  c a th o d e  e a c h  t i m e ,  an  a p p a r e n t

v a r i a t i o n  o f  i n t e n s i t y  i s  r e c o r d e d .  When t h e  in s tr u m e n t

h ad  b e e n  i n  u s e  f o r  some t i m e ,  i t  w as fo u n d  t h a t  t h e

s u b s t r a t e s  d i d  n o t  a lw a y s  s e t  e x a c t l y  i n  a  v e r t i c a l  p l a n e

on b e i n g  p l a c e d  i n  t h e  h o l d e r ,  on t h e  t u r n t a b l e ,  and i t  was

f e a r e d  t h a t  t h i s  m ig h t  be t h e  c a u s e  o f  c o n s i d e r a b l e  e r r o r s .

An a n a l y s i s  o f  t h e  v a r i a t i o n  o f  p h o t o s e n s i t i v i t y  w i t h

p o s i t i o n  on t h e  c a th o d e  s u r f a c e  o f  a  931/? t u b e  h a s  b e e n
(6 5 )

made b y  K e s s l e r  and W olfe  , who fo u n d  t h a t  t h e  v a r i a t i o n  

o f  s e n s i t i v i t y  w i t h  m ovem ent o f  t h e  beam i n  a  v e r t i c a l  

d i r e c t i o n  was q u i t e  l a r g e .  To overcom e t h e  e r r o r s  i n t r o 

d u ced  from  t h i s  s o u r c e ,  an  a d j u s t a b l e  s to p  was f i t t e d  on  

t o  t h e  p h o t o c e l l  h o u s i n g  im m e d ia t e ly  b e h in d  t h e  s h u t t e r .  

T h is  s t o p  was a d j u s t e d  so  t h a t  v iien  t h e  i n c i d e n t  beam f e l l  

d i r e c t l y  on t o  t h e  p h o t o c e l l ,  i t  j u s t  p a s s e d  th r o u g h  t h e  

s t o p .  Any d e v i a t i o n  o f  t h e  beam from  t h e  h o r i z o n t a l  p l a n e  

a f t e r  r e f l e x i o n  a t  th e  f i l m  on t h e  t u r n t a b l e  c o u ld  t h e n  

im m e d ia t e ly  be d e t e c t e d  b y  t h e  a p p e a r a n c e  o f  p a r t  o f  t h e  

im age  a t  th e  ed g e  o f  t h i s  s t o p .

H ow ev er , e v e n  w i t h  t h i s  p r e c a u t i o n  t a k e n , i t  

i s  l i k e l y  t h a t  m o st  o f  t h e  e x p e r im e n t a l  e r r o r  i n  t h e  

r e s u l t s  com es from  t h e  s e c o n d  c a u s e .  As a  r u l e ,  t h r e e
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m easurem ents o f  in c id e n t  and r e f l e c t e d  or tr a n s m itte d  

i n t e n s i t y ,  in  tu rn , were made f o r  th e  d e term in a tio n  o f  any  

c o e f f i c i e n t .  The r e s u l t s  o f  a la r g e  number o f  such  

d e te r m in a tio n s  show t h a t 'th e  v a lu e s  o f  th e  c o e f f i c i e n t s  

m easured in  t h i s  way, a re  a cc u r a te  to  .0 1 ,  i . e .  to  one 

p e r  cen t o f  th e  v a lu e  o f  th e  in c id e n t  i n t e n s i t y  (1 * 0 0 ) .

The c o e f f i c i e n t s  a r e  t h u s  a c c u r a t e  t o  on e  p e r  c e n t  o f  

t h e i r  own v a l u e  f o r  v a l u e s  g r e a t e r  th a n  0 *6 , t h e  a c c u r a c y  

d e c r e a s i n g  t o  f i v e  p e r  c e n t  f o r  v a l u e s  o f  a b o u t  0 *2 .

The c o e f f i c i e n t s  t h u s  m easu red  a r e  n o t  t h e  t r u e  

r e f l e x i o n  o r  t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  t h e  l a y e r ,  b u t  

a r e  t h e  c o e f f i c i e n t s  o f  t h e  r e f l e c t i n g  s y s t e m  form ed by  

t h e  l a y e r  and s u b s t r a t e  co m b in ed . À c o r r e c t i o n  m u st b e  

made f o r  t h e  beam, ^ i c h  a f t e r  t r a n s m i s s i o n  th r o u g h  t h e  

l a y e r  i s  r e f l e c t e d  a t  t h e  r e a r  s u r f a c e  o f  t h e  s u b s t r a t e ,  

som e m e a su r e m e n ts  on r e f l e x i o n  and t r a n s m i s s i o n  by  u n -  

c o a t e d  s u b s t r a t e s  showed t h a t  t o  t h e  a c c u r a c y  o f  t h i s  

e x p e r im e n t  t h e s e  f a c t o r s  c o u ld  s a f e l y  b e  c a l c u l a t e d  assum 

i n g  t h e  v a l u e  f o r  r e f l e x i o n  a t  t h e  g l a s s - a i r  i n t e r f a c e  

g i v e n  by  t h e  s im p le  F r e s n e l  r e l a t i o n s h i p s .  The c o r r e c t i o n  

f a c t o r s  v a r y  w i t h  t h e  a n g l e  o f  i n c i d e n c e  and a r e ,  o f  c o u r s e ,  

d i f f e r e n t  f o r  t h e  two p l a n e s  o f  p o l a r i s a t i o n .

I f  t h e  r e f l e x i o n  c o e f f i c i e n t  o f  t h e  r e a r  s u r f a c e  

o f  th e  s u b s t r a t e  i s  , t h e  o b s e r v e d  t r a n s m i s s i o n  o f  t h e  

l a y e r ,  'T^ , i s  r e l a t e d  t o  t h e  t r u e  t r a n s m i s s i o n ,  T  , by
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The t r u e  r e f l e x i o n  c o e f f i c i e n t ,  R  , can  b e  

o b t a in e d  from  t h e  o b s e r v e d  c o e f f i c i e n t ,  , b y  t h e

r e l a t i o n

R-- R'-
From t h e s e  r e l a t i o n s  i t  can be  s e e n  t h a t  w h i l s t  

t h e  c o r r e c t i o n  m ust a lw a y s  b e  a p p l i e d  t o  m ea su r em e n ts  o f  

t h e  t r a n s m i s s i o n  c o e f f i c i e n t ,  t h e  c o r r e c t i o n  t o  t h e  

o b s e r v e d  r e f l e x i o n  c o e f f i c i e n t  o n l y  b eco m es o f  t h e  o r d e r  

o f  t h e  e x p e r im e n t a l  e r r o r  when t h e  v a l u e  o f  

a p p r o a c h e s  o r  e x c e e d s  O '0 1 .

The e l l i p t i c i t y  o f  t h e  l i g h t  r e f l e c t e d  from  a 

f i l m  a t  an y  a n g l e  o f  i n c i d e n c e  i s  d e f i n e d  b y  t h e  r a t i o  

o f  t h e  a m p l i t u d e s  o f  t h e  com p on en ts  o f  t h e  v i b r a t i o n  i n  

t h e  two p l a n e s  o f  p o l a r i s a t i o n .  T h is  r a t i o  i s  c l e a r l y  

e q u a l  t o  t h e  sq u a r e  r o o t  o f  t h e  r a t i o  o f  t h e  r e f l e x i o n  

c o e f f i c i e n t s  f o r  t h e  tw o  p l a n e s  o f  p o l a r i s a t i o n  a t  t h a t  

a n g l e  o f  i n c i d e n c e .  To d e t e i m i n e  t h e  e l l i p t i c i t y  w i t h  

t h i s  s y s t e m ,  t h e  i n c i d e n t  beam i s  p o l a r i s e d ,  u s i n g  a p i e c e  

o f  ' P o l a r o i d ' ,  and t h e  r e f l e x i o n  c o e f f i c i e n t s  d e t e i m i n e d ,  

f o r  e a c h  a n g l e  o f  i n c i d e n c e ,  f o r  t h e  c a s e s  when t h e  i n c i d e n t  

beam i s  p o l a r i s e d  p a r a l l e l  and p e i p e n d i c u l a r l y  t o  t h e  p l a n e  

o f  i n c i d e n c e .  The a c c u r a c y  w i t h  w h ic h  t h e  e l l i p t i c i t y  can  

be d e te r m in e d  i s  e q u a l  t o  h a l f  t h e  sum o f  t h e  e r r o r s  i n  

t h e  m e a su r e m e n ts  o f  t h e  two r e f l e x i o n  c o e f f i c i e n t s  

and , i . e .  t o  ± 0 *0 1 .
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V a lu e s  o f  t h e  e l l i p t i c i t y  w i t h  e x p e r im e n t a l  e r r o r s

o f  t h i s  o r d e r  a r e  o b v i o u s l y  i n f e r i o r  t o  v a l u e s  o b t a i n e d  w i t h

t h e  u s u a l  p o l a r i m e t r i c  t e c h n i q u e ,  d e s c r i b e d  i n  P a r t  I ,
( ES )Chap. I l l ,  w here T o o l '  ' i s  q u o ted  a s  c l a i m i n g  t o  m e a su r e  

an e l l i p t i c i t y  o f  0*02  t o  one  p e r  c e n t .  But a s  was p o i n t e d  

o u t  i n  t h a t  c h a p t e r ,  t h i s  o r d e r  o f  a c c u r a c y  i s  n o t  r e q u i r e d  

f o r  t h e  d e t e r m i n a t i o n  o f  o p t i c a l  c o n s t a n t s ,  s i n c e  t h e r e  a r e  

o t h e r  f a c t o r s  i n t r o d u c i n g  f a r  g r e a t e r  eerro rs , and v a l u e s  o f  

e l l i p t i c i t y  a c c u r a t e  t o  *± *01 a r e  p r o b a b ly  a d e q u a te  f o r  

t h e  d e t e i m i n a t i o n  o f  t h e  c o n s t a n t s  i n  a l l  b u t  i n v e s t i g a t i o n s  

w h ere  t h e  h i g h e s t  a c c u r a c y  i s  e s s e n t i a l .  The m ethod  h a s  

t h e  a d v a n ta g e  t h a t  i t  i s  q u i t e  s i n p l e  and r e q u i r e s  l i t t l e  

e x p e n s i v e  eq u ip m en t an d , i n  a d d i t i o n ,  v a l u e s  o f  t h e  r e f l e x i o n  

c o e f f i c i e n t s  t h e m s e l v e s  a r e  o b t a i n e d ,  w h ich  i s  n o t  t h e  c a s e  

w i t h  t h e  p o l a r i m e t r i c  m eth o d .
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C h ap ter  I I .

In  a  p a p e r  p u b l i s h e d  i n  1 9 4 4 ,  T o la n s k y ( ^ ^ ) 

d e s c r i b e d  t h e  a p p e a r a n c e  o f  t h e  m u l t i p l e  beam i n t e r f e r e n c e  

f r i n g e s  fo im e d  b e tw e e n  a  h i g h l y  s i l v e r e d  l e n s  and a  p l a t e ,  

when t h e  a n g l e  o f  i n c i d e n c e  o f  m o n o c h r o m a tic  l i g h t  on t o  

t h e  i n t e r f e r o m e t e r  v a r i e d  from  z e r o  t o  8 0 ^ .  A t  n orm al  

i n c i d e n c e  t h e  f r i n g e s  w ere  r i n g s ,  s i m i l a r  t o  N e w to n 's  r i n g s ,  

b u t  o f  c o u r s e  v e r y  much f i n e r  s i n c e  t h e y  w ere  fo im e d  i n  an  

i n t e r f e r o m e t e r  w i t h  h i g h l y  s i l v e r e d  s u r f a c e s .  A s t h e  a n g l e  

o f  i n c i d e n c e  i n c r e a s e d ,  t h e  f r i n g e s  becam e d o u b l e ,  t h e  

s e p a r a t i o n  o f  t h e  d o u b le t  i n c r e a s i n g  c o n t i n u o u s l y  a s  t h e  

i n c i d e n c e  a n g l e  i n c r e a s e d .  The com p on en ts  o f  t h e  d o u b l e t s  

w ere  shown t o  b e  p o l a r i s e d  i n  m u t u a l l y  p e r p e n d i c u l a r  

d i r e c t i o n s ,  and t h e  o r i g i n  o f  t h e  d o u b l in g  was shown t o  be  

t h e  e f f e c t i v e  d i f f e r e n c e  i n  gap o f  t h e  i n t e r f e r o m e t e r  f o r  

t h e  two c o m p o n e n ts ,  due t o  t h e  d i f f e r e n c e  b e tw e e n  t h e  p h a s e  

c h a n g e s  s u f f e r e d  on r e f l e x i o n  b y  t h e  com p on en ts  p o l a r i s e d  

p a r a l l e l  and p e r p e n d i c u l a r l y  t o  t h e  p l a n e  o f  i n c i d e n c e .

I t  was im m e d ia t e ly  a p p a r e n t  t h a t  t h i s  was p o s s i b l y  a  

p o w e r f u l  m eth od  f o r  t h e  m easurem ent o f  t h e  r e l a t i v e  p h a s e  

ch a n g e  on r e f l e x i o n ,  t h e  q u a n t i t y  A o f  p a r t  J o f  t h i s
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t h e s i s ,  and some m ea su r em e n ts  w ere  made b y  T o la n s k y  o f  

t h e  r e l a t i v e  p h a s e  c h a n g e s  on r e f l e x i o n  a t  t h e  s i l v e r  

f i l m s  o f  t h e  i n t e r f e r o m e t e r .

No f u r t h e r  u s e  was made a t  t h a t  t im e  o f  t h i s

phenom enon f o r  t h e  m easu rem en t o f  t h e  r e l a t i v e  p h a s e

ch an ge  . In  t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  m eth od  h a s

b e e n  s t u d i e d  i n  g r e a t e r  d e t a i l ,  t o  a  s m a l l  e x t e n t  s i m p l i f i e d ,

and u s e d  t o  m ea su r e  t h e  v a l u e s  o f  / S  f o r  t h e  m e t a l s  s t u d i e d .

The o r i g i n a l  work by T o la n s k y  was p a r t  o f  a  s e r i e s  o f

i n v e s t i g a t i o n s  d e v e l o p i n g  t h e  t e c h n i q u e  o f  m u l t i p l e  beam

i n t e r f e r o m e t r y , and s i n c e  t h e  work i n  t h i s  f i e l d  h a s
( 52  )r e c e n t l y  b e e n  su m m a rised ' ' i t  i s  n o t  i n t e n d e d  t o  g i v e  

a n y  d e t a i l e d  t r e a t m e n t  o f  t h e  t h e o r e t i c a l  b a s i s  o f  m u l t i p l e  

beam i n t e r f e r o m e t r y ,  su c h  a s  a  t r e a t m e n t  o f  t h e  p r o p e r t i e s  

o f  t h e  A i r y  sum m ation , e t c .  The a c c o u n t  w h ich  f o l l o w s  

w i l l  be r e s t r i c t e d  t o  a  d e s c r i p t i o n  and c r i t i c a l  d i s c u s s i o n  

o f  t h e  a p p l i c a t i o n  o f  t h e  e s t a b l i s h e d  t e c h n i q u e s  o f  m u l t i p l e  

beam i n t e r f e r o m e t r y  t o  t h e  r e l a t i v e  p h a s e  c h a n g e s  on 

r e f l e x i o n  a t  m e t a l l i c  f i l m s .

