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ABSTRACT 

M e a s u r e m e n t s  of the  h e m i s p h e r i c a l  r e f l e c t a n c e  of m e t a l l i c  s u r f a c e s  
wi th  c o n t r o l l e d  s u r f a c e  r o u g h n e s s  w e r e  m a d e  us ing  a su l fu r  i n f r a r e d  
i n t e g r a t i n g  s p h e r e  and a B e c k m a n  DK2A s p e c t r o m e t e r .  The  s u r f a c e s  
s t u d i e s  w e r e  g r o u n d  g l a s s  and n i cke l  coa t ed  with f i l m s  of a l u m i n u m ,  
gold,  p l a t inum,  and n icke l .  The  data  i n d i c a t e  that  beyond  a c e r t a i n  r a t i o  
of s u r f a c e  r o u g h n e s s  to  i nc iden t  wave l eng th ,  ao/l~ = 1, the  n o r m a l i z e d  
da ta  fo r  a l u m i n u m ,  gold,  and p l a t i num m a y  be r e p r e s e n t e d  by a s i n g l e  
cu rve .  Th i s  was  t r u e  for  the  u n i d i r e c t i o n a l  as wel l  as  the  i s o t r o p i c  
r o u g h n e s s e s ,  a l though  the  n i cke l  da ta  dev i a t e  f r o m  th i s  cu rve .  The  
c a u s e s  fo r  th i s  dev i a t i on  a r e  b e l i e v e d  to be a s s o c i a t e d  wi th  h igh  s u r f a c e  
s t r e s s e s  c a u s e d  by changes  in the  c r y s t a l l i n e  s t r u c t u r e  and a r e  d i s c u s s e d  

in th is  r e p o r t .  
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SECTION I 
INTRODUCTION 

R a d i a t i v e  r e f l e c t a n c e  of a m a t e r i a l  has  b e e n  shown to be a funct ion  
of s u r f a c e  r o u g h n e s s  (Refs .  1 and 2) and s u r f a c e  c o n t a m i n a n t s .  T h e r e -  
fo re ,  the  r e l a t i o n s h i p  b e t w e e n  t h e s e  f ac to r s  m u s t  be known for  a c c u r a t e  
hea t  b a l ance  s t u d i e s .  

Unt i l  r e c e n t l y ,  a t h e o r y  r e l a t i n g  the  s u r f a c e  r o u g h n e s s  and r e f l e c t -  
ance  has  b e e n  l ack ing .  In  1954 Dav ie s  p r o p o s e d  a m a t h e m a t i c a l  m o d e l  
wh ich  would p r e d i c t  the  s c a t t e r i n g  of m i c r o w a v e s  f r o m  d i s t u r b e d  w a t e r  
s u r f a c e s .  In 1961 Benne t t  and P o r t e u s  app l i ed  D a v i e s '  t h e o r y  to 
r e f l e c t e d  l ight  f r o m  m e t a l  s u r f a c e s  of s p e c i f i c  r o u g h n e s s e s  and v e r i f i e d  
i ts  app l i ca t i on  in the  i n f r a r e d  r e g i o n  for  the  c a s e  of n e a r  n o r m a l  i n c i -  
d e n c e  and s p e c u l a r  r e f l e c t a n c e .  

S e v e r a l  e x p e r i m e n t a l  i n v e s t i g a t i o n s  of the  r e l a t i o n s h i p  b e t w e e n  the  
r o u g h n e s s  of s u r f a c e s  and the  s p e c u l a r  o r  d i f fuse  r e f l e c t a n c e  have  b e e n  
r e p o r t e d  (Refs .  3 and 4). Rad ia t ion  in the  v i s i b l e  and n e a r  i n f r a r e d  
r e g i o n  was used ,  and the  r e f l e c t a n c e  was m e a s u r e d  for  v a r i o u s  a n g l e s  
of i n c i d e n c e .  In the  v i s i b l e  r e g i m e ,  the  s u r f a c e  i r r e g u l a r i t i e s  a r e  c o m -  
p a r a b l e  in m a g n i t u d e  to the  r a d i a t i o n  wave leng th ,  and the  s p e c u l a r  
r e f l e c t a n c e  is a l so  a func t ion  of the  r m s  s u r f a c e  r o u g h n e s s  and s lope  
(Refs .  1 and 5). In the  i n f r a r e d ,  the  s p e c u l a r  r e f l e c t a n c e  is p r i m a r i l y  
a func t ion  of the  r m s  s u r f a c e  r o u g h n e s s .  Us ing  the  D a v i e s - B e n n e t t  
t h e o r y ,  the  op t i ca l  s u r f a c e  r o u g h n e s s  m a y  be c a l c u l a t e d  f r o m  i n f r a r e d  
r e f l e c t a n c e  data,  and the  r m s  s lope  may  be ob ta ined  f r o m  v i s i b l e  r e -  
f l e c t a n c e  m e a s u r e m e n t s .  