I n  T o l a n s k y ' s  o r i g i n a l  e x p e r im e n t s ,  t h e  N e w to n 's  

r i n g s  w ere  f r i n g e s  o f  e q u a l  t h i c k n e s s ,  fo im ed  w i t h  mono

c h r o m a t ic  l i g h t ,  and a t  n o rm a l i n c i d e n c e  w ere  l o c a l i s e d  

i n  o r  v e r y  n e a r  t o  t h e  a i r  gap o f  t h e  i n t e r f e r o m e t e r .  At  

n o n -n o r m a l i n c i d e n c e ,  h o w e v e r ,  t h e  f r i n g e s  w ere  no l o n g e r
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l o c a l i s e d  i n  t h e  g a p ,  b u t  on a c u r v e d  s u r f a c e  i n  s p a c e  

n e a r  t h e  i n t e r f e r o m e t e r .  T h is  s u r f a c e  was n o t  p e r p e n 

d i c u l a r  t o  t h e  o p t i c a l  a x i s  o f  t h e  s y s t e m ,  and i n  c o n 

s e q u e n c e  o n l y  a  v e r y  s m a l l  s e c t i o n  o f  t h e  f r i n g e  s y s te m  

c o u ld  be p r o j e c t e d  on t o  a  p h o t o g r a p h i c  p l a t e  o r  i n t o  an  

e y e p i e c e .  T h is  r e p r e s e n t e d  an im m e d ia te  s e r i o u s  d i s 

a d v a n ta g e  when i t  w as d e s i r e d  t o  m ea su r e  t h e  s e p a r a t i o n  

b e tw e e n  t h e  com p on en ts  o f  t h e  d o u b le d  f r i n g e s ,  and i n  

o r d e r  t o  overco m e t h i s  d i f f i c u l t y ,  t h e  l e n s  and p l a t e  

c o m b in a t io n  was d i s c a r d e d  i n  f a v o u r  o f  a  s im p le  w edge  

i n t e r f e r o m e t e r .  I t  ca n  b e  shown^^*^» t h a t  i f  t h e  a p e x  

o f  an  i n t e r f e r o m e t e r  o f  two p l a n e  s u r f a c e s  f o n a i n g  a w edge  

i s  p a r a l l e l  t o  t h e  a x i s  o f  r o t a t i o n  o f  t h e  i n t e r f e r o m e t e r ,  

and i f  b o t h . a r e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  t h e  

i n c i d e n t  l i g h t ,  t h e n  t h e  f r i n g e s  fo im e d  i n  t h e  s y s te m  a r e  

a lw a y s  l o c a l i s e d  i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  

o f  t h e  i n c i d e n t  l i g h t .  A t norm al i n c i d e n c e  t h i s  p l a n e  

i s  c o n t a in e d  i n  t h e  a i r  gap o f  t h e  i n t e r f e r o m e t e r ,  and a s  

t h e  i n c i d e n c e  a n g l e  i n c r e a s e s ,  t h e  p l a n e  m o ves away from  

t h e  i n t e r f e r o m e t e r .  W ith  t h i s  a r r a n g e m e n t ,  t h e  w h o le  

f i e l d  o f  t h e  i n t e r f e r o m e t e r  ca n  b e  b r o u g h t  i n t o  f o c u s  a t  

on e  t i m e .  The q u e s t i o n  o f  t h e  p r e c i s e  p o s i t i o n  o f  t h e  

p l a n e  o f  l o c a l i s a t i o n  w i l l  be d e a l t  w i t h  i n  g r e a t e r  d e t a i l  

l a t e r .
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C o n s id e r in g  t h e  c a s e  o f  a  w edge i n t e r f e r o m e t e r  

a s  d e s c r i b e d ,  i t  i s  n e c e s s a r y  t o  d e v e lo p  e q u a t i o n s  r e l a t 

i n g  t h e  s e p a r a t i o n  o f  t h e  com p onents  o f  t h e  d o u b le d  f r i n g e s  

t o  t h e  r e l a t i v e  p h a s e  ch an ge  on r e f l e x i o n ,  , i n  o r d e r

t o  u s e  t h e  d o u b l in g  t o  m ea su r e  t h a t  q u a n t i t y .

C o n s id e r  t h e  g e n e r a l  e q u a t i o n  t o  t h e  l o c u s  o f
•K'p o i n t s  f o m i n g  an i n t e r f e r e n c e  f r i n g e  i n  any i n t e r f e r o m e t e r  \  

They a r e  p o i n t s  su ch  t h a t

A = Y-

H ere X ^ytA  , and B h a v e  t h e i r  u s u a l  

s i g n i f i c a n c e ,  n  i s  an i n t e g e r ,  and r e p r e s e n t s  t h e  

a z im u th  o f  t h e  p l a n e  o f  p o l a r i s a t i o n  o f  t h e  i n c i d e n t  l i g h t .

The i n t e r f e r o m e t e r  i s  assum ed t o  h a v e  i d e n t i c a l  

r e f l e c t i n g  s u r f a c e s ,  and t h e  p h a s e  ch a n g e  on r e f l e x i o n  a t  

' e i t h e r  o f  t h e s e  s u r f a c e s  i s  r e p r e s e n t e d  by  t h e  f u n c t i o n  

^  , a  f u n c t i o n  o f  B  y X y and a? .  We s h a l l  w r i t e  

f o r  ^  when ^  , and ^  when A) .  90®.

L e t  u s  f i r s t  c o n s i d e r  t h e  f r i n g e s  o f  e u a l  t h i c k 

n e s s  form ed  i n  a  w edge i n t e r f e r o m e t e r  w i t h  an a i r - g a p  

{ = 1 ) ,  and a t  an a n g l e  o f  i n c i d e n c e  ^  , when t h e

w a v e le n g t h  o f  t h e  i n c i d e n t  m o n o c h r o m a tic  l i g h t  i s  ^  .

I  am g r e a t l y  i n d e b t e d  t o  Mr. N. B a r a k a t ,  o f  t h i s  d e p a r tm en t  
o f  R o y a l H o l lo w a y  C o l l e g e ,  f o r  much h e l p f u l  d i s c u s s i o n  and  
a d v i c e  i n  c o n n e c t i o n  w i t h  t h e  t h e o r y  o f  i n t e r f e r e n c e  f r i n g e s .
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S i n c e  t h e  f r i n g e s  a r e  form ed  a t  d i f f e r e n t  p o i n t s  i n  t h e  

w ed g e , t h e  v a l u e  o f  t  w i l l  be  d i f f e r e n t  fro m  one f r i n g e  

t o  a n o t h e r .

F o r  tw o a d j a c e n t  d o u b l e t s  we can w r i t e  t h e

e q u a t i o n s

•/- # 2 ^  X ) ^ 2  Z /

'K X  = J

X f ^ p . c ^ 9 +

From t h e  tw o e q u a t i o n s  o f  2*2  we g e t  im m e d ia t e ly

But t h e  l e f t  hand s i d e  o f  t h i s  e q u a t i o n  i s  t h e

r e l a t i v e  p h a s e  c h a n g e ,  , and we h a v e
\

^  f O ^ X )  —  f  2 ' ^ /

From t h e  p a r a l l e l  com p on en ts  o f  each  d o u b l e t ,  

t h e  f i r s t  members o f  2*2  and 2*3  we h a v e

and so  2«4  b eco m es

'  X '  ^
^  Y

I f  now t h e  f r i n g e s  o c c u r  a t  d i s t a n c e s  ,

, X p  , e t c . ,  a lo n g  t h e  w e d g e ,  t h e s e  d i s t a n c e s  can  

be  m e a s u r e d ,  and t h e  q u a n t i t y  A i  can b e  m ea su red  from  t h e  

e q u a t i o n

^  a ^ - 3 f r  ^
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An e q u a t i o n  fro m  vÈiioh may b e  fou n d  can a l s o

be  d e r iv e d  i n  t h e  c a s e  o f  f r i n g e s  o f  e q u a l  c h r o m a t ic  o r d e r .

T h e se  f r i n g e s  a r e  fo im e d  when t h e  i n t e r f e r o m e t e r  i s  

i l l u m i n a t e d  w i t h  w h i t e  l i g h t ,  and a  s m a l l  s e c t i o n  o f  t h e  

i n t e r f e r o m e t e r  i s  f o c u s s e d  on t o  t h e  s l i t  o f  a  s p e c t r o 

g r a p h .  The s e c t i o n  i s  s m a l l  enough f o r  t h e  v a l u e  o f  ^  

t o  b e  assum ed c o n s t a n t  o v e r  t h e  s e c t i o n ,  i f  t h e  w edge a p ex  

i s  p a r a l l e l  t o  t h e  s p e c t r o g r a p h  s l i t .  I n  t h e  f o c a l  p l a n e  

o f  t h e  s p e c t r o g r a p h  f r i n g e s  a p p e a r  w h ich  a r e  t h e  l o c u s  o f  

p o i n t s  h a v in g  t h e  same v a l u e  o f  , i n  t h e  p r e s e n t  c a s e  t h e y

a r e  s t r a i g h t  l i n e s  p e r p e n d i c u l a r  t o  t h e  w a v e le n g t h  a x i s .

L e t  t h e  w a v e le n g t h s  o f  t h e  com p on en ts  o f  two  

a d j a c e n t  d o u b l e t s  b e  » X j  , X^ , X y • Then we can  

w r i t e  t h e  e q u a t i o n  f o r  t h e  d o u b l e t s  a s

’s .'X j -  2.6" •& (9, ✓

(’̂■f 0  ^  p ~ •*" }

/ )  X j  = ZJb ( 9 ,  X ' )  /

2 -6 /

2  7 /

w h ere
^£(x'pfXj)

I t  i s  s e e n  t h a t  t h e s e  e q u a t i o n s  a r e  o n l y  v a l i d

when t h e  s e p a r a t i o n  o f  t h e  d o u b l e t  i s  s m a l l ,  and we a r e  

a ssu m in g  t h a t  t h e  v a r i a t i o n  o f  A  w i t h  X i s  s m a l l .  

T h is  a s s u m p t io n  i s  g e n e r a l l y  j u s t i f i e d .
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Then fr o m  t h e  tw o com p on en ts  o f  2*6 we can g e t

^ X ) “  ^  X j ^

We can  f i n d  A  from  m e a su r e m e n ts  on X p  and  

X 5 , i f  ^  i s  known. Now from  t h e  p a r a l l e l  com p on en ts  

o f  e a c h  d o u b l e t ,  fro m  2*6 and 2*7  , we can w r i t e

'^ X p  — X p  =" ^ ’9 /

I n  t h i s  c a s e ,  s i n c e  we a r e  d e a l i n g  w i t h  tw o  

f r i n g e s ,  and n o t  tw o con ip on en ts  o f  t h e  same f r i n g e ,  we 

c a n n o t  assum e X = X^ , and we s e e  t h a t  ) \  , and h e n c e  

, c a n n o t  be d e t e i m i n e d  from  m e a su r e m e n ts  on f r i n g e s  

o f  e q u a l  c h r o m a t ic  o r d e r  u n l e s s  t h e  fo im  o f  t h e  f u n c t i o n  

^  i s  known. No m e a su r e m e n ts  h a v e  b e e n  r e p o r t e d  o f  t h e  

v a r i a t i o n  o f  t h e  q u a n t i t y  w i t h  i n c i d e n c e  a n g l e  and so  

f r i n g e s  o f  e q u a l  c h r o m a t ic  o r d e r  c a n n o t  b e  d i r e c t l y  u s e d  

f o r  t h e  d e t e  i m i n a t i o n  o f  Z X  .

I t  i s  p o s s i b l e  h o w e v e r  t o  make an a s s u m p t io n  

a b o u t  t h e  form  o f  ^  an d , b y  t h i s ,  make u s e  o f  f r i n g e s  

o f  e q u a l  c h r o m a t ic  o r d e r  i n  t h i s  c o n n e c t i o n .  L e t  u s  assum e  

t h a t  <L (9^ XC) m , and 2 ^  (  9 ,  "X' )  «

Then a s  we h a v e  a l r e a d y  assum ed ^ ^  Xj  ^

we h a v e  from  2*9

Now ^  , t h e  o r d e r  o f  t h e  f r i n g e ,  i s  i n t e g r a l ,

and so  i f  t h e  q u a n t i t y  ^  f o r  e a ch  f r i n g e  i s



81 .

d e t e i m i n e d  from  m e a su r e m e n ts  on t h e  w a v e le n g t h s  X and  

X > i n  t h e  g e n e r a l  c a s e  i s  n o t  i n t e g r a l ,  s u p p o s e

f o r  e x a n ^ le  t h a t  f o r  a  number o f  f r i n g e s  7 i-y^  had  t h e  

v a l u e s  5 * 3 ,  6 * 2 ,  7 * 4 ,  8 * 4 ,  9 - 3 . . . .  i n  t h e  a b s e n c e  o f  any  

k n o w led g e  o f  t h e  form  o f  t h e  f u n c t i o n  ^  , and h e n c e  o f

t h e  s i g n  o f  ^  , we c a n n o t  t e l l  w h e th e r  ^  i s  n e g a t i v e ,  

and 71 h a s  v a l u e s  5 ,  6 ,  7 ,  8 ,  9 . . .  o r  w h e th e r  ^  i s

p o s i t i v e ,  and ^  h a s  v a l u e s  6 ,  7 ,  8 ,  9 ,  l o  , a s su m in g

i s  l e s s  th a n  o n e .

H owever from  m ea su r em e n ts  on F iz e a n  f r i n g e s  o f  

e q u a l  t h i c k n e s s  we can  f i n d  f o r  a  p a r t i c u l a r  w a v e le n g t h  

b y  t h e  fo r m u la  2*5  . I f  t h e n  we c h o o s e  f o r  a f r i n g e

o f  t h a t  w a v e le n g th  t o  g i v e  a v a l u e  o f  A  e q u a l  t o  t h a t  

g i v e n  b y  t h e  F i z e a n  f r i n g e s ,  we can a s s i g n  t h e  c o r r e c t  

v a l u e s  o f  71 t o  th e  o t h e r  f r i n g e s ,  and h e n c e  make u s e  o f  

f r i n g e s  o f  e q u a l  c h r o m a t ic  o r d e r  t o  m ea su r e  t h e  v a r i a t i o n  

o f  w i t h  w a v e l e n g t h .

The c o m b in a t io n  o f  F i z e a n  f r i n g e s  and f r i n g e s  

o f  e q u a l  c h r o m a t ic  o r d e r  i n  t h i s  way c o u ld  a l s o  b e  u s e d  

t o  d e t e r m i n e  t h e  n a t u r e  o f  ^  . I f  i t  i s  fo u n d  t h a t  h e

g e t  t h e  c o r r e c t  v a l u e  o f  A  from  t h e  m e a s u r e m e n ts ,  ^  

m u st b e  n e g a t i v e ,  t h e n  t h e  o r i g i n a l  e q u a t io n  can  b e  w r i t t e n
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T h is  s i g n  f o r  ^  c o r r e s p o n d s  t o  a  p h a s e  a d v a n c e  

on r e f l e x i o n .  I f  on t h e  o t h e r  hand i t  i s  fo u n d  t h a t  

m ust b e  p o s i t i v e ,  t h e n

/yCK " , c o r r e s p o n d in g  t o  a

p h a s e  r e t a r d a t i o n  on r e f l e x i o n .  L i t t l e  more t h a n  t h e  s i g n  

o f  c o u ld  be  d e te r m in e d  i n  t h i s  way s i n c e  t h e  e r r o r  i n  

m e a s u r in g  t h e  q u a n t i t y  i s  v e r y  l a r g e ,  s i n c e  i t

i n v o l v e s  t h e  e r r o r s  i n  m e a s u r in g  t h e  f a i r l y  s m a l l  w a ve

l e n g t h  s h i f t  A - V  . F o r  f r i n g e s  o f  o r d e r  f i f t e e n ,  

t h i s  s h i f t  i s  o n l y  one  o r  two h u n d red  A n g stro m  U n i t s ,  and  

w i t h  t h e  a v e r a g e  w a v e le n g t h  s c a l e  m ea su r em e n ts  can r a r e l y  

b e  made t o  b e t t e r  th a n  t l o A  .

In  t h e  t r e a t m e n t  o f  f r i n g e s  o f  e q u a l  c h r o m a t ic  

o r d e r  we assu m ed  t h a t  t h e  d i f f e r e n c e  ^  w as s m a l l

enough f o r  them  e a c h  t o  be  p u t  e q u a l  t o  t h e i r  m ean . The 

e r r o r  i n t r o d u c e d  b y  t h i s  a s s u m p t io n  i s  o b v i o u s l y  l e a s t  

when i s  l e a s t ,  i . e .  when t h e  w a v e le n g t h  s e p a r a t i o n

o f  t h e  f r i n g e s  i s  s m a l l ,  and t h e  o r d e r  number ^  , l a r g e .

I n  t h i s  c a s e  a l s o ,  i f  i s  o f  t h e  o r d e r  o f  30  o r  4 0 ,  t h e  

e r r o r  i n t r o d u c e d  b y  n e g l e c t i n g  ^  a l t o g e t h e r  and t a k i n g  

A  e q u a l  t o  t h e  n e a r e s t  i n t e g e r  t o  t h e  v a l u e  fo u n d  f o r  

TV- ^  , i s  o n l y  o n e  p a r t  i n  6 0  o r  8 0 .  H ow ever , a s  w i l l

becom e a p p a r e n t  vdien t h e  ez3) e r im e n t a l  t e c h n i q u e  i s  d i s c u s s e d  

i n  t h e  n e x t  c h a p t e r ,  an  u p p e r  l i m i t  on t h e  v a l u e  o f  tx. i s  

p l a c e d  b y  t h e  n e c e s s i t y  f o r  h a v in g  sh a rp  f r i n g e s  o f  g o o d  

v i s i b i l i t y .
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From t h e  e q u a t i o n s  d e v e lo p e d  i n  t h i s  c h a p t e r ,  

t h e  r e l a t i v e  p h a s e  ch an ge  / \  (  0^ )  i s  e x p r e s s e d  i n

te r m s  o f  e i t h e r  t h e  p o s i t i o n s  i n  t h e  p l a n e  o f  l o c a l i s a t i o n  

o f  t h e  f r i n g e s  o f  e q u a l  t h i c k n e s s ,  o r  t h e  w a v e l e n g t h s  o f  

f r i n g e s  o f  e q u a l  c h r o m a t ic  o r d e r .  The e x p e r i m e n t a l  t e c h n i q u e  

u s e d  t o  o b s e r v e  t h e s e  f r i n g e s ,  and t o  make t h e  n e c e s s a r y  

m e a su r e m e n ts  t o  o b t a i n  A  , t o g e t h e r  w i t h  a  c r i t i c a l  

d i s c u s s i o n  o f  t h e  t e c h n i q u e ,  w i l l  form  t h e  s u b j e c t  o f  t h e  

n e x t  c h a p t e r .
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PRACTICE

C h ap ter  i l l .

I n  t h e  p r e v i o u s  c h a p t e r  e q u a t i o n s  w ere  d e v e lo p e d  

r e l a t i n g  t h e  d o u b l in g  o f  an i n t e r f e r e n c e  f r i n g e ,  a s  t h e  

, a n g l e  o f  i n c i d e n c e  on t h e  i n t e r f e r o m e t e r  i n c r e a s e d ,  t o  t h e  

r e l a t i v e  p h a s e  change o c c u r r in g  b e tw e e n  t h e  two p e r p e n 

d i c u l a r l y  p o l a r i s e d  com ponents on r e f l e x i o n  a t  t h e  s u r f a c e s  

o f  t h e  i n t e r f e r o m e t e r .  A s im p le  wedge i n t e r f e r o m e t e r  was  

c o n s i d e r e d ,  and t h e  r e l a t i o n s  d e v e lo p e d  b e tw e e n  t h e  r e l a t i v e  

p h a s e  change and t h e  l i n e a r  s e p a r a t i o n  o f  t h e  d o u b le t  i n  

F iz e a n  f r i n g e s  o f  e q u a l  t h i c k n e s s ,  and t h e  w a v e le n g th  

s e p a r a t i o n  o f  t h e  d o u b l e t  i n  w h i t e  l i g h t  f r i n g e s  o f  e q u a l  

c h r o m a t ic  o r d e r .  In  t h i s  c h a p t e r  t h e  e x p e r im e n t a l  a r r a n g e 

ment w i l l  be d e s c r i b e d ,  and t h e  e x p e r im e n t a l  c o n d i t i o n s  

n e c e s s a r y  f o r  t h e  b e s t  u s e  o f  t h e  i n t e r f e r o m e t r i c  t e c h n i q u e  

d i s c u s s e d .  The s o u r c e s  o f  e r r o r s  a r i s i n g  i n  t h e  m e a s u r e 

ment o f  r e l a t i v e  p h a s e  c h a n g e s  b y  t h i s  m ethod w i l l  be  

m e n t io n e d ,  and t h e  l i m i t a t i o n s  o f  t h e  m eth od  c o n s i d e r e d .

The d o u b l in g  o f  t h e  i n t e r f e r e n c e  f r i n g e s  i s  

n e a r l y  a lw a y s  o b s e r v e d  by  v i e w in g  t h e  i n t e r f e r o m e t e r  i n  

t r a n s m i s s i o n .  The e x p e r im e n t a l  a rra n g em en t  f o r  t h e  F iz e a n  

f r i n g e  s y s te m  i s  v e r y  s i m p l e ,  and t h e  s y s te m  f o r  f r i n g e s
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o f  e q u a l  c h r o m a t ic  o r d e r  s c a r c e l y  l e s s  s o .  F or  F iz e a n  

f r i n g e s  a h i g h  p r e s s u r e  m ercu ry  a r c  s o u r c e  i s  u s e d  

( F ig u r e  17  ( a ) ) ,  and t h e  m on och rom atic  r a d i a t i o n  r e q u ir e d  

s e l e c t e d  b y  t h e  a p p r o p r i a t e  ’W ratten» f i l t e r s .  A lm o st  a l l  

t h e  m ea su rem en ts  h a v e  b e e n  made u s i n g  t h e  g r e e n  l i n e  o f  

w a v e le n g th  5461 . The l i g h t  from  t h i s  s o u r c e  i s  c o n d e n sed

on t o  a p i n h o l e ,  and a c o l l i m a t i n g  l e n s  o f  15  cm s. f o c a l  

l e n g t h  form s a  p a r a l l e l  beam. T h is  beam f a l l s  on t o  t h e  

i n t e r f e r o m e t e r ,  and t h e  i n t e r f e r e n c e  f r i n g e s ,  W iich  a r e  

l o c a l i s e d  a t  o r  n e a r  t h e  i n t e r f e r o m e t e r ,  a r e  p r o j e c t e d  by  

a  5 cm. f o c a l  l e n g t h  l e n s  on t o  a p h o t o g r a p h ic  p l a t e .  The 

l e n s  and t h e  p l a t e - h o l d e r  a r e  i n c o r p o r a t e d  i n  a  s im p le  

cam era v h ic h  e n a b l e s  s e v e r a l  e x p o s u r e s  t o  be  ta k e n  on one  

p l a t e .

F or  o b s e r v i n g  f r i n g e s  o f  e q u a l  c h r o m a t ic  o r d e r  

( F ig u r e  17 ( b ) )  t h e  m ercu ry  a r c  s o u r c e  m ust be r e p l a c e d  

b y  a w h i t e  l i g h t  s o u r c e ,  h e r e  a  1 5 0  c a n d le -p o w e r  T P o in t - o -  

L i t e "  lamp was u s e d .  The p a r a l l e l  beam i s  form ed i n  t h e  

same m anner a s  f o r  F iz e a n  f r i n g e s ,  t h e  o n l y  d i f f e r e n c e  

b e in g  t h a t  i n  t h i s  c a s e  i t  i s  e s s e n t i a l  t h a t  t h e  l e n s e s  

em ployed  a r e  a c h r o m a t ic  f o r  t h e  w a v e le n g th  r a n g e  u s e d .

The i n t e r f e r e n c e  f r i n g e s  l o c a l i s e d  i n  t h e  same p o s i t i o n  

a s  t h e  F iz e a n  f r i n g e s  a r e  p r o j e c t e d  on t o  t h e  s l i t  o f  a  

s p e c t r o g r a p h  b y  a  h ig h  q u a l i t y  a c h r o m a t ic  l e n s .  The im age  

o f  t h e  f r i n g e s  th e n  a p p e a r s  i n  t h e  f o c a l  p l a n e  o f  t h e
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speotrograph.. in  th e se  exp erim en ts two sp ec tro g ra p h s  

were u sed , a H ilg e r  m edium -quartz in stru m en t, in  vdiioh 

th e  w avelength s o f  th e  f r in g e s  were determ ined u s in g  th e  

w avelength  s c a le  p ro v id ed , and a H ilg e r  co n sta n t d e v ia t io n  

in stru m en t, f i t t e d  w ith  a c a l ib r a te d  w avelength  drum.

The in te r fe r o m e te r  i t s e l f  was formed between two 

o f  th e  g la s s  d i s c s  which had p r e v io u s ly  been coa ted  w ith  

th e  f i lm  under ex a m in a tio n . F igu re 17 (c )  shows th e  

d e t a i l  o f  th e  arrangem ent whereby th e y  cou ld  be brought 

c lo s e  to  one an oth er , so th a t  t h e ir  d is ta n c e  ap art and 

th e  wedge a n g le  betw een them cou ld  be v a r ie d  at w i l l .  The 

in te r fe r o m e te r  u n it  a s a w hole cou ld  be mounted on th e  

same tu r n ta b le  a s  was u sed  fo r  th e  in t e n s i t y  m easurements 

(Chap. I  o f  t h i s  p a r t ) ,  and so th e  a n g le  o f  in c id e n c e  cou ld  

be m easured.

The v i s i b i l i t y  and th e  sharpness o f  m u lt ip le  

beam f r in g e s  are dependent upon a number o f  f a c t o r s ,  

p r im a r ily  o f  cou rse upon th e  r e f le x io n  c o e f f i c i e n t s  o f  

th e  two s u r fa c e s  o f  th e  in te r fe r o m e te r , but a ls o  upon th e  

se p a r a tio n  o f  th e  in te r fe r o m e te r  s u r fa c e s ,  th e  wedge a n g le  

between them, th e  p a r a l le l is m  of th e  in c id e n t  beam, and, 

in  th e  ca se  o f  F izea n  f r in g e s ,  th e  monochromatism o f  th e  

so u rce . .Since in  t h i s  in v e s t ig a t io n  we are concerned w ith  

th e  p r o p e r t ie s  o f  th e  f i lm s  form ing th e  in te r fe r o m e te r  

s u r fa c e s ,  t h e ir  r e f le x io n  c o e f f i c i e n t s  cannot be v a r ied
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to  g iv e  th e  b e s t  p o s s ib le  f r in g e s ,  and so th e  o th er

c o n d it io n s  must be f u l f i l l e d  s t r in g e n t ly  to  g e t  th e  b e s t

r e s u l t s  and th e y  w i l l  be d is c u s s e d  in  some d e t a i l .

The id e a l  in t e n s i t y  d is t r ib u t io n  in  a f r in g e

formed by an i n f i n i t e  number o f  beams can be ob ta in ed  by
d o  52 )th e  u se  o f  th e  A iry  summation ( e . g . '  \ ^) .  in  t h i s

summation i t  i s  assumed th a t  th e  number o f  beams combin

in g  t o  form a f r in g e  i s  i n f i n i t e ,  and the f r in g e  d i s t r i 

b u tio n  observed  in  p r a c t ic e  d i f f e r s  from th e  id e a l  by an 

amount depending on th e  a c tu a l number o f  beams vdiich combine 

t o  foim  a g iv e n  f r in g e .  I f  th e  su r fa c e s  o f  th e  in t e r 

fero m eter  were p e r f e c t ly  p la n e  and p a r a l l e l  to  one a n o th er , 

th e  fr in g e  i n t e n s i t y  d is t r ib u t io n  would be th e  id e a l  one 

g iv e n  by th e  A iry  summation, th e  p ath  d if f e r e n c e  betw een

each p a ir  o f  beams b ein g  i f  th e  medium between

th e su r fa c e s  i s  a i r .  I f ,  how ever, th e  in te r fe r o m e te r  i s  

a wedge, th e  phase d if f e r e n c e  between each p a ir  of beams
{52 )i s  s l i g h t l y  d i f f e r e n t  from th e  id e a l ,  and i t  can be shown '

th a t  fo r  normal in c id e n c e  to  a rough ap proxim ation , th e
ftpath  d if f e r e n c e  betw een th e  1 s t  beam and th e  'f\ i s  

Z k Î — ^  ^ , Where i s  th e  se p a r a tio n  o f  th e

s u r fa c e s  a t  the p o s i t io n  o f  the 1 s t  beam, and t  i s  th e

wedge a n g le  o f  th e  in te r fe r o m e te r . Thus th e  beams o f  

h ig h e r  order ten d  to  oppose the A iry  summation, u n t i l ,  i f
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j  ^   ̂ % , t h i s  beam i s  d ir e c t ly  opposed in  phase

to  the 1 s t  beam. The e f f e c t  o f  t h i s  d ep arture from th e  

id e a l  c o n d itio n  i s  to  broaden th e  f r in g e s ,  and i t  i s  ob v ious  

th a t  th e  sh arp est f r in g e s  w i l l  be o b ta in ed  when ^  and £  

are a s  sm all a s p o s s ib le .  The v a lu e  o f  , i f  th e  

in te r f e r e n c e  f r in g e s  are 1mm. a p a r t, a custom ary v a lu e ,  

sh ou ld  be o f  th e  ord er o f  -Ql mm. or l e s s .  An e x a c t  

trea tm en t o f  th e  d e v ia t io n  o f  th e  p r a c t ic a l  wedge i n t e r 

fero m eter  from th e  id e a l  ca se  i s  g iv e n  by Brossel^^® ^.

A nother assum ption in  th e  t h e o r e t ic a l  trea tm en t  

o f  an in te r fe r o m e te r  i s  th a t  th e  in c id e n t  beam i s  p e r f e c t ly  

p a r a l l e l .  In p r a c t ic e  o f  cou rse  t h i s  i s  n ever  th e  c a se .

The broadening o f  the f r in g e s  caused by la c k  o f  p e r f e c t  

c o l l im a t io n  has been d e sc r ib e d  by F a b r y ),  and i t  can 

e a s i l y  be shown th a t  th e  broadening caused by a g iv en  

v a r ia t io n  in  th e  in c id e n c e  a n g le  i s  l e a s t  when th e  i n t e r 

fero m eter  se p a r a tio n  i s  sm a ll. # ie n  ^  i s  o f  th e  ord er  

o f  *01 mm., a to le r a n c e  o f  i  1° in  th e  c o l l im a t io n  o f  

th e  in c id e n t  beam w i l l  n o t in c r e a s e  th e  f r in g e  w idth  by 

more than ^  o f  th e  se p a r a tio n  between one f r in g e

and th e  n e x t . S im ila r ly  th e  t h e o r e t ic a l  trea tm en t assum es 

th e  in c id e n t  l i g h t  to  be p e r f e c t ly  m onochrom atic. The 

f i n i t e  l i n e  w idth  o f  th e  sou rce  u sed  in  p r a c t ic e  w i l l  

cause a broaden ing o f  th e  in te r fe r e n c e  f r in g e s  by an 

amount whiich aga in  i s  d ir e c t ly  p r o p e r t ic u a l to  th e
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se p a r a tio n  o f  th e  in te r fe r o m e te r  s u r fa c e s , and which i s  

th e r e fo r e  sm all when ^  i s  sm a ll.

I f  a t normal in c id e n c e , th e  in te r fe r o m e te r  gap 

i s  *01 mm., when th e  wedge a n g le  i s  such th a t  th e r e  i s  one 

f r in g e  p er  m ill im e tr e  a lon g  th e  in te r fe r o m e te r  su r fa c e , th e  

f r in g e  w idth  vd .ll n o t exceed  th e  t h e o r e t ic a l  w idth  by more 

than Yzjoo^  o f  th e  order se p a r a tio n  o f  th e  f r in g e s ,  a l l  

th e  e f f e c t s  vdiich cau se f r in g e  broaden ing b ein g  reduced  

fo r  sm all v a lu e s  o f  ^  . At non-norm al in c id e n c e  how ever,

an oth er e f f e c t  a r i s e s  which cannot be removed. The beams 

which combine to  form a f r in g e  a t normal in c id e n c e  come 

from a v er y  sm all reg io n  o f  an in te r fe r o m e te r , f o r  th e  

v a lu e s  o f  ^  and C g iv e n , th e  s i x t i e t h  beam comes from  

a p o in t  o n ly  *025 mms. away from th e  f i r s t  beam. However 

when th e  in c id e n c e  a n g le  i s  in c r e a se d , o b v io u s ly  th e  l in e a r  

d isp lacem en t o f  th e  in t e r f e r in g  beams i s  g r e a t ly  in c r e a se d , 

a t 60° th e  s i x t i e t h  beam comes from a p o in t  2 mm. away from  

th e  f i r s t  beam. T h is means th a t  where a t  normal in c id e n c e ,  

a v ery  sharp fr in g e  w i l l  fo l lo w  th e  s m a lle s t  contours o f  

th e  su r fa c e , e . g .  p o l i s h  marks on an o p t ic a l  f l a t ,  a t non

normal in c id e n c e  l o c a l  s tr u c tu r e  i s  masked, and th e  f r in g e s  

are broadened s in c e  th e  p h a ses  o f  th e  in t e r f e r in g  beams no 

lo n g e r  obey th e  s t r i c t  t h e o r e t ic a l  law .

In  F igu re 18 some photographs o f  th e  f r in g e  

d ou b lin g  u s in g  f r in g e s  o f  equal th ic k n e s s  and f r in g e s  o f
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equal chrom atic order are shown, th e  normal in c id e n c e  

r e f le x io n  c o e f f i c i e n t s  o f  th e  in te r fe r o m e te r  su r fa c e s  

b e in g  shown in  each c a s e . The in c r e a se d  d oub lin g  o f  th e  

f r in g e s  a s  th e  a n g le  o f  in c id e n c e  in c r e a s e s  from zero  to  

th e  maximum o b ta in a b le  w ith  th e  tu r n ta b le  u sed , 70° ,  i s  

c le a r ly  shown. In  th e  F izea n  f r in g e s  tak en  w ith  a r e f le x io n  

c o e f f i c i e n t  o f  0*90,  th e  l o s s  o f th e  su r fa ce  d e t a i l  apparent 

a t  normal in c id e n c e  w ith  consequent in c r e a s e  o f  f r in g e  w id th  

a s th e  in c id e n c e  an g le  changes from 0° to  45° can be se e n .

Two s t r ik in g  f e a tu r e s  o f  th e s e  f r in g e s  are  

im m ediately  ^ p a r e n t .  F ir s t  th e  g re a t d if f e r e n c e  in  f r in g e  

w idth  f o r  th e  two com ponents, a t  h ig h  a n g le s  o f  in c id e n c e ,  

and second th e  red u ctio n  in  th e  maximum i n t e n s i t y  o f  th e  

sh a ip er  f r in g e s  a s  the in c id e n c e  ange in c r e a s e s .  F igu re  19 

i s  a m icrophotom eter t r a c e  o f  th e  f r in g e s  shown in  F igu re 18, 

f o r  a r e f le x io n  c o e f f i c i e n t  a t  normal in c id e n c e  o f  0*50,  

in  which th e  r e la t iv e  sh arp ness o f  th e  two components i s  

c l e a r ly  shown. I t  should  be n oted  th a t  th e  v e r t i c a l  a x is  

in  t h i s  tr a c e  i s  one o f  p la t e  b la ck en in g , n o t o f  in t e n s i t y ,  

and so  th e  r e la t iv e  i n t e n s i t i e s  o f  th e  f r in g e s  cannot be 

compared by th e  t r a c e .  The d if f e r e n c e  in  sh arp ness o f  

th e  f r in g e s  i s  th e  r e s u l t  o f  th e  v a r ia t io n  o f th e  r e f le x io n  

c o e f f i c i e n t  o f th e  m e t a l l i c  la y e r s  w ith  in c id e n c e  a n g le  

f o r  th e  two com ponents. The r e f le x io n  c o e f f i c i e n t  fo r  th e  

component p o la r is e d  p a r a l l e l  to  th e  p la n e  o f  in c id e n c e
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f a l l s  t o  a minimum v a lu e  somewhere in  th e  re g io n  o f 55^ 

t o  75° ,  th e  minimum v a lu e  and th e  a n g le  a t  which i t  occu rs  

v ary in g  w ith  th e  m e ta l, and w ith  th e  th ic k n e s s  o f  th e  la y e r . 