In a r e c e n t  p a p e r  by B i r k e b a k  and E c k e r t  (Ref.  2), b i a n g u l a r ,  
s p e c u l a r ,  and h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e  m e a s u r e m e n t s  of 
r o u g h e n e d  a l u m i n u m  and n i c k e l  s u r f a c e s  w e r e  d i s c u s s e d  in t e r m s  of 
the  s u r f a c e  r o u g h n e s s ,  a o, and wave l eng th ,  ~ .  In t h e i r  c o n c l u s i o n s ,  
the  a u t h o r s  r e c o m m e n d e d  add i t i ona l  s t u d i e s  be m a d e  of the  e f f ec t s  of 
s u r f a c e  m a t e r i a l  on the  h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e s .  Th i s  
r e p o r t  expands  the  s u r f a c e  m a t e r i a l  e f f ec t s  on the  h e m i s p h e r i c a l -  
a n g u l a r  r e f l e c t a n c e  in t e r m s  of new m e a s u r e m e n t s  and add i t i ona l  c a l -  
cu l a t i ons .  The  d i s c u s s i o n  c e n t e r s  a round  the  w a v e l e n g t h  r a n g e  w h e r e  
the  h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e  is e s s e n t i a l l y  c o n s t a n t  and i n d e -  
penden t  of the  op t i ca l  s u r f a c e  r o u g h n e s s  r a t i o ,  a o / A .  The  t e s t  s u r f a c e s  
s t u d i e d  w e r e  f i l m s  of a l u m i n u m ,  gold,  p l a t i num,  and n i c k e l  app l i ed  on 
r o u g h e n e d  s u b s t r a t e s  of g l a s s  and p u r e  n i cke l .  
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SECTION I! 
TEST SURFACES 

The  t e s t  s u r f a c e s  w e r e  p r e p a r e d  by a s t a n d a r d  op t i ca l  g r i n d i n g  
t e c h n i q u e  us ing  a l u m i n u m  oxide  g r i n d i n g  c o m p o u n d s  of v a r i o u s  g r i t  
s i z e s .  In  th i s  t e c h n i q u e ,  the  s a m p l e  is  f r e e  to r o t a t e  a round  i ts  own 
c e n t e r  whi le  m o v i n g  back  and fo r th  a c r o s s  the  r o t a t i n g  g r i n d i n g  whee l .  

Ground  g l a s s  was  c h o s e n  as the  s u b s t r a t e  m a t e r i a l  b e c a u s e  it ob-  
t a in s  a v e r y  i r r e g u l a r  s u r f a c e  in the  g r i n d i n g  p r o c e s s .  Al l  g round  s u r -  
f aces  w e r e  c o a t e d  s i m u l t a n e o u s l y  wi th  an e v a p o r a t e d  m e t a l  f i l m  to a 
t h i c k n e s s  of a p p r o x i m a t e l y  8 x 10-6 in.  The  i r r e g u l a r  s t r u c t u r e  of the  
s u r f a c e s  can  be s e e n  in the  p h o t o m i c r o g r a p h s  (Fig .  1). In the  fo l lowing  
t a b l e s  and f i g u r e s ,  the  v a r i o u s  s a m p l e s  a r e  i d e n t i f i e d  by t h e i r  s u r f a c e  
r o u g h n e s s ,  a m,  which  was m e a s u r e d  m e c h a n i c a l l y  wi th  a C l e v e l a n d  
Mode l  BK6101 r o u g h n e s s  i n d i c a t o r .  The  r m s  m e c h a n i c a l  and op t i ca l  
s u r f a c e  r o u g h n e s s e s  for  m e t a l - c o a t e d  g l a s s  s a m p l e s  a r e  g iven  in T a b l e  I. 