The r e f le x io n  c o e f f i c i e n t  fo r  th e  p e ip )e n d icu la r ly  p o la r is e d  

component r i s e s  s t e a d i ly  w ith  in c r e a s in g  a n g le  o f  in c id e n c e .  

Thus th e  f r in g e s  f o r  th e  p a r a l l e l  component are broader a t  

h ig h  a n g le s  o f in c id e n c e , w h i ls t  th o se  fo r  th e  p erp en d icu la r  

component are f in e r ,  than  a t  normal in c id e n c e .

The reason  fo r  th e  d if f e r e n c e  in  th e  maximum 

in t e n s i t y  o f  th e  two f r in g e s  i s  l e s s  o b v io u s . I t  was 

su g g ested  by Tolansky^^^^ th a t  th e  m e t a l l ic  la y e r s  o f  s i l v e r  

used  in  h is  experim ent e x h ib ite d  a d i f f e r e n t i a l  a b so rp tio n , 

ab sorb in g  th e  p e i^ e n d ic u la r ly  p o la r is e d  component more 

s tr o n g ly  than th e  p a r a l l e l  component. However measurements 

made w ith  th e  p hotom eter, d e sc r ib ed  in  Chapter I  o f  t h i s  

P a r t , on th e  tr a n sm iss io n  and r e f le x io n  p r o p e r t ie s  o f  f a i r l y  

th ic k  s i l v e r  la y e r s  show th a t  t h i s  i s  n o t th e  c a s e , and 

a ls o  en a b le  th e  d if f e r e n c e  in  i n t e n s i t i e s  to  be e x p la in e d .  

F igu re 20 shows th e  v a r ia t io n  o f  th e  r e f le x io n  c o e f f i c i e n t  

, and th e  tr a n sm iss io n  c o e f f i c i e n t ,  ^  , wn.th th e  

a n g le  o f in c id e n c e , a s m easured fo r  th e  two com ponents.

The a b s o ip t io n s , /9  " are a ls o  p lo t t e d .  Now th e

maximum in t e n s i t y  o f  an in te r fe r e n c e  f r in g e  i s  g iv en  by

and i t  i s  seen  from F igu re 20 th a t  a s  th e  in c id e n c e  

in c r e a s e s ,  th e  a b so r p tio n s  fo r  th e  two components remain
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rou gh ly  c o n sta n t, hut th e  tr a n sm iss io n  o f  th e  p a r a l l e l  

component in c r e a s e s  w h ils t  th a t  o f  th e  p erp en d icu la r  

component d e c r e a se s . Thus i t  fo llo w s  im m ediately  th a t  

f o r  th e  p a r a l l e l  component th e  r a t io  d e c r e a se s , and

hence th e  maximum i n t e n s i t y  in c r e a s e s ,  but f o r  th e  p erp en 

d ic u la r  component, t h i s  r a t io  in c r e a s e s  and th e  maximum 

i n t e n s i t y  f a l l s .  I t  should  a ls o  be n oted  th a t  a t  h igh  

a n g le s  o f  in c id d n c e  g la s s  tr a n sm its  th e  p a r a l l e l  component 

much more r e a d i ly  than  th e  p erp en d icu la r  one, and so th e  

g la s s  su pp orts fo r  th e  f i lm s  accoun t fo r  some o f  th e  

i n t e n s i t y  d i f f e r e n c e .

In  a d d it io n  to  th e  m easurem ents on tr a n sm itte d  

f r in g e s  in  th e  manner d e sc r ib e d , i t  i s  a ls o  p o s s ib le  to  

ob serve th e  d oub lin g  in  th e  r e f l e c t e d  system  o f f r in g e s .  

The exp erim en ta l arrangement i s  o b v io u s ly  more awkward 

s in c e  e i t h e r  th e  c o l l im a t in g  system  or th e  camera system  

h as t o  move round as th e  in c id e n c e  a n g le  changes. There 

i s  a ls o  a s e r io u s  d isa d v a n ta g e  in h e r e n t in  th e  n atu re  o f  

r e f l e c t e d  f r in g e s .  These f r in g e s ,  f o r  f i lm s  o f r e f le x io n  

c o e f f i c i e n t  g r e a te r  than  0*50, are  f in e  dark l i n e s  on a 

b r ig h t  background, and co n seq u en tly  th e  v i s i b i l i t y  o f  a 

system  o f  doubled f r in g e s  i s  poor s in c e  th e  b r ig h t back

ground f o r  one component ten d s to  obscure th e  dark f r in g e  

fo r  th e  o th e r . T h is d i f f i c u l t y  can be p a r t ly  overcome by



93 .

th e  u se  o f  a d e v ic e  composed o f two s h e e ts  o f  * P o la r o id '  

p la ce d  s id e  by s id e  w ith  th e  l i n e  betw een them b is e c t in g  

th e  in c id e n t  beam. The a x es  o f  th e  s h e e ts  are arranged  

so th a t  one h a l f  o f  th e  f i e l d  i s  p o la r is e d  in  a d ir e c t io n  

p erp en d icu la r  to  th e  d ir e c t io n  o f  p o la r is a t io n  in  th e  

o th er  h a l f .  Each s e t  o f  f r in g e s  i s  seen  unobscured in  one 

h a l f  o f  th e  f i e l d  and m easurem ents o f th e  d oub lin g  can be 

made a lo n g  th e  l i n e  o f  in t e r s e c t io n  o f  th e  two h a lv e s .

S in c e , however, th e  p o la r o id s  cannot be p la ced  in  th e  same 

p la n e  a s  th e  f r in g e s ,  t h i s  l i n e  o f  in t e r s e c t io n  i s  out o f  

fo c u s  and th e r e  i s  some l o s s  o f v i s i b i l i t y  in  th e  cen tre  

o f  th e  f i e l d .  A photograph o f  some r e f l e c t e d  f r in g e s  

u s in g  t h i s  system  i s  shown in  F ig u re  21 . The u se  o f th e  

r e f l e c t e d  system  i s  n e c e s sa r y  in  th e  ca se  where m easurements 

a re c a r r ie d  out on an opaque m eta l su r fa c e , and t h i s  

tech n iq u e  has been u sed  in  th e  p r e s e n t  in v e s t ig a t io n ,  w ith  

r e s u l t s  t o  be d escr ib ed  l a t e r .

B efore p ro ceed in g  to  a d is c u s s io n  o f  th e  so u rces  

o f  th e  er r o r s  o f  measurement in  t h i s  te c h n iq u e , th e  q u estio n  

o f  th e  ev a lu a tio n  o f  th e  doubling from th e  a c tu a l m easure

m ents on th e  f r in g e s  o f  equal th ic k n e s s  must be m entioned .

In th e  eq u ation  o f  th e  l a s t  ch a p ter , 2*5 , th e  v a lu e  o f

ZS was shown t o  be equal to  4  * , where ,

were th e  d is ta n c e s  of th e  f r in g e s  from some 

a r b itr a r y  o r ig in .  T h is ca se  was however d er iv ed  fo r  a
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t h e o r e t i c a l  wedge in te r fe r o m e te r , th e  se p a r a tio n  betw een  

s u c c e s s iv e  p a ir s  o f  f r in g e s  b ein g  assumed t o  be c o n sta n t .

In p r a c t ic e ,  w ith  th e  average o p t ic a l  f l a t ,  th e  p r e ssu r e  

n e c e ssa r y  to  o b ta in  th e  req u ired  sm all in te r fe r o m e te r  gap

i s  g e n e r a l ly  s u f f i c i e n t  t o  cause a s l i g h t  b u ck lin g  o f  th e

f l a t s ,  w ith  a consequent v a r ia t io n  a lon g  th e  in te r fe r o m e te r  

o f  th e  order se p a r a tio n , i . e .  th e  q u a n tity  % . I t  i s

th e r e fo r e  n e c e ssa r y  to  ta k e  th e  v a lu e  o f  th e  ord er se p a r a tio n  

which h o ld s  a t  th e  d o u b le t b ein g  m easured, and to  do t h i s  

th e  average o f  th e  ord er se p a r a tio n s  fo r  th e  two components 

i s  m easured. I f  th e  d o u b le t b e in g  m easured i s  

th e  s e r ie s  o f  f r in g e s  , ^ip , ^3 5 , , th en

th e  average order se p a r a tio n  a t th e  c e n tr a l  d ou b let i s

-  ^ 3 5 ) , and th e  v a lu e  fo r  ^  i s  

^ x ^ ) /  i  This method o f

approxim ation  i s  th e  same as th a t  due to  McNair fo r  th e  

Lummer p la t e  in te r fe r o m e te r , quoted by Tolansky^^^^. I t  

i s  im portant to  n o te  th a t  i t  i s  o n ly  c o r r e c t  vhen th e  

order se p a r a tio n  between th e  v a r io u s  s e t s  o f  f r in g e s  i s  

e i t h e r  n e a r ly  c o n sta n t , or vary in g  s lo w ly  in  a uniform  

manner, and i f  m easurem ents are made under any o th er  

c o n d it io n s  s e r io u s  e r r o r s  a re  l i k e l y  t o  r e s u l t .  I t  should  

be n oted  th a t  t h i s  d i f f i c u l t y  does not a r i s e  in  th e  case  

o f  m easurem ents w ith  f r in g e s  o f  equal chrom atic ord er ,

s in c e  in  th a t  ca se  th e  s e c t io n  o f  th e  in te r fe r o m e te r
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imaged a t  th e  sp eotroeoop e s l i t  i s  o f  o o n sta n t th ic k n e s s ,  

and hence th e  w avelength  d is p e r s io n  o f th e  f r in g e s  i s  

p e r f e c t ly  c o n s ta n t .

Measurements or f r in g e s  o f  eq u a l th ic k n e s s  are  

made by s e t t in g  th e  c r o s s -w ir e  in  th e  e y e p ie c e  o f an 

a ccu ra te  com parator on to  th e  c e n tre  o f  each f r in g e  in  tu rn . 

The accu racy  w ith  which t h i s  can be done o b v io u s ly  in c r e a s e s  

a s  th e  sh arp n ess o f  th e  f r in g e s  in c r e a s e s ,  and so i s  g r e a te s t  

f o r  f r in g e s  produced in  in te r fe r o m e te r s  w ith  h igh  r e f le x io n  

c o e f f i c i e n t s .  In  th e  case  o f  th e  measurement o f r e l a t i v e  

p hase change, t h i s  means th a t  th e  accu racy  o f measurement 

on th e  f r in g e s  g iv e n  by th e  p a r a l l e l  component i s  alw ays 

th e  l im i t in g  f a c to r ,  s in c e  th e s e  f r in g e s  are th e  broader  

o f  th e  two s e t s .  In a d d it io n  to  th e  in c r e a se d  broadness  

of th e  f r in g e s  a t  low r e f le x io n  c o e f f i c i e n t s  th e re  i s  

an oth er  sou rce o f  in c r e a se d  e r r o r s  in  t h i s  c a s e . When th e  

r e f le x io n  c o e f f i c i e n t  o f  th e  p a r a l l e l  component i s  very  

low , i t  i s  so broad th a t  i t  ten d s to  im pair th e  v i s i b i l i t y  

o f  th e  sharp p erp en d icu la r  component. I t  i s  seen  in  th e  

m icrophotom eter tr a c e  o f  F igu re 19 th a t  fo r  a normal 

in c id e n c e  v a lu e  o f  R, o f 0*50, t h i s  i s  a lr ea d y  happening  

to  a c e r ta in  e x te n t .  I f  th e  normal in c id e n c e  r e f le x io n  

c o e f f i c i e n t  i s  o n ly  0*30, th e  r e f le x io n  c o e f f i c i e n t  a t  an 

a n g le  o f  60° may o n ly  be 0 *1 0 , and t h i s  e f f e c t  then  very
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s e r io u s ly  a f f e c t s  th e  accuracy  o f  m easurem ent. F ig u re  22 

shows th e  d oub lin g  o f  f r in g e s  in  an in te r fe r o m e te r  betw een  

two v ery  th in  s i l v e r  la y e r s ,  whose normal in c id e n c e  

r e f le x io n  c o e f f i c i e n t  was o n ly  0*20. I t  can be seen  th a t  

a ccu ra te  measurement o f  t h i s  d oub lin g  i s  very  d i f f i c u l t  

in d eed .

A nother sou rce o f  erro r  l i e s  in  th e  c o r r e c t  

fo c u s s in g  o f  th e  image o f  th e  f r in g e s  on to  th e  p h otograp h ic  

p la t e .  I t  has a lr ea d y  been m entioned (Chapter l l  o f  t h i s  

p a r t )  th a t  fo r  an id e a l  wedge in te r fe r o m e te r  th e  f r in g e s  

a re l o c a l i s e d  in  a p la n e  p erp en d icu la r  to  th e  a x is  o f  th e  

system , and so a l l  th e  f r in g e s  should  be in  fo cu s  a t  any 

one tim e on a p h o to g ra p h ic  p l a t e .  In p r a c t ic e ,  how ever, 

th e  p la t e s  are g e n e r a lly  very  s l i g h t l y  curved, and th e  

su r fa c e  o f  l o c a l i s a t i o n  o f th e  f r in g e s  i s  no lo n g e r  a p la n e .  

T his p roduces an apparent change in  th e  d ou b lin g  o f  th e  

f r in g e s  in  an image on a p h otograp h ic  p la t e  a s  th e  p la n e  

o f  c o r r e c t  fo c u s  moves through th e  image o f  th e  f r in g e s .

T his e f f e c t  was t o t a l l y  unexpected  and was found through  

a c lo s e r  in v e s t ig a t io n  o f  some apparent an om alies in  th e  

b eh av iou r o f  th in  la y e r s .  No attem pt h as been made to  

e x p la in  i t  t h e o r e t i c a l ly  but some exp erim en ta l m easurements 

o f  th e  m agnitude o f  th e  e f f e c t  were made.

The p r o je c t in g  l e n s ,  o f  5 cm. fo c a l  le n g th , was 

moved in  1  mm. s t e p s  through th e  p o s i t io n  which appeared
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v i s u a l ly  to  g iv e  an image in  c o r r e c t  fo c u s , a t  a m a g n if i

c a t io n  o f about fo u r . A t o t a l  movement o f  6 mm. was made, 

and th e  d ou b lin g  measured f o r  each p o s i t io n  fo r  th r ee  

d if f e r e n t  v a lu e s  o f  th e  wedge a n g le  and in te r fe r o m e te r  gap . 

When th e  gap and wedge a n g le  were such th a t  th e r e  were 

tw e lv e  d o u b le ts  p er  cm ., th e  apparent change in  d oub lin g  

caused by th e  6 mm. movement o f th e  p r o je c t in g  le n s  was 

•043 o f th e  order s e p a r a t io n . When th e r e  were seven  d o u b le ts  

p er cm ., th e  movement o f th e  le n s  produced an apparent 

change o f  *031 o f an o rd er , and w4ien th e r e  were fo u r  d o u b le ts  

p er  cm ., a change o f  *026 o f  an o rd er . T h is e f f e c t  i s  

th e r e fo r e  l e a s t  ^ e n  th e  in te r fe r o m e te r  gap and wedge a n g le  

are a t a minimum, and a l l  m easurements were su b seq u en tly  

made w ith  a d is p e r s io n  such th a t  th ere  were no more than  

fo u r  d o u b le ts  p er  cm. o f  f i e l d .

When th e  r e f le x io n  c o e f f i c i e n t  o f  th e  su r fa c e s  

was h ig h , i t  was found th a t  th e  p o s i t io n  o f c o r r e c t  fo cu s  

cou ld  be e s tim a ted  r e p e a te d ly  to  w e ll  w ith in  one mm. in  th e  

p o s i t io n  o f  th e  p r o je c t in g  l e n s ,  and so th e  erro r  in t r o 

duced by t h i s  cause was l e s s  than  *004 o f an order sep a r a tio n , 

When however th e  r e f le x io n  c o e f f i c i e n t  was v e iy  low , say  

l e s s  than 0*30, th e  p o s i t io n  of c o r r e c t  fo c u s  o f  the f r in g e s  

cou ld  not be e s tim a ted  t o  any b e t t e r  than t  2  mm., and so  

an er ro r  o f  -ol o f an order i s  in trod u ced  from t h i s  ca u se .
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Both th e s e  so u rces o f  e r r o r  have been shown to  

in c r e a s e  w ith  d ecrea s in g  r e f le x io n  c o e f f i c i e n t  o f th e  

s u r fa c e s  o f  th e  in te r f e r c m e te r . U sin g  g e n e r a lly  F izea n  

f r in g e s  o f  eq u a l th ic k n e s s ,  and o c c a s io n a l ly  f r in g e s  o f  

eq u a l chrom atic o rd er , a t  l e a s t  f o r ty  d eterm in a tio n s o f  

th e  r e la t iv e  p hase change have been made, f o r  su r fa c e s  o f  

r e f l e x io n  c o e f f i c i e n t  v ary in g  between 0*20 and 0*94. Taking 

a l l  th e se  r e s u l t s  in to  c o n s id e r a t io n , th e  exp erim en ta l e r ro r  

in  th e  d e te n a in a t io n  o f  th e  r e la t iv e  change o f  p hase by t h i s  

m ethod, ex p ressed  as a f r a c t io n  of th e  w avelength  o f  th e  

in c id e n t  l i g h t ,  v a r ie s  from ±  * 0 0 2  X fo r  th e  optimum ca se  

o f  f L >  0*80, t o  ±  .005  ^ f o r  ^  <  0*30. I f  th e  

r e la t iv e  p hase change i s  ex p ressed  a s  an a n g le , t h i s  

corresponds to  ±  0*7^ fo r  th e  optimum ca se , and ±  2 ° fo r  

th e  w orst c a se . T his corp ares u n favou rab ly  w ith  th e  erro r  

in  e s t im a tio n  o f th e  a n g le  o f  p r in c ip a l  in c id e n c e  b y , o ' Bryan 

o f  i  0 *1 ^, and th e  erro r s  in  d eterm in in g  th e  r e la t iv e  

change o f  phase by Drude' s method o f  ±  .QOl ^

As a method f o r  th e  d e term in a tio n  o f r e la t iv e  

change o f  p hase th e  in te r fe r o m e tr ic  tech n iq u e has one main 

advantage over p o la r im e tr ic  m ethods in  th a t  th e  ap paratu s  

u sed  i s  sim p le to  c o n s tr u c t , and in e x p e n s iv e . I t  a ls o  has  

th e  a d d it io n a l advantage th a t  th e  d o u b lin g s can be recorded  

p h o t o g r ^ h ic a l ly  and th e  m easurements made a t l e i s u r e ,  a s  

opposed i o  th e la b o r io u s  v is u a l  o b ser v a tio n  n e c e ssa r y  w ith
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most o f  th e  p o la r im e tr ic  m ethods. This i s  p a r t ic u la r ly  

th e  case vdien th e  v a r ia t io n  o f Z \  w ith  w avelength  i s  

req u ired , s in c e  th e  lAhole v i s i b l e  range can be covered  

in  one photograph o f  f r in g e s  o f  equal chrom atic ord er , 

w h ils t  th e  p o la r im e tr ic  method would re q u ire  a dozen or  

more se p a r a te  e s t im a t io n s  w ith  a h a l f  shade ey e p ie c e  or  

s im ila r  d e v ic e .

As a g a in s t  th e se  ad van tages, th e  tech n iq u e  has  

a number o f  s e r io u s  l im i t a t i o n s .  Ihe accu racy  o b ta in a b le  

does not approach th a t  o b ta in a b le  by Drude ' s m ethod, though  

from th e  p o in t  o f  v ie w  o f  th e  d e te n u in a tio n  o f  o p t ic a l  

c o n s ta n ts  t h i s  i s  not q u ite  so s e r io u s  a drawback a s i t  

seem s, s in c e  we have seen  th a t  th e r e  i s  l i t t l e  need fo r  

v ery  g re a t accu racy  in  t h i s  co n n ec tio n . Perhaps th e  most 

sev ere  l im i t a t io n  i s  th e  f a l l i n g - o f f  o f accu racy  w ith  

d ec r ea s in g  r e f le x io n  c o e f f i c i e n t .  The tech n iq u e  i s  l i t t l e  

more than  h a l f  a s  a ccu ra te  fo r  d e te im in in g  th e  r e la t iv e  

changes o f  phase o ccu rr in g  on r e f le x io n  a t m e ta ls  such as  

Chromium or Copper, a s  i t  i s  fo r  m e ta ls  l i k e  S i lv e r  and 

Aluminium.

A nother d isa d v a n ta g e  in  c e r ta in  c a se s  i s  th a t  

th e  tech n iq u e  r e q u ir e s  two la y e r s ,  one fo r  each su rfa ce  

o f  th e  in te r fe r o m e te r . Now i t  i s  not d i f f i c u l t  to  produce  

two la y e r s  o f  p r a c t i c a l l y  id e n t i c a l  o p t ic a l  c h a r a c t e r i s t i c s .
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i f  th e y  are so th ic k  a s  to  have o n ly  a few  p er  cen t t r a n s 

m is s io n . The o p t ic a l  p r o p e r t ie s  o f  f i lm s  of t h i s  k in d , 

such as th o se  u sed  f o r  g e n e r a l in te r fe r o m e tr ic  work, vary  

but s lo w ly  w ith  t h ic k n e s s .  However i f  i t  i s  d e s ir e d  to  

measure th e  v a r ia t io n  o f  th e  r e l a t i v e  change o f  phase w ith  

th e  th ic k n e s s ,  i t  i s  found th a t  th e  v a r ia t io n  w ith  th ic k n e s s  

becomes a p p r ec ia b le  a t th ic k n e s s e s  below  3 5 0 and i t  i s  not 

an ea sy  m atter  to  produce two id e n t i c a l  f i lm s .  Even w ith  

th e  h o r iz o n ta l  ev a p o ra tio n  p la n t  d escr ib ed  in  P art i l .

Chap. I ,  a sm all amount o f  o x id e  or o th er  ' scum' on one 

s id e  o f  th e  f ila m e n t can cau se a marked d if f e r e n c e  in  th e  

th ic k n e s s  and th e  p r o p e r t ie s  o f two v ery  th in  f i lm s  produced  

a t th e  same tim e in  th e  p la n t .

One method o f  overcoming t h i s  d i f f i c u l t y  i s  to  

match th e  th in  f i lm  w ith  a f r e s h ly  prepared  th ic k  one whose 

p r o p e r t ie s ,  i t  w i l l  be shown, can be r e l i e d  upon to  be th e  

same as o th e r s  measured o f  th e  same ord er of th ic k n e s s .

The doubling i s  then  due, not t o  tw ic e  th e  r e la t iv e  phase  

change a t e i th e r  o f  two id e n t i c a l  f i lm s ,  but to  th e  sum o f  

th e  r e la t iv e  phase changes due to  th e  th in  f i lm  and th e  

th ic k  on e. This p r o c e s s  m ight a t  f i r s t  s ig h t  appear to  

le a d  to  an in c r e a se d  a ccu ra cy , s in c e  th e  f r in g e s  in  th e  

'm ixed' in te r fe r o m e te r  w i l l  be sh a ip er  than w ith  one composed 

o f two f i lm s  o f  low  r e f l e c t i o n  c o e f f i c i e n t s .  However i f  th e  

d oub lin g  in  th e  form er ca se  can be measured to  — *004 X ,
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and th ic k  f i lm s  r e la t iv e  p hase change i s  known to  ,

th e  v a lu e  fo r  th e  r e la t iv e  p hase change a t th e  th in  f i lm  

i s  o n ly  accu ra te  to  i* 0 0 6  X  .

A fu r th e r  d isad van tage o f  th e  in te r fe r o m e tr ic  

method i s  th a t  i t  i s  n ot p o s s ib le  to  carry out th e  m easure

m ents w ith o u t removing th e  f i lm s  from th e  vacuum in  vAiich 

i t  was d e p o s ite d . T h is means th a t  th e  f i lm s  may be con

tam in ated  during the adjustm ent o f  th e  in te r fe r o m e te r , e t c . ,  

and f a l s e  r e s u l t s  en su e. I t  i s  g e n e r a l ly  p o s s ib le  to  make 

th e  ccm plete experim ent f o r  th e  measurement o f  r e la t iv e  

p hase change, in c lu d in g  measurement o f  th e  v a r ia t io n  w ith  

w avelen gth  u s in g  f r in g e s  o f  equal chrom atic ord er , w ith in  

one hour, and so o n ly  m e ta ls  which are r a p id ly  contam inated  

in  a ir  w i l l  undergo any s e r io u s  change during m easurem ent.

I t  may be p o s s ib le  co m p le te ly  to  overcome t h i s  d i f f i c u l t y  

by co v er in g  the f i lm  w ith  cedarwood or o th er  o i l  of known 

r e f r a c t iv e  in d ex  im m ed iate ly  upon removal from th e  vacuum 

chamber, and form ing th e  in te r fe r o m e te r  w ith  t h i s  o i l  between  

th e  p la t e s .  I t  would o f  course be n ece ssa r y  to  m odify  th e  

in t e r p r e ta t io n  o f  any r e s u l t s  ob ta in ed  to  account fo r  th e  

r e f r a c t iv e  in d ex  o f  th e  o i l .

From th e  p o in t  o f  v iew  o f  th e  d e te im in a tio n  o f  

th e  o p t ic a l  co n sta n ts  o f  th e  m e ta ls , i t  i s  seen  im m ediately  

th a t  t h i s  method i s  b e s t  s u ite d  to  th o se  m eta ls  o f  h ig h
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r e f le x io n  c o e f f i c i e n t .  ,S in c e  th e  m easurem ents are m ost 

c o n v e n ie n tly  made in  tr a n sm is s io n , i t  fo l lo w s  th a t  th e  

m eta ls  must be in  th e  form o f la y e r s  h av in g  a t  l e a s t  one 

or two p er  c e n t , tr a n sm is s io n . I t  must be d ecid ed  fo r  

each m eta l la y e r  used  w hether or not th e  la y e r s  can be 

co n sid ered  c h a r a c t e r is t ic  of th e  m etal in  b u lk . The q u e s tio n s  

a f f e c t in g  t h i s  d e c is io n  have been d isc u sse d  in  d e t a i l  in  

P a rt I  o f  t h i s  t h e s i s .



P A R T  IV 

THE RESULTS OF TBE EXPERIMENTS



mm  IV

In tr o d u c tio n

The exp erim en ts th a t  have been c a r r ie d  out u s in g  

th e  o p t ic a l  te c h n iq u es  d esc r ib e d , can be grouped under th r e e  

h e a d in g s , measurement o f  th e  normal in c id e n c e  p r o p e r t ie s  of 

s i l v e r  and aluminium , a study o f th e  non-norm al in c id e n c e  

r e f le x io n  c h a r a c t e r i s t i c s  o f  s i l v e r  la y e r e ,  and th e  d e te r 

m in ation  o f  th e  o p t ic a l  c o n sta n ts  o f la y e r s  o f  cop p er, t i n ,  

speculum  and a t in - n ic k e l  a l l o y .  Each o f  th e s e  s e c t io n s  

w i l l  form th e  su b je c t  o f  a sep a ra te  ch ap ter , but s in c e  th e  

o v e r a ll  exp erim en ta l p rocedu re was s im ila r  in  each c a s e , i t  

can be d esc r ib ed  h e r e .

A l l  th e  la y e r s  used  were d ^ o s i t e d  on to  g la s s  

s u b s tr a te s  in  e i t h e r  o f  two ev a p o ra tio n  p la n t s  d e sc r ib e d .

The p a r t ic u la r  p la n t  u sed  w i l l  be d esc r ib ed  in  th e  d is c u s s io n  

o f  th e  r e s u l t s .  A fte r  d e p o s it io n , th e  co a ted  s u b s tr a te s  

were removed from th e  vacuum chamber and th e  o p t ic a l  m easure

m ents ca r r ie d  out im m ed ia te ly . F ir s t  each la y e r  in  turn  

was p la c e d  in  th e  photom eter and th e  i n t e n s i t y  c o e f f i c i e n t s  

m easured, both  a tanoim al in c id e n c e  and a t non-normal in c id e n c e  

f o r  th e  d e te m in a t io n  of th e  e l l i p t i c i t y  o f th e  l i g h t  

r e f l e c t e d  a t th e s e  a n g le s .  The la y e r s  were then  combined 

w ith  each o th er  (o r  w ith  a f r e s h ly  prepared  th ic k  la y e r  o f  

s i l v e r  as d e sc r ib ed  in  P a rt i l l .  Chapter H I )  to  form an 

in te r fe r o m e te r  fo r  th e  measurement o f r e la t iv e  phase change.
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In  a l l  c a s e s  th e  o p t ic a l  m easurem ents were com pleted  w ith in  

two h ours o f  th e  tim e o f  d e p o s it io n . When th e s e  m easure

m ents were done, in  th o se  c a se s  Wiere th e  th ic k n e s s  o f  th e  

la y e r  was m easured, a th in  s t r ip  of th e  f i lm  was removed 

and an opaque la y e r  d e p o s ite d  in  th e  v e r t i c a l  ev a p o ra tio n  

p la n t  in  as d io r t  a tim e a s  p o s s ib le .

S in c e  th e se  m easurem ents were made in  th e  minimum 

tim e in  each c a s e , no sy s te m a tic  in v e s t ig a t io n  o f th e  v a r ia t io n  

o f th e  observed  q u a n t it ie s  withL tim e has been made. The 

p o s s ib le  e f f e c t  o f  any 'a g e in g ' o f th e  f i lm  during th e  

m easurem ents w i l l  be d is c u s s e d  in  each p a r t ic u la r  c a s e .

The m easurem ents o f  th e  normal in c id e n c e  r e f le x io n  

c o e f f i c i e n t s  w i l l  be d isc u sse d  f i r s t ,  s in c e  th e y  are n o t  

c lo s e ly  r e la te d  to  th e  a p p lic a t io n  of th e  tech n iq u es  

d e sc r ib e d  to  th e  measurement o f  e l l i p t i c i t y  and r e la t iv e  

p hase changes, v h ich  i s  th e  main purpose o f  th e  work.
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Chapter I .

The r e f le x io n  and tr a n sm iss io n  c o e f f i c i e n t s  a t  

normal in c id e n c e  o f  a number o f  f i lm s  o f s i l v e r  and 

aluminium  have been m easured. .S ilv e r  f i lm s  were produced  

in  both th e  ev a p o ra tio n  p la n t s ,  aluminium f i lm s  in  th e  

v e r t i c a l  p la n t  o n ly . The a n g le  o f in c id e n c e  a t # i i c h  th e  

c o e f f i c i e n t s  were measured was in  p r a c t ic e  5 ° , but th e  

v a r ia t io n  of th e  c o e f f i c i e n t s  w ith  in c id e n c e  fo r  u n p o la r ise d  

l i g h t  i s  such th a t in  a l l  c a se s  th e  c o e f f i c i e n t s  a t t h i s  

a n g le  can be taken as th e  normal in c id e n c e  c o e f f i c i e n t s  

w ith in  th e  accuracy  o f  th e se  m easurem ents.

The i n t e n s i t y  c o e f f i c i e n t s  o f  th e  f i lm s  o f  s i l v e r  

f o r  in c id e n t  l i g h t  o f  mean w avelength  5400 A are shown in  

F igu re 33 . The r e f le x io n  c o e f f i c i e n t s  are p lo t t e d  as  

o r d in a te s , th e  tr a n sm iss io n  c o e f f i c i e n t s  a s  a b s c is s a e .

The advantage o f  t h i s  method o f  r e p r e se n ta t io n  over  th e  

more u su a l p lo t  o f th e  c o e f f i c i e n t s  a g a in s t  a th ic k n e s s  

a x i s  h as a lr ea d y  been m entioned in  P art I ,  Chapter IV o f  

t h i s  t h e s i s .  The u n c e r t a in t ie s  in  th e  th ic k n e s s  m easure

m ents are a v o id ed , and th e  a b so rp tio n  of any p a r t ic u la r  

la y e r  can be q u ick ly  d e te m in e d  from th e  graph, s in c e  i t  

i s  rep resen ted  f o r  any p a r t ic u la r  tr a n sm iss io n  c o e f f i c i e n t ,  

by th e  v e r t i c a l  d is ta n c e  from th e  p o in t  to  th e  l i n e  o f  

s lo p e  45^ which r e p r e se n ts  zero  a b so r p tio n .
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In  F igu re 23, th e  p o in t s  r e p r ese n t th e  f i lm s  

m easured, th e  th ic k  l i n e  i s  th e  mean o f  th e  o b se r v a tio n s  

o f  S tron g  and D i b b l e , showing th e  v a r ia t io n  o f r e f le x io n  

w ith  tr a n sm iss io n  c o e f f i c i e n t  f o r  t h e i r  and ^  - ty p e

f i lm s .  I t  i s  c le a r  a t once from F igu re 23 th a t  th e  f i lm s  

measured h ere correspond  q u ite  c l o s e ly  to  th e  f i lm s  o f  

S trong  and D ib b le .