The  n i c k e l  s u r f a c e s  w e r e  p r e p a r e d  u s ing  the  s a m e  t e c h n i q u e s  
d e s c r i b e d  for  the  g r o u n d  g l a s s  s u r f a c e s .  The  m e c h a n i c a l  and op t i ca l  
s u r f a c e s '  r o u g h n e s s e s  a r e  g iven  in Tab le  II. 

A m e t a l - c o a t e d  p o l i s h e d  g l a s s  s a m p l e  and a p o l i s h e d  n i c k e l  s a m p l e  
w e r e  u s e d  as r e f e r e n c e  s u r f a c e s  in t h e i r  r e s p e c t i v e  m e a s u r e m e n t s  
(Ref.  2). The  s u r f a c e  i r r e g u l a r i t i e s  of t h e s e  s a m p l e s  w e r e  an o r d e r  of 
m a g n i t u d e  s m a l l e r  than  t h o s e  of the  s m o o t h e s t  r o u g h e n e d  s a m p l e .  

SECTION III 
MEASUREMENT TECHNIQUES AND PROCEDURES 

The  a n g u l a r - h e m i s p h e r i c a l  t e c h n i q u e  (ah) was  e m p l o y e d  in the  r e -  
f l e c t a n c e  m e a s u r e m e n t s  in the  v i s i b l e  and n e a r  i n f r a r e d  r e g i o n .  Th i s  
t e c h n i q u e  is  shown  in F ig .  2a. The  i n c i d e n t  r a d i a t i o n  is c o n t a i n e d  in the  
so l i d  ang le  AWi. and the  r ad i a t i on ,  wh ich  is r e f l e c t e d  h e m i s p h e r i c a l l y ,  
is m e a s u r e d .  The  h e m i s p h e r i c a l - a n g u l a r  t e c h n i q u e  (ha) was  u s e d  in the  
i n f r a r e d  m e a s u r e m e n t s .  In th i s  t e c h n i q u e  (F ig .  2b), the  t e s t  s u r f a c e  is 
i r r a d i a t e d  h e m i s p h e r i c a l l y ,  and the  e n e r g y  r e f l e c t e d  in a p a r t i c u l a r  so l i d  
angle ,  A~r,  is m e a s u r e d .  P r e v i o u s  i n v e s t i g a t i o n s  (Refs .  2 and 4) have  
shown tha t  the  two t e c h n i q u e s  a r e  equ iva l en t  if  the  ang l e s  ~i and A~ i a r e  
equal  to the  ang le s  8 v and ~ r .  The  so l i d  a n g l e s  A~ i and ~Wr, u s e d  in 
th is  s tudy,  w e r e  a p p r o x i m a t e l y  equal ,  and ~i = a p p r o x i m a t e l y  15 deg  and 
0v = 10 deg.  Th i s  d i f f e r e n c e  in ~i and 0y was c a u s e d  by the  d i f f e r e n t  

2 
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g e o m e t r i e s  of the  two s y s t e m s ;  h o w e v e r ,  no d i f f e r e n c e  was no ted  in the  
data  in the  o v e r l a p  r e g i o n .  

Two t e c h n i q u e s  w e r e  e m p l o y e d  in m e a s u r i n g  the  h e m i s p h e r i c a l -  
an g u l a r  and a n g u l a r - h e m i s p h e r i c a l  r e f l e c t a n c e .  The  f i r s t  s y s t e m  was 
i d e n t i c a l  to that  d e s c r i b e d  in Ref.  2. It c o n s i s t e d  of an i n t e g r a t i n g  
s p h e r e ,  a r a d i a t i o n  s o u r c e ,  a focus ing  m i r r o r ,  and a m o n o c h r o m a t o r .  
The  s a m p l e  was  u n i f o r m l y  r a d i a t e d  by the  s o u r c e  and m u l t i p l e  r e f l e c -  
t ions  f r o m  the  su l fu r  i n t e r i o r  of the  i n t e g r a t i n g  s p h e r e .  The  e n e r g y  
r e f l e c t e d  at an angle  of ev = 10 deg  f r o m  the  n o r m a l  was  v i e w e d  by a 
m i r r o r .  Th i s  e n e r g y  was focused  on the  e n t r a n c e  s l i t  of the  m o n o -  
c h r o m a t o r  and the  i n t e n s i t y  m e a s u r e d  by the  d e t e c t o r .  The  s e c o n d  s y s -  
t e m  e m p l o y e d  was a s t a n d a r d  B e c k m a n  DK-2A s p e c t r o p h o t o m e t e r  with 
a m a g n e s i u m  o x i d e - c o a t e d  i n t e g r a t i n g  s p h e r e  a t t a c h m e n t .  The  ang le  of 
i nc iden t  e n e r g y  was a p p r o x i m a t e l y  15 deg f r o m  the  n o r m a l .  