I t  i s  a ls o  o b v io u s from t h i s  f ig u r e  th a t  th e  

s c a t t e r  o f  th e  exp erim en ta l p o in t s  about a mean curve i s  

v ery  much g r e a te r  than th e  exp erim en ta l er ro r  a s s o c ia te d  

w ith  th e  m easurem ents fo r  each p o in t ,  which i s  n ot g r e a te r  

than 2 : O 'o i . in  th e  v a lu e  o f  e i th e r  c o e f f i c i e n t .  The 

ca u ses o f  th e s e  d e v ia t io n s  were d isc u sse d  when th e  r e s u l t s  

o f  p r e v io u s  workers were b e in g  compared. The s c a t t e r  o f  

th e  exp B im ental p o in t s  o f  s tr o n g  and D ib b le  i s  shown by 

th e  v e r t i c a l  d o tted  l i n e s  in  F igu re 23 , and s in c e  th ey  

measured a v ery  la r g e  number o f  f i lm s  t h i s  order o f  d e v ia t io n  

must be regarded as u su a l when f i lm s  are produced in  t h i s  

manner. I t  must be n o ted , how ever, th a t  d e s p ite  th e  im prove

ment in  th e  p ressu r e  c h a r a c t e r is t ic s  o f  th e  la b o r a to ry  

eva p o ra tio n  p la n t  when th e  co ld  trap  was added ( s e e  p a r t  I I ,  

Chapter I ) ,  and the ab sen ce o f  any v i s i b l e  con tam in ation , 

th e  s c a t t e r  o f  p o in t s  r e p r e se n t in g  f i lm s  produced in  t h is  

p la n t  i s  no l e s s  than f o r  th o se  produced in  th e  v e r t i c a l  

p la n t  w ith o u t any co ld  tr a p .
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‘Hie f a i r l y  good agreem ent shoiwn on t h i s  r e p resen 

t a t io n  betw een th e  measured v a lu e s  and th e  v a lu e s  recorded  

by S tro n g , v a n ish e s  when th e  r e f le x io n  c o e f f i c i e n t s  measured  

are p lo t t e d  a g a in s t  a th ic k n e s s  measurement fo r  th e  f i lm s ,  

o b ta in ed  in  th e  manner d e sc r ib e d . T h is i s  done in  F igu re  

24, th e  a b s c is s a e  b e in g  v a lu e s  o f  th e  mass p er  u n it  area  

p r e se n t  in  th e  f i lm . V alu es o f  th e  th ic k n e s s  o f th e  f i lm ,  

d efin e d  in  th e  manner d isc u sse d  in  P art I I ,  Chapter I I , 

are a ls o  in c lu d e d . The con tin u ou s l i n e  r e p r e se n ts  th e  

mean o f  th e  exp er im en ta l p o in t s .  The mean o f th e  r e s u l t s  

o f  Rouard ( c^. F igu re 4) and S tron g  are a ls o  shov/n, to g e th e r  

w ith  a curve c a lc u la te d  from th e  v a lu e s  o f  th e  o p t ic a l

c o n s ta n ts  f o r  opaque evap orated  la y e r s  o f  s i l v e r ,  g iv e n  
(28 )

by Hass . T h is l a t t e r  curve was con fu ted  from th e  

form ulae g iv en  in  P art I ,  Chapter I I .

The agreem ent between th e  r e s u l t s  o f  th e s e  

exp erim en ts and th e  th eo ry  i s  p o o r , a s  i s  a ls o  th e  a g r e e 

ment between S tr o n g 's  r e s u l t s  and th e  th e o r y . Here th e  

v a lu e s  o f  th e  mass p er  u n it  area  ob ta in ed  by s tr o n g  by 

w eigh in g  a re  taken  a s  c o r r e c t  . No doubt some o f  th e  

d iscrep a n cy  i s  due to  th e  d i f f e r in g  m ethods o f  th ic k n e s s  

measurement em ployed, but a q u e stio n  which rem ains un

r e so lv e d  i s  th e  reason  fo r  th e  la r g e  d if f e r e n c e s  between  

th e  work o f  s tr o n g  and th e  w r it e r ,  and th e  work o f  Rouard,
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th e  l a t t e r ' 8 work a g re e in g  f a i r l y  w e ll  w ith  th e  th eo ry  

f o r  v a lu e s  o f  th ic k n e s s  g r e a te r  than 1 5 0 /7 . No fu r th e r  

in v e s t ig a t io n  o f t h i s  phenomenon was made, s in c e  i t  la y  

o u ts id e  th e  scope o f  t h i s  WDrk.

The normal in c id e n c e  m easurements were p r im a r ily  

undertaken  to  be o f a s s i s t a n c e  to  w orkers in  t h i s  la b o r a to r y  

u sin g  the te c h n iq u e s  o f  m u lt ip le  beam in te r fe r o m e tr y , and 

in  t h i s  co n n ectio n  o n ly  v a lu e s  of r e f le x io n  c o e f f i c i e n t  

g r e a te r  than 0*50 are o f i n t e r e s t .  The r e p r e se n ta t io n  o f  

th e  r e s u l t s  by p lo t t in g  R  a g a in s t  T  i s  ag a in  th e  b e s t  

from t h i s  p o in t  o f  v iew  s in c e  th e  im portant fa c to r ,  th e  

a b so rp tio n  f o r  a g iv en  tr a n sm is s io n , can be d ir e c t ly  

ob served , and no m easurem ents o f  th ic k n e s s  are req u ired  

t o  p lo t  th e  cu rve .

S in c e , in  a l l  th e  in te r fe r o m e tr ic  done in  t h i s  

la b o r a to r y , th e  la y e r s  are  d e p o s ite d  in  th e  v e r t i c a l  

ev a p o ra tio n  p la n t ,  o n ly  f i lm s  produced in  th a t  p la n t  w i l l  

be d isc u sse d  from t h i s  p o in t  o f  v iew . F igu re 25 shows th e  

r e s u l t s  fo r  th e  r e f le x io n  and tr a n sm iss io n  c o e f f i c i e n t s  

f o r  a number o f  s i l v e r  and aluminium f i lm s  produced in  

th e  v e r t i c a l  p la n t ,  f o r  th r ee  d i f f e r e n t  w a v elen g th s, 4 ,5 0 0 ,  

5 ,4 0 0  and 6 ,1 0 0  A .

Now, th e  maximum in t e n s i t y  o f  an in te r fe r e n c e  

f r in g e  fo m e d  in  a tr a n sm iss io n  in te r fe r o m e te r  w ith  r e f l e c t o r s  

o f  tr a n sm iss io n  T  and a b so rp tio n  A i s  { I t  •
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In  order to  o b ta in  th e  maximum i n t e n s i t y ,  th e  r a t io n  

must be a s sm all a s  p o s s ib le .

From th e  curves o f  F ig u re  £5 i t  i s  seen  a t  once 

th a t  s i l v e r  f i lm s  are g r e a t ly  su p e r io r  to  aluminium f i lm s  

a t th e  w a v elen g th s s tu d ie d , th e  v a lu e s  o f  fo r  s i l v e r

f i lm s  b e in g  rough ly  h a l f  th o se  fo r  aluminium f i lm s .  The 

v a lu e s  o f  found f o r  th e s e  s i l v e r  f i lm s  are in  very

c lo s e  agreem ent w ith  some m easurem ents made u s in g  d i f f e r e n t  

o p t ic a l  te c h n iq u e s  on f i lm s  produced by ev a p o ra tio n  by 

B rig h t, Jackson , and Kuhn^*^^^.

In sp e c t io n  o f F igu re 25 r e v e a ls  however th a t  

th e s e  v a lu e s  of th e  r a t io  taken  from th e  mean cu rves

are n o t rep ro d u c ib le  to  any g re a t d eg ree . The s c a t t e r  o f  

th e  exp erim en ta l p o in t s  i s  such th a t  when s u c c e s s iv e  f i lm s  

are evaporated  in  th e  p la n t  under a p p a ren tly  id e n t ic a l  

c o n d it io n s , v a r ia t io n s  in  r a t io  o f  up to  50^ must

be exp ected  fo r  s i l v e r  f i lm s .  I t  was a t  f i r s t  thought 

th a t  a la r g e  p a r t  o f  t h i s  v a r ia t io n  was due to  th e  f a c t  

th a t  th e  a c tu a l p re ssu r e  a t  which ev a p o ra tio n  ta k e s  p la c e  

in  th e  v e r t i c a l  p la n t  i s  n o t known, s in c e  th e  p r e ssu r e  

gauge i s  i n s e n s i t i v e  below  ! 0  o f  Eg. However we

have seen  from F igu re 25 th a t  f i lm s  produced in  th e  

la b o r a to r y  p la n t ,  in  w hich th e  p r e s su r e s  can be measured  

com p aratively  a c c u r a te ly , show v a r ia t io n s  o f  th e  same o rd er .
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The v a r ia t io n s  in  th e  v a lu e  o f  fo r  aluminium

f i lm s  are g r e a te r  -  o f  th e  order o f  lOO^ in  some c a s e s .  A 

r e c e n t  study o f  th e  o p t ic a l  e f f e c t s  o f  th e  o x id a tio n  o f  

aluminium la y e r s  on exposure to  th e  atm osphere, by cabrera  

and T err ien /^ O ), h as shown th a t  th e  v a r ia t io n s  are a lm ost 

e n t ir e ly  due to  t h i s  ca u se . The o x id a tio n  p r o c e s s e s  are  

o n ly  com plete a f t e r  s e v e r a l d ays, and th e  changes produced  

by them in  th e  f i r s t  two h ours a f t e r  p ro d u ctio n  are v ery  

l a r g e .

The e x is te n c e  o f th e se  v a r ia t io n s  in  th e  a b so rp tio n  

means th a t  in  g en er a l u s e , t h i s  ev a p o ra tio n  procedure cannot 

be r e l ie d  upon to  g iv e  s t r i c t l y  rep ro d u c ib le  f i lm s  fo r  

in te r fe r o m e tr ic  p u rp o ses . In  th e  g en er a l a p p lic a t io n s  o f  

t h i s  tech n iq u e  in  tr a n sm iss io n , so u rces o f h ig h  in t e n s i t y  

are u sed , and an o c c a s io n a l h ig h ly  ab sorb in g  f i lm  i s  n o t  

a s e r io u s  h an d icap . However when an in te r fe r o m e te r  i s  u sed  

in  r e f le x io n  th e  v i s i b i l i t y  o f  th e  in te r fe r e n c e  f r in g e s  

depends c r i t i c a l l y  upon th e  a b so rp tio n  o f th e  fr o n t  su r fa c e  

o f  th e  in te r fe r o m e te r ( ) ,  and i t  i s  o c c a s io n a lly  found  

th a t  a f i lm  i s  produced which i s  very  poor fo r  t h i s  p u rp ose . 

A lso  b ecau se  o f th e se  v a r ia t io n s ,  i t  seem s o f l i t t l e  u se  

t o  c a lc u la te  v a lu e s  f o r  fu n c t io n s  r e la t in g  th e  in t e n s i t y  

e f f i c i e n c y  o f  an in te r fe r o m e te r  to  th e  r e f le x io n  c o e f f i c i e n t  

o f i t s  s u r fa c e s , a s  B r ig h t, Jack son , and Kuhn have done, 

s in c e  th e  v a lu es  o b ta in ed  are  o n ly  re p ro d u c ib le  between  

s u c c e s s iv e  e v a p o r a tio n s  to  — 50%.
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A nother p o in t  o f  in t e r e s t  which a r i s e s  from  

th e s e  r e s u l t s  concerns th e  r a te  o f  ev a p o ra tio n , s tro n g  

and D ib b le  in  t h e ir  work c a lc u la te d  th e  th ic k n e s s e s  o f  

t h e i r  d e p o s it s  from m easurem ents on th e  tim e taken  to  

d e p o s it  th e  la y e r  and th e  geom etry o f th e  system . They 

then  assumed th e s e  to  be c o r r e c t  and 'c o r r e c te d ' v a lu e s  

ob ta in ed  by w eigh ing to  a gree  w ith  th e s e  v a lu e s ,  in  th e  

exp erim en ts d e sc r ib e d  h e r e , th e  tim e o f d e p o s it io n  was 

measured in  each c a s e . A t a b le  i s  g iv en  b elow  showing th e  

tim e  taken  to  d e p o s it  a la y e r  and i t s  r e f le x io n  c o e f f i c i e n t .

Time ( s e c s ) .  27 20 15 15 12 12 lO iQ

0*90 0*90 0-86 0 .0 7  0*87 0*77 0*68 Q.62

T h is ta b le  ^diows th a t  m easurem ents o f  th e  tim e  

taken  to  d e p o s it  th e  la y e r  are o n ly  a very  rough g u id e  to  

th e  r e f le x io n  c o e f f i c i e n t s  o b ta in ed . The reason  fo r  t h i s ,  

in  th e  com m ercial p la n t ,  i s  th a t  th e  s i l v e r  w ets th e  

molybdenum and sp reads out to  a d i f f e r e n t  area  fo r  each  

ev a p o ra tio n , and so th e  area  o f  th e  source i s  d i f f e r e n t  

in  each c a s e . S trong and D ib b le  used a tu n g sten  s p ir a l  

co a ted  w ith  s i l v e r ,  and i t  m ight be exp ected  th a t  th e  

source area  in  t h i s  case  i s  more co n sta n t than w ith  a 

molybdenum b o a t, b ut even so la r g e  v a r ia t io n s  in  th e  

r e f le x io n  c o e f f i c i e n t  o f  la y e r s  # i i c h  ta k e  th e  same tim e



1 1 2 .

to  d ep o sit m ight be e x p e c te d . I t  was fo r  t h i s  reason  th a t  

th e  v a lu e s  g iv en  by S trong and D ib b le  were changed to  a 

b a s is  which assumed t h e ir  w eig h in g s to  be c o r r e c t .
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Chapter I I .

The e l l i p t i c i t y  and r e la t iv e  p hase change occu rr

in g  on r e f le x io n  a t la y e r s  o f  s i l v e r  o f  v a r io u s  th ic k n e s s e s  

betw een 100 and 600 have been m easured fo r  a n g le s  o f  

in c id e n c e  o f  up to  7 0 ° . T h is study had two main o b je c t s .  

F ir s t ,  th e  v a r ia t io n  o f  th e  q u a n t i t ie s  ^  and / Ï  w ith  

th e  th ic k n e s s  o f  a th in  la y e r  has n o t been p r e v io u s ly  

exam ined. S eco n d ly , i t  was d e s ir e d  to  f in d  w hether th e  

p r o p e r t ie s  o f  la y e r s  o f  ' in te r fe r o m e tr ic *  th ic k n e s s e s ,  th a t  

i s  o n ly  s l i g h t l y  tr a n sp a r e n t, were id e n t i c a l  w ith  th o se  o f  

th e  su r fa ce  o f  a m a te r ia l in  b u lk , and a ls o  from th e  t h ic k 

n e s s  v a r ia t io n  to  determ ine th e  l i m i t s  o f  tr a n sm iss io n  and 

th ic k n e s s ,  below  which th e  p r o p e r t ie s  o f  th e  la y e r  d iv erg ed  

from th o se  of th e  m eta l in  b u lk .

In F ig u re  26 t h e  e l l i p t i c i t y  o f  th e  l i g h t  r e f le c t e d  

from a s i l v e r  la y e r  ( 4 5 o t h i c k ,  r e f le x io n  c o e f f i c i e n t  

0*90, tr a n sm iss io n  0*04) i s  shown fo r  v a r io u s  a n g le s  o f  

in c id e n c e , th e  mean w avelength  o f  th e  l i g h t  b e in g  5400 

The exp erim en ta l e r r o r s  o f  ±  0*01 in  any v a lu e  o f  th e  

e l l i p t i c i t y  ^  a re  shown in  th e  F ig u re . The v a lu e s  to  be 

exp ected  fo r  r e f le x io n  a t th e  su r fa ce  o f  a bulk  m eta l have 

been c a lc u la te d  from th e  form ulae o f  P a rt i .  Chapter I ,

1*3 , u s in g  th e  v a lu e s  f o r  th e  o p t ic a l  co n sta n ts  o f
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s i l v e r  g iv en  by Hass^^^^, r\ = 0*177, H « 18*60, ( = 5461A).

These v a lu es  are a lso  p lo t t e d  in  F igure 26 and i t  i s  seen  

th a t  fo r  t h is  f i lm  the v a r ia t io n  o f  th e measured e l l i p t i c i t y  

from the th e o r e t ic a l  va lu e fo r  bulk s o lv e r  on ly  exceeds th e  

experim ental error o f  ±1% fo r  a n g les  o f in c id en ce  above 

6 8 ° .

The v a r ia tio n  of the r e la t iv e  phase re ta r d a tio n  

^  , expressed  as a fr a c t io n  o f  the in c id en t w avelength  

(5 4 6 1 f t ) ,  w ith  th e  an g le  o f  in c id en ce  i s  shown in  F igure 27.

The experim ental v a lu es  shown were th ose ob ta in ed  u sin g  

Fizean in te r fe r e n c e  fr in g e s  in  a number o f in te r fe r o m e te r s ,  

the common c h a r a c te r is t ic  o f  -which was th a t the tra n sm iss io n  

c o e f f ic ie n t  o f  the la y e r s  fo im ing them never exceeded 0*07.

No sy stem a tic  v a r ia t io n  of the r e la t iv e  phase re ta r d a tio n  

w ith in  th e se  l im i t s  was observed , m  F igure 27 th e  continuous 

l in e  i s  not th e  mean curve through th e  p o in t s ,  but i s  th e  th e o r 

e t i c a l  curve, computed fo r  the case o f  r e f le x io n  a t bulk 

s i l v e r ,  u sin g  th e  v a lu es  o f  the o p t ic a l  con stan ts quoted.

The v a r ia t io n  o f  a curve through the experim ental p o in ts  

from the t h e o r e t ic a l  curve would n ot exceed th e  experim ental 

erro r  o f  ±  *002 ^ fo r  a n g les  of in c id en ce  l e s s  than 60° 

and on ly  by very l i t t l e  more than t h i s  fo r  th e  h igher a n g les  

o f  in c id en ce  l e s s  than 60° and on ly  by very  l i t t l e  more than

t h i s  fo r  th e  h ig h er  a n g les  o f  in c id e n c e . The an gle o f
( 27 )p r in c ip a l in c id en ce  found by O’Bryan' ' i s  a lso  p lo t te d ,
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and an e x tr a p o la t io n  o f  a curve through th e  experim ental 

p o in ts  would p a ss  very near to  t h i s  p o in t .

I t  should be noted  th a t v a lu es  o f ^  shown in  

F igure 27 and in  succeed ing f ig u r e s  are exp ressed  as a fr a c t io n  

of the in c id e n t w avelength , and are d ir e c t ly  c a lc u la te d  from 

th e  fr a c t io n a l  order sep a ra tio n  of th e  doubled in te r fe r e n c e  

f r in g e s .  These curves in d ic a te  a v a lu e  o f ^  = O  , fo r  

^  . However, i t  can r e a d ily  be shown from th e

th eo ry  g iven  in  P art I ,  Chaps. I and I I  • Drude^^ ), 

Winterbottom^^^^, Born^^^)) th a t  fo r  9 = 0 ^ , ^ =  f t  , 

and th a t i f  the v a lu es  o f  g iven  here are transform ed

in to  angular measurement, then  th e an gle  corresponding to  a 

g iv en  fr in g e  s h i f t  i s  equal to  ( ) radiom s. T h is

i s  o f im portance vhen th e se  measurements are used to  c a l 

cu la te  v a lu e s  fo r  th e  o p t ic a l  co n sta n ts , s in c e  th e  angular  

measure o f  ^  i s  required  fo r  s u b s t itu t io n  in  the formulae 

o f  P art I .  In p a ss in g  i t  may a lso  be mentioned th a t th e  

s h i f t  o f  th e  dark bands in  a Babinet com pensator, used in  

Drude*s method fo r  determ ining , when transform ed in to  

an an g le  i s  a ls o  equal to  ( 9k — ), th e  in te r fe r o m e tr ic  

and p o la r im e tr ic  methods b ein g  a l ik e  in  th a t  one cannot 

d is t in g u is h  between a r e la t iv e  phase s h i f t  o f zero and one

of ^ ( V  2).
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.Also stiown d otted  in  F igure 27 i s  th e  curve 

obtained  by Tolansky in  the o r ig in a l  work u sin g  th e  in t e r 

fero m etr ic  techn ique(G ^ ). This curve fo llo w s  th e  p resen t  

v a lu e s  very c lo s e ly  fo r  in c id en ce  a n g les  of up to  60° and 

then  suddenly d iv erg es from th e  t h e o r e t ic a l  curve. The 

r e a l i t y  o f  t h i s  d ivergen ce was c a r e fu l ly  checked by Tolansky, 

but a thoroughly s a t is f a c t o r y  ex p lan ation  fo r  i t  has not 

been found. One p o s s ib le  ezp la n a tio n  i s  th a t i t  i s  an 

fageing* e f f e c t .  The f i lm s  used by Tolansky in  th e  o r ig in a l  

experim ent were se v e ra l months o ld , and i t  was su ggested  

th a t the e f f e c t  may have been caused by the p resen ce o f a 

f a i r l y  th ic k  la y e r  of oxide on th e su r fa c e . Some f ilm s  

used in  the p resen t in v e s t ig a t io n  were l e f t  in  the open 

la b o ra to ry  fo r  p er io d s o f  up to  th ree  weeks and re-m easured, 

but no change was ever observed o f th e  order o f magnitude 

of t h i s  e f f e c t .

The v a r ia t io n  of ^  w ith  w avelength fo r  f ilm s  

of th is  order o f  th ic k n e ss  was measured very e a r ly  in  th e  

in v e s t ig a t io n , u sin g  fr in g e s  of equal chrom atic order. The 

r e s u lt s  are shown in  F igure 28 . %hen ^  i s  expressed  as 

a fr a c t io n  of a w avelength , i t  d ecrea ses s t e a d i ly  towards 

the red fo r  a l l  a n g les  of in c id e n c e , but i t  i s  expressed  

a s an an g le , i t  remains n ea r ly  co n sta n t. The c a lc u la t io n  

o f  ^  from the measured w avelength was made assuming th e  

term ^  in  th e  equation  2 - l0  o f  Part i l l  to  be zero , and
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th e  f a i r l y  c lo s e  agreement between th e  v a lu es  taken from  

th e  f r in g e s  o f  egual chrom atic order (F ig . 28) fo r  

/ \  m 5461/? , and th e  v a lu es  from the Fizean fr in g e s  

(F ig , 27) show th a t in  f a c t  th e  term yg fo r  s i l v e r  must 

be v e iy  sm all. The experim ental errors in  th e se  e a r ly  

measurements in  F igure 28 are too  la r g e  fo r  any fu r th er  

co n c lu s io n s  a s  to  th e  magnitude or sig n  of th e  q u an tity  

to  be drawn.

The v a r ia t io n s  of ^  and w ith  th e  th ic k n ess  

o f th e  la y e r , a t  a f ix e d  an gle o f  in c id en ce  fo r  a w avelength  

o f  5 4 0 0 /? , are i^own in  F igu res 29 and 30. The in c id en ce  

a n g le  was 65^. This an g le  was chosen as a compromise 

between th e  d e s ir e  fo r  as h igh  an in c id en ce  angle as p o s s ib le  

to  d ecrease the p ercen tage errors in  th e  measurement o f  ^  ,

and the d ecrease in  e f f e c t iv e  s iz e  o f  th e  in ter fero m eter  

fo r  th e  measurement o f  ^  w ith  in crea s in g  in c id en ce  a n g le .

Consider f i r s t  the measurements o f  th e  e l l i p t i c i t y ,  

^  , F igure 29. The erro rs cf measurement both o f  ^  and

o f  th e  th ic k n e s s , cL , are shown in  th e  f ig u r e , to g e th e r  

w ith  a t h e o r e t ic a l  curve c a lc u la te d  u sin g  equation  2*3 o f  

P art I .  A comparison of th e  th e o r e t ic a l  and ezperim ental 

curves ± low s  th a t fo r  v a lu es  o f  ^  between 3oo and 2oO ^ , 

the experim ental v a lu es  are h ig h er  than th e  t h e o r e t ic a l  by 

a s l i g h t ,  but s ig n if ic a n t ,  amount, and fo r  v a lu es  of l e s s  

than 1 5 0 ^ ,  th e  experiem ental v a lu es  are con sid erab ly  below
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th e  t h e o r e t ic a l  on es. I t  appears l i k e l y  th a t th e  marked 

divergence o f  the v a lu es  o f  p  from th e  th e o r e t ic a l  curve 

fo r  very  th in  la y e r s  i s  due to  a change in  th e  o p t ic a l  

co n sta n ts  o f  th e  la y e r  s im ila r  to  th a t  observed by Rouard, 

Krautkramer, e t c . ,  fo r  the normal in c id en ce  r e f le x io n  

c o e f f ic ie n t s .

•Bie v a r ia t io n  o f p  w ith  ( i  in  F igure 29 shows 

th a t fo r  a la y e r  to  g iv e  e l l i p t i c i t i e s  id e n t ic a l  to  w ith in  

±  w ith  th o se  g iven  by r e f le x io n  at a bulk m etal 

su rface  i t  must be a t l e a s t  450/9 th ic k . U sing th e  data  

of th e  p rev io u s chapter (F igu res 23 and 24) t h i s  means 

th a t th e la y e r  must have a r e f le x io n  c o e f f i c ie n t  g rea ter  

than 0*90 and a tra n sm issio n  l e s s  than 0*04 ( ^ .  F ig . 2 6 ) .

F igure 30 shows the v a r ia tio n  of th e  r e la t iv e  

phase ,change, ^  , w ith  th e  th ic k n e s s , cL . I t  i s  seen

th a t w ith in  the l im i t s  o f  accuracy o f th e experiment th ere  

i s  no s ig n if ic a n t  d iffe r e n c e  between th e  experim ental p o in ts  

and th e  th e o r e t ic a l  curve down to  th e  sm a lle st th ic k n e sse s  

measured, 125/9 . I t  should be noted th a t th e  experim ental 

error in c r e a se s  w ith  d ecreasin g  th ick n ess  fo r  the reasons  

d iscu ssed  in  P art I I I ,  Chapter I I I .  Some of th ese  p o in ts  

were obtained  u sin g  an in te r fero m eter  composed of two la y e r s  

o f  n ea r ly  id e n t ic a l  th ic k n e ss , th e  mean th ic k n e ss  being
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g iv en  in  th e  graph, and o th ers  u sin g  one la y e r  of th e  th ic k 

n e ss  shown, and one la y e r  g r e a te r  than 4 0 0 ^  th ic k , fo r  

which a v a lu e  o f  taken from Figure 27 was u sed , j t  can - 

be seen from the graph th a t the va lu e  o f  ^  fo r  r e f le x io n  

a t a la y e r  of th ic k n ess  not l e s s  than 350A i s  th e  same as 

the va lu e o f  A  fo r  r e f le x io n  at the su rfa ce  o f bulk s i l v e r  

to  w ith in  l € .

In co n sid er in g  the u se o f  the tech n iq u es d escrib ed  

in  t h i s  work fo r  the d eterm ination  o f th e  o p t ic a l  co n sta n ts  

o f  bulk m a te r ia ls , u sin g  evaporated la y e r s  a s  c h a r a c te r is t ic  

su r fa c e s , the con clu sion  to  be drawn from th e se  measure

ments i s  th a t w h ils t  th e  la y e r s  used in  th e  in terfero m eter  

can have tra n sm iss io n s  o f  up to  0*07 and s t i l l  y ie ld  v a lu es  

o f A  equal to  the bulk m etal v a lu e s , th e  v a lu es  o f  ^  

obtained  decrease f a i r l y  ra p id ly  from the bulk m etal value  

as the v a lu e  o f  th e  tra n sm iss io n  in c r e a se s  beyond 0*04.

When the tech n iqu e i s  used w ith  m eta ls , such as s i l v e r ,  

which shows a co n ^ a ra tiv e ly  low ab sorp tion  in  transparent 

la y e r s , measurements on yO and A  can both be made on th e  

same la y e r s ,  o f  tra n sm iss io n  say 0 '0 2 . However, i f  h ig h ly  

absorbing m eta ls  are to  be in v e s t ig a te d , a tra n sm issio n  o f  

on ly  0*02 y ie ld s  a very  low va lu e fo r  the maximum in te n s ity  

o f  th e  in te r fe r e n c e  fr in g e s  used in  the measurement o f  A  

(dependent upon j / ( / f  4^)^ ) . For m eta ls  o f t h i s  kind a 

more s a t is f a c t o r y  procedure would be to  prepare a number
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o f  opaque or very n ea r ly  opaque la y e r s  fo r  the measurement 

of th e  e l l i p t i c i t y ,  and to  prepare la y e r s  of tra n sm issio n  

about 0*05, fo r  th e  measurement o f  th e  r e la t iv e  phase change.

F in a lly , i t  can be m entioned th a t the o p t ic a l  

measurements g iv en  h ere , su g g estin g  a minimum th ic k n e ss  o f  

450 A f o r  la y e r s  o f  s i l v e r  to  be c h a r a c te r is t ic  o f th e  bulk  

m eta l, i s  in  agreement w ith  the o b serv a tio n s of workers 

u sin g  o ther tech n iq u es , quoted in  p art I ,  Chap. TV.
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THE OPTICAL PROPERTIES OF^TIN, SfECUlüM AND A TIN-NICKSL ALLOY

Chapter H I .

The tech n iq u es d escrib ed  have been used to  

in v e s t ig a te  th e  o p t ic a l  p r o p e r t ie s  o f copper, t i n ,  speculum, 

and a new a l lo y  b e lie v e d  to  be • The measurements

were made on th ic k  evaporated  la y e r s  of th e se  m eta ls and 

a l lo y s ,  and the o p t ic a l  co n sta n ts  ca lcu la te d  from th e  

measurements. In order th a t th e  o p t ic a l  p r o p e r t ie s  observed  

could  be taken as th o se  o f  th e  bulk m a te r ia l, th e  la y e r s  

were d ep o sited  to  th e  orders o f  th ic k n e ss  (a s  in d ica ted  

by the tra n sm issio n ) su ggested  by th e  r e s u lt s  d escrib ed  

in  the p rev io u s chapter on the v a r ia t io n  of th e  p r o p e r t ie s  

of s i lv e r  la y e r s  w ith th e ir  th ic k n e s s e s .

The d if f e r e n t  m eta ls  and a l lo y s  w i l l  be d iscu ssed  

se p a r a te ly .

Copper.

Measurements were made on e ig h t  th ic k  la y e r s  o f  

copper, produced by evap oration  in  the h o r iz o n ta l evaporation  

p la n t .  Four o f  th e se  la y e r s  were opaque, or very  n early

so ( T<  O 'O l), and fou r had a tra n sm issio n  o f about 0*05.
\

The opaque la y e r s  were used fo r  the measurement o f th e  

e l l i p t i c i t y ,  ^  , and the s l i g h t ly  transparent ones fo r

th e  measurement o f  the r e la t iv e  phase change, ^  .
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The v a r ia t io n  o f  th e  r e f le x io n  c o e f f ic ie n t s  fo r  

the p a r a l le l  and p erp en d icu lar  components w ith th e  an gle  

o f  in c id en ce  fo r  one of the opaque la y e r s  i s  shown in  

F igure 31 . A comparison o f t h is  f ig u r e  w ith th e  v a r ia t io n  

o f  r e f le x io n  c o e f f ic ie n t  w ith  in c id en ce  fo r  s i l v e r  la y e r s  

as shown in  F igure 20, shows a t  once th a t th e  d iffe r e n c e  

in  the r e f le x io n  c o e f f ic ie n t s  a t  a g iven  an g le  of in c id en ce  

i s  much g re a te r  fo r  r e f le x io n  at a copper su rface  than a t  

a s i l v e r  one.

C orrespondingly, the v a lu e s  o f the e l l i p t i c i t y ,

^  , a t a g iv en  angle are much l e s s  fo r  copper than fo r  

s i l v e r .  The v a lu es o f  ^  ob tained  fo r  the four opaque 

la y e r s  o f copper are p lo t t e d  a g a in st  th e  an g le  in c id en ce  

in  F igure 32. The v a lu es  o f ^  ob ta in ed  by matching th e  

fou r s l i g h t ly  tran sparen t la y e r s  fo r  two in te r fe r o m e tr ic  

d eterm in ation s are shown in  F igure 33.

From the v a lu es  o f  yO and wA thus ob ta in ed , 

th e  o p t ic a l  con stan ts o f th e se  la y e r s  were determ ined. The 

form ulae due to  Drude, quoted in  P art i ,  Chap. I ,  1*6 , 

were u sed , th e  c a lc u la t io n s  being made fo r  fou r a n g le s  o f  

in c id en ce  5 0 ° , 55°, 6 0 ° , and 6 5 ° . The v a r io u s s ta g es  in  

th e  c a lc u la t io n  are shown in  th e  ta b le  below . A lso  in  t h i s  

ta b le  i s  in clu d ed  a column showing th e  magnitude o f  th e  

erro rs a r is in g  in  the v a r io u s q u a n tit ie s  in v o lv ed  in  the
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and in  the f in a l  v a lu es fo r  tv and ]< ,

a r is in g  from errors o f  ±  O'Ol in the va lu e fo r  ^  , and

±  -003 ^ in  the va lu e fo r  IS, •

9 So^ 5^^
 ̂ ' 1

6 ^ ’
i - - -  ^

ù> 33® <ff- /t.0 ‘ 9 r -  5^® ' A— <(7® ±  / ®

78"-z o '  75'*-3 o ' 72.® lo ' 7 0 ' - 4 4 - '  ±  3 o '

6^ - 4 - 7 ' ±  4 .0 '

F 72®- /<?' 6 »® 3 8 ' ^2 ® 3 / ' 53r® 4-9' ±  4 -0 '

S ! z  er6  2 - 9 7 2  GT7 ±  0  0 8

lia u   ̂ — 5^-47 ±  0-4-

k - 2 - 2> ±  O ' !

TV - h ! 0  — O '0 7
1

i

The v a lu es  found, «Tv = 1 *1 0 , /r = 2 . 3 , fo r  th e

o p t ic a l  con stan ts of copper fo r  ^ = 5400 0  , can be checked 

roughly by c a lc u la t in g  from them a v a lu e  fo r  th e  normal 

in c id en ce  r e f le x io n  c o e f f i c i e n t ,  ^  , by th e  formula l* lo

o f  P art I ,  Chapter I ,  and comparing t h i s  w ith  experim ent.

From c a lc u la t io n s , th e  va lu e  fo r  i s  0*59 0*04 and,

from Figure 31, experim ent g iv e s  K -  0-57 ±  *01, and

so w ith in  th e  accuracy o f the c a lc u la t io n s  th ere  i s  agreem ent.

The error o f  ±  -003 ^ quoted fo r  th e  measure

ment o f  i s  g re a te r  than th e  ±  «002 A quoted fo r
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th e  measurements on th ic k  f ilm s  o f  s i l v e r .  This i s  because  

o f  the much low er r e f le x io n  c o e f f ic ie n t  o f  th e  p a r a l le l  

component in  t h i s  ca se , and consequent lo s s  of accuracy  

in  the measurement o f  d oub let sep a ra tio n . This p o in t i s  

b e t te r  i l lu s t r a t e d  by a comparison o f F igure 35, irthich 

shows some in te r fe r e n c e  fr in g e s  used fo r  m easuring fo r  

th e se  copper f i lm s ,  w ith  F igure 18 ( a ) ,  the corresponding  

f r in g e s  w ith h ig h ly  r e f l e c t in g  s i lv e r  f i lm s .