Us ing  e i t h e r  t e c h n i q u e ,  the  t e s t  s u r f a c e  was p l a c e d  in the  i n t e -  
g r a t i n g  s p h e r e .  The  s u r f a c e  was i r r a d i a t e d ,  and the  e n e r g y  r e f l e c t e d  
was m e a s u r e d  as a func t ion  of wave l eng th .  The  r e f l e c t a n c e  of e a c h  
r o u g h e n e d  s u r f a c e  was c o m p a r e d  to the  r e s p e c t i v e  p o l i s h e d  s a m p l e  and 
to a s t a n d a r d  s a m p l e .  The  s t a n d a r d  s a m p l e s  u s e d  w e r e  m a g n e s i u m  
oxide  in the  0 . 3 5 -  to 2.7-A~ r a n g e  and f l o w e r s  of su l fu r  f r o m  1.5 to 1 5 # .  

SECTION IV 
RESULTS AND DISCUSSION 

A c c o r d i n g  to B i r k e b a k  and E c k e r t  (Ref.  2) in t h e i r  d i s c u s s i o n  on 
the  h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e ,  Pha, the  t h e o r y  of Davies  (Ref .  3) 
i n d i c a t e s  that  Pha is  i n d e p e n d e n t  of w a v e l e n g t h  for  ;~ < ~o. The  r e s u l t s  
(Ref.  2) shown in Fig .  3 for  the  b i a n g u l a r  r e f l e c t a n c e  n o r m a l i z e d  wi th  
r e s p e c t  to the  s p e c u l a r  r ay  r e f l e c t a n c e  i nd i ca t e  that  o v e r  a t h r e e f o l d  
r a n g e  of s u r f a c e  r o u g h n e s s  and four fo ld  change  of w a v e l e n g t h  that  the  
r e s u l t s  a r e  i n d e p e n d e n t  of wave l eng th .  

T h e  r a t i o  of the  h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e  of the  r o u g h  
s u r f a c e  to that  of a p o l i s h e d  s a m p l e  of the  s a m e  m a t e r i a l  p lo t t ed  v e r s u s  
the  op t i ca l  r o u g h n e s s  r a t io ,  ~o/A,  is shown  in F i g s .  4 and 5 for  a l u m i -  
num,  gold,  n icke l ,  and p l a t i num.  The  a l u m i n u m  s u r f a c e  a p p r o a c h e s  the  
a s y m p t o t i c  h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e  va lue  about tw ice  that  of 
the  n i c k e l  va lue  (open s y m b o l s ,  F ig s .  4 and 5). The  v a r i a t i o n  of the  
h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e  wi th  f i lm  m a t e r i a l  is  the  s u b j e c t  of 
the  r e m a i n i n g  s e c t i o n  of th is  r e p o r t .  

3 
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In o r d e r  to e v a l u a t e  th i s  ef fect ,  the  t e s t  s u r f a c e s  s t u d i e d  in Ref.  2 
( e v a p o r a t e d  f i lms  of p u r e  a l u m i n u m  on g round  g l a s s  and r o u g h e n e d  
n i c k e l  s a m p l e s )  w e r e  r e s t u d i e d .  Us ing  t h e s e  t e s t  s a m p l e s  as s u b s t r a t e  
s u r f a c e s ,  e v a p o r a t e d  f i l m s  of gold,  p l a t i num,  and n i c k e l  w e r e  d e p o s i t e d  
and the  r e f l e c t a n c e s  m e a s u r e d  as a func t ion  of w a v e l e n g t h  f r o m  0 .5  to 2 ~ .  

The  da ta  a r e  p r e s e n t e d  as the  r a t i o  of the  h e m i s p h e r i c a l - a n g u l a r  
r e f l e c t a n c e  of a r o u g h e n e d  s u r f a c e  to tha t  of a p e r f e c t l y  s m o o t h  s u r f a c e  
(cr o = 0. 003# ) of the  s a m e  m a t e r i a l ,  Pha /Pha ,  p v e r s u s  the  r a t i o  of the  
op t i ca l  r m s  r o u g h n e s s  to wave leng th ,  Cro/X , w h e r e  ao was d e t e r m i n e d  
p r e v i o u s l y  in Ref.  2 and g iven  in T a b l e s  I and II. 