In the curve o f  Zi a g a in st an g le  o f in c id e n ce ,

© , shown in  F igure 33 two v a lu es  obtained  by Lowery, 

W ilkinson, and Smare( )  are a ls o  p lo t t e d . I t  i s  seen th a t  

th e re  i s  e x c e lle n t  agreement between th e se  v a lu e s  and th e  

v a lu es  obtained  h ere . However, from t h e ir  r e s u l t s ,  Lowery 

and h is  co-w orkers c a lc u la te  th e  o p t ic a l  co n sta n ts  fo r  

copper to  be ^  = 0*90, A' « 2*1. The reason fo r  the  

d iffe r e n c e  appears to  be in  th e  fa c t  th a t th e se  workers 

have not taken in to  account th e  fa c t  th a t  th e  s h i f t  o f  

in te r fe r e n c e  fr in g e s  or bands in  a p o la r im etr ic  compensator 

caused by the r e la t iv e  phase change i s  equal to  an an gle  

o f  9^ - A  , not A  , as was mentioned in  the p rev io u s  

ch ap ter. Lowery, W ilkinson and Smare on ly  made measure

ments a t one angle o f in c id e n c e , 7 0 ° , and t h i s  an gle i s  

near to  the angle o f p r in c ip a l  in c id en ce , i . e .  i s  near  

to  %  , and so the error  in troduced  i s  com paratively  sm all.
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The v a r ia tio n  o f the q u a n tit ie s  ^  and A  w ith  

w avelength has a lso  been measured fo r  two a n g les  o f  in c id en c e , 

55^ and 6 5 ° . These v a r ia t io n s  are shown in  F igure 34. The 

v a lu e s  fo r  ^  are su b jec t to  co n sid era b le  error owing to  

th e  u n c e r ta in ty  of th e  mean w avelengths g iven  by the f i l t e r s  

in  th e  system  u sed . The v a lu es  fo r  A  were obtained  by 

th e  use o f  fr in g e s  o f equal chrom atic order, each w avelength  

being accurate to  dr 5 ^ .

The v a lu es  obtained  fo r  the o p t ic a l co n sta n ts  

of th e se  evaporated la y e r s  o f  copper are in  good agreement 

w ith  th e  v a lu es  g iv en  fo r  th e  bulk m eta l, fo r  \  = 5400 A , 

in  th e In te r n a tio n a l C r it ic a l  T ables, Tv -  1*07, /c = 2*25. 

However Lowery and h is  co-workers^^^' ) have demon

s tr a te d  the extreme s e n s i t i v i t y  o f  measurements on copper 

su r fa ce s  to  d if f e r in g  methods o f  su rface  p rep a ra tio n , and 

so in  a sense th e  degree o f agreement obtained must be 

regarded as f o r tu ito u s . However v a lu es have been obtained  

fo r  e l e c t r o l y t i c a l l y  d ep o sited  copper o f = 1 -5 8 ,

A « 1*78 ( ^ = 5400A ) , and fo r  c a th o d ic a lly  sp u ttered

la y e r s (? 5 )  ^  « 0 * 9 0 ,  k m  2»7o,  and so i t  seems th a t  

la y e r s  produced by evaporation  resem ble th e  s tr u c tu r e  o f  

th e  m assive m etal more c lo s e ly  than la y e r s  made by e l e c t r o l y t i c  

d e p o s it io n  or by oathod ie sp u tter in g .
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Tin

A s im ila r  procedure to  th a t employed fo r  th e  

d eterm ination  o f th e  o p t ic a l  co n sta n ts  o f  th e  evaporated  

la y e r s  ŵas fo llow ed  fo r  measurements on e ig h t evaporated  

la y e r s  o f  t i n .  The only d iffe r e n c e  between th e  two 

experim ents was th a t in  t h is  case th e v a lu e s  o f  and 

^  were on ly  determ ined fo r  one an g le  o f in c id e n c e , 6 5 ° .

The v a r ia t io n  o f the r e f le x io n  c o e f f i c i e n t s  w ith  

in c id en ce  an gle was measured fo r  one o f th e  f ilm s  and i s  

shown in  F igure 36. one o f  th e  s e t s  o f  fr in g e s  used fo r  

th e  determ ination  o f  ^  fo r  th e se  la y e r s  i s  shown in  

F igure 37, and from t h i s  i t  can be seen th a t the order o f  

accuracy o f  th e se  measurements i s  the same as th a t fo r  th e  

measurements on the copper f i lm s .

The mean v a lu es  fo r  the e l l i p t i c i t y  and r e la t iv e  

phase re ta r d a tio n  on r e f le x io n  a t an an gle  of 65° a t th e se  

la y e r s  were ^  = 0*73 ±  *01, and = "lo6 X  — *003 X .
U sing the same foim ulae as fo r  th e  d eterm ination  o f the  

co n sta n ts  fo r  copper, i t  was found th a t fo r  th e se  t in  la y e r s  

= 2*4 ^  0*2,  A .  1*9 'i: 0*1 fo r  \  = 5400 A .

The accuracy of th e  copper v a lu es  cannot be claim ed fo r  

th e s e , s in ce  they were made at a s in g le  an g le  o f  in c id en ce  

o n ly . The v a lu e  o f  the normal in c id en ce  r e f le x io n  c o e f f ic ie n t  

c a lc u la te d  from th ese  v a lu es  i s  0*70,  which a g rees w ith  

experim ent.
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Now the v a lu es  o f the o p t ic a l  co n sta n ts  fo r  bulk  

t i n  are(?^ ) I'O,  5400R ) , and even a llow in g

fo r  co n sid era b le  v a r ia t io n s  in  the v a lu es  fo r  th e  bulk  

m etal ( t i n  i s  an extrem ely s o f t  m eta l, and so i t s  su rface  

would be very  su s c e p t ib le  to  co n d itio n s  o f  p o lis h  e t c . )  

th ere  e x i s t s  a grea t d if fe r e n c e  between th e  o p t ic a l  con stan ts  

o f  th e  la y e r s  and o f  the b u lk .

The co n sta n ts  fo r  th e  bulk m etal y ie ld  th e o r e t ic a l  

v a lu es  fo r  ^  and A  o f  0-82 and *130 A . These v a lu es  

were checked ex p er im en ta lly . Some p lan e su r fa ce s  o f  t in  

were prepared by a llo w in g  drops o f the m olten m etal to  f a l l  

on to a hot g la s s  p la t e ,  and to  cool th ere  s lo w ly . # ien  

separated  from the g la s s ,  i f  done c a r e fu l ly , th e  t in  su r fa ces  

had th e  f in i s h  of the ^ a s s  p la t e ,  and a ls o  were presumably  

fr e e  from any d is t o r t io n  due to  cold-w ork ing. The e l l i p 

t i c i t y  o f the l i g h t  r e f le c te d  from th ese  su r fa ces  was 

measured u sin g  the photom eter in  the u su a l way, and the  

r e la t iv e  phase change was determ ined u sin g  th e  in te r fe r o m e tr ic  

tech n iq u e in  r e f le x io n , as d escrib ed  in  P art H I ,  Chapter i l l .

A photograph o f  th e  in te r fe r e n c e  fr in g e s  obtained  

by r e f le x io n  in  an in ter fer o m ete r  formed between a f r e s h ly  

prepared s i l v e r  su rface  ( f(  • 0 * 8 7 ,  T  = 0 - 0 7 )  and the  

c a s t  t in  su rfa ce  ( = 0*80) ,  i s  shown in  F igure 38 .

Obviously the accuracy o f  measurement on th e se  fr in g e s  does 

n o t approach th e  accuracy o b ta in a b le  by measurements on th e
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fr in g e s  obtained  in  tra n sm issio n  in  th e  u su a l way, but i t  

i s  s u f f ic ie n t  fo r  t h i s  ca se .

The r e s u l t s  of t h i s  experim ent, to g e th e r  w ith  the  

experim ental v a lu es  fo r  th e la y e r s ,  and th e  th e o r e t ic a l  

v a lu es  fo r  bulk t in  are in clu d ed  in  th e  ta b le  below .

^  R  -n k

AouH f 'O/
£-XP- d - 7 3 f - o /

o - f f f   ̂ V33 ^  / O 4 . 7.
•/3t-o / .o - tro ^

•/oit *00$ 0*70 j / ' f

The on ly  con clu sion  th a t  can be dravm from th ese  

r e s u l t s  i s  th a t th e  su rface  s tru c tu r e  of the evaporated  

la y e r s  o f  t in  i s  q u ite  d if f e r e n t  from th a t o f  th e  m etal in  

b u lk . Three p o s s ib le  ex p la n a tio n s p resen t th em se lv es .

The f i r s t  p o s s i b i l i t y  i s  th a t the ’bloom» which 

was o c c a s io n a lly  observed on evaporated f i lm s  o f  t in  was 

a c tu a lly  p resen t in  a l l  ca ses  in  a s u f f i c ie n t  amount to  

a f f e c t  th e  o p t ic a l  c h a r a c te r is t ic s  o f th e  su rfa ce . A gainst 

t h i s  must be p laced  the fa c t  th a t i f  th e  e f f e c t  i s  th ere  

i t  i s  remarkably co n sta n t, co n sid er in g  th a t the amount o f  

h eat rad ia ted  from th e  fila m en t to  th e  la y e r  during produc

t io n  may vary co n sid era b ly  from one case to  th e n e x t , s in c e  

th e  q u an tity  o f  t in  on the fila m en t and hence the e f f e c t iv e  

source area may vary by a t  l e a s t  ten  per cen t.
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The second p o s s i b i l i t y  i s  th a t  an a l lo y in g  a c t io n  

betw een  th e  t i n  and th e  molybdenum f ila m e n t  d id  in  f a c t  

ta k e  p la c e  (a s  su g g ested  by Dr. H edges, o f  P a rt I I ,  Chapter 

I I ) .  I t  h as a lr e a d y , however, been m entioned th a t  th e  

p erc en ta g e  co n ten t o f  molybdenum in  any a l lo y  must have  

been very  sm a ll, s in c e  fo u r te e n  f i lm s  in  a l l  were produced  

from th e same f i la m e n t .

The t h ir d ,  and perhaps th e  most p ro b a b le , sou rce  

o f  th e  d if f e r e n c e  i s  th a t  t i n ,  b ein g  a low  m e lt in g  p o in t  

m e ta l, must be c la s s e d  w ith  cadmium'and z in c  in  th a t  the* - 

s tr u c tu r e s  o f  la y e r s  d e p o s ite d  a t  room tem p era tu res, even  

when th e y  are opaque, do n ot resem b le th e  s tr u c tu r e  o f  th e  

m eta l in  b u lk . Some s l i g h t  ev id en ce  o f  an ir r e g u la r  su r fa c e  

s tr u c tu r e  was observed  when f r e s h ly  prepared  la y e r s  were 

m ic r o s c o p ic a l ly  examined a t h ig h  m a g n if ic a t io n s  ( x lOOO) 

w ith  dark ground i l lu m in a t io n .  With f r e s h ly  prepared  s i l v e r  

la y e r s ,  th e  f i e l d  o f  v iev / o f  th e  m icroscop e appeared o f  

uniform  in t e n s i t y  but w ith  th e  t i n  la y e r s  a v ery  s l i g h t  

’ s p e c k le d ’ e f f e c t  was o b serv ed . The e f f e c t  was very  sm a ll,  

and cou ld  not be p hotographed , and so cannot be taken  a s  

d e f i n i t e  e v id e n c e .

Speculum and T in -N ick e l

Measurements, have been made on a few  evap orated  

la y e r s  o f  ^ ecu lu m  and t i n - n i c k e l .  These a l lo y s  were

evap orated  o n ly  in  th e  v e r t i c a l  p la n t ,  and o n ly  th r e e  or

fo u r  f i lm s  o f  each  a l lo y  were made.
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The ^ ecu lu m  a l lo y  was composed o f 58^ Cm ,

42^ Sk . The v a lu e  found fo r  th e  normal in c id e n c e  r e f le x io n  

c o e f f i c i e n t s  o f  th e  la y e r s  fo r  in c id e n t  l i g h t  o f  w avelength  

5400A was 0*65.  T h is i s  c lo s e  to  th e  v a lu e  o f  0*64 quoted  

in  th e in te r n a t io n a l  C r i t i c a l  T ab les f o r  th e  r e f l e c t i v i t y  

o f  b u lk  speculum  o f  co m p o sitio n  68^ 32^ Sk . I t  i s ,

how ever, n e a r ly  ten  p er  cen t l e s s  than th e  v a lu e s  found  

by T olansky and D o n a l d s o n f o r  evap orated  la y e r s  o f  an 

a l lo y  composed o f  55^ , 45^ SX .

The e l l i p t i c i t y  and th e  r e l a t i v e  phase change

on r e f le x io n  at th e s e  la y e r s  were m easured fo r  an in c id e n c e  
ka n g le  o f  65 . S in c e  o n ly  fo u r  f i lm s  were m easured in  a l l ,  

a r ig o r o u s  c a lc u la t io n  o f  th e  o p t ic a l  c o n s ta n ts  from th e s e  

f ig u r e s  was n o t j u s t i f i e d .  A c a lc u la t io n  was made u s in g  

th e  approxim ate form ulae g iv e n  in  P a rt j ,  , and

th e  c o n sta n ts  were found to  be = 2*0,  k  - 2 * 3 .  These 

f ig u r e s  are not a cc u r a te  t o  b e t t e r  than  te n  p er  c e n t .

One in t e r e s t in g  fe a tu r e  o f  th e s e  evap orated  

la y e r s  was th a t  t h e ir  s tr u c tu r e  and co m p o sitio n , a f t e r  

ev a p o ra tio n , was th e  samç a s  th a t  o f  th e  a l lo y  b e fo r e  

ev a p o ra tio n . T h is was found from an X -ray in v e s t ig a t io n  

c a r r ie d  out by th e  Tin R esearch A s s o c ia t io n , and i s  r a th e r  

rem arkable s in c e  th e  component m e ta ls  o f th e  a l lo y  have  

w id e ly  d i f f e r in g  m e lt in g  p o in t s  (Copper 1000° and Tin  

230° ) .
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M easurements were a ls o  made o f  th e  r e f le x io n  

c o e f f i c i e n t s ,  e l l i p t i c i t y ,  and r e l a t i v e  phase changes fo r  

th r ee  evap orated  la y e r s  o f  a new T in -N ic k e l a l lo y ,  su p p lie d  

in  December 1949 , by th e  Tin R esearch A s s o c ia t io n .  T h is  

a l lo y  was b e lie v e d  t o  be th e  in t e r m e t a l l i c  compound

The la y e r s  were produced in  th e  v e r t i c a l  evapo

r a t io n  u n i t ,  and th e  average  normal in c id e n c e  r e f le x io n  

c o e f f i c i e n t  f o r  = 5400 /) , f o r  th e  th r e e  f i lm s  was 0 - 5 3 .  

None o f  th e  la y e r s  was opaque, t h e i r  tr a n sm iss io n  c o e f f i c i e n t s  

b ein g  about 0 . 0 5 .  T h is co m p a ra tiv e ly  h ig h  v a lu e  o f  th e  

tr a n sm iss io n  c o e f f i c i e n t  means th a t  th e  v a lu e s  o f  th e  

e l l i p t i c i t y  f o r  r e f l e x io n  a t  a co m p le te ly  opaque la y e r  

would be g r e a te r  than th a t  measured by two or th r e e  p er  

c e n t .

The e l l i p t i c i t i e s  and r e la t i v e  phase changes  

were m easured f o r  r e f le x io n  a t  th r ee  a n g le s  o f  in c id e n c e  

55 ° ,  60 ° ,  and 65° ,  and from th e  m easurem ents v a lu e s  fo r  

th e  o p t ic a l  c o n sta n ts  were ob ta in ed  u s in g  th e  approxim ate  

form ulae a s  f o r  th e  i^eculum  c o n s ta n ts . The m easured  

q u a n t i t ie s  and th e  v a lu e s  found a re  in c lu d ed  in  th e  ta b le  

b elow .
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These v a lu e s  fo r  th e  c o n s ta n ts  are o n ly  a ccu ra te  

to  te n  p er  c e n t , and can o n ly  be taken  a s a p p ly in g  t o  th e  

p r e se n t  ca se  s in c e ,  a s  has been m entioned in  P a rt I I ,

Chapter I ,  i t  was b e l ie v e d  th a t  some a l lo y in g  a c t io n  took  

p la c e  betw een th e  molybdenum f ila m e n t and th e  t i n - n i c k e l .

The in te r f e r e n c e  f r in g e s  used  fo r  th e  measurement 

o f  A  in  t h i s  ca se  are  shown in  F igu re 18 ( b ) .

No w orth w h ile  c o n c lu s io n s  can be drawn from th e  

rough m easurem ents made on th e s e  a l lo y s ,  but th e y  are  

in c lu d ed  a s  an in d ic a t io n  o f  p o s s ib le  u s e f u l  e x te n s io n s  

o f  th e  te c h n iq u e , s in c e  th e s e  a l lo y s  are  o f te n  o n ly  a v a i la b le  

in  a powder fo n a  and o p t ic a l  m easurem ents can o n ly  be made 

on la y e r s  produced e i t h e r  by ev a p o ra tio n  or e l e c t r o d e p o s i t io n .

r
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