S ince  the  n i c k e l  s u r f a c e s  had been  e x p o s e d  to e x c e s s i v e  handl ing ,  
t hey  w e r e  r e s t u d i e d  a f t e r  hav ing  been  c l e a n e d .  T h e r e  was no i n d i c a t i o n  
that  any m a j o r  change  had o c c u r r e d  in the  r o u g h n e s s  d i s t r i b u t i o n  at the  
w a v e l e n g t h s  u sed .  The  r e s u l t s  a r e  shown in F ig .  5 {sol id  po in ts ) ,  and 
s a t i s f a c t o r y  a g r e e m e n t  is ob ta ined  w h e r e  the  two s e t s  of data  o v e r l a p .  

T h e  h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e  r e s u l t s ~  of gold  and p l a t i -  
n u m  on g r o u n d  g l a s s  a g r e e  wi th in  2 p e r c e n t  with t h o s e  of a l u m i n u m  
(Fig .  4). The  r e s u l t s  for gold  on a n i c k e l  s u b s t r a t e  show a change  in 
h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e  by a f ac to r  of 2 as c o m p a r e d  to 
n i c k e l  and a r e  in fa i r  a g r e e m e n t  wi th  t h o s e  of gold on g round  g l a s s .  
T h e s e  r e s u l t s  i nd i ca t e  that  the  s u r f a c e  m a t e r i a l s  of a l u m i n u m ,  gold,  
and p l a t i n u m  do not a f fec t  the  n o r m a l i z e d  h e m i s p h e r i c a l - a n g u l a r  r e f l e c t -  
ance .  H o w e v e r ,  the  d i s c r e p a n c y  b e t w e e n  g round  n i cke l ,  gold,  p l a t i -  
num,  o r  a l u m i n u m  r e m a i n s  to be exp la ined .  

To r e s o l v e  th is  p e c u l i a r  b e h a v i o r  of n i cke l ,  s p u t t e r e d  f i l m s  of p u r e  
n i c k e l  w e r e  app l i ed  to s o m e  of the  g round  g l a s s  s a m p l e s .  The  da ta  
{Fig. 5) a g r e e  wi th in  e x p e r i m e n t a l  e r r o r  with the  r e s u l t s  in Ref.  2 for  
p u r e  n i c k e l  s u r f a c e s .  T h e r e f o r e ,  it  m u s t  be c o n c l u d e d  that  the  c a u s e  is  
p r i m a r i l y  a s s o c i a t e d  wi th  the  n i c k e l  s u r f a c e s  (Ref.  6). 

F u r t h e r  e x a m i n a t i o n  of the  r e s u l t s  in Ref.  2 r e v e a l s  tha t  when  the  
a n g u l a r - h e m i s p h e r i c a l  r e f l e c t a n c e  is n o r m a l i z e d  with r e s p e c t  to the  
s p e c u l a r  r ay  d i r e c t i o n ,  both  the  a l u m i n u m  on g r o u n d  g l a s s  and n i c k e l  
s u r f a c e s  g ive  s i m i l a r  r e s u l t s  as shown  in F ig .  6. Th i s  i n d i c a t e s ,  as is 
shown in Fig .  3, tha t  the  r o u g h n e s s  c h a r a c t e r i s t i c s  of the  two m a t e r i a l s  
a r e  s i m i l a r .  

C o n s i d e r i n g  al l  of the  above  fac ts ,  the  d i f f e r e n c e  b e t w e e n  the  ab-  
so lu t e  h e m i s p h e r i c a l - a n g u l a r  r e f l e c t a n c e s  of n i c k e l  and o t h e r  s u r f a c e s  is  

*It was a s s u m e d  tha t  the  op t i ca l  r o u g h n e s s  a o is i n d e p e n d e n t  of the  
f i lm  m a t e r i a l .  
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thought  to be a s s o c i a t e d  wi th  h igh  s u r f a c e  s t r e s s e s  c a u s e d  p a r t i c u l a r l y  
by c h a n g e s  in the  c r y s t a l l i n e  s t r u c t u r e  of the  n i c k e l  (Ref .  6). T h e s e  
c h a n g e s  could  Pesul t  f r o m  the  g r i n d i n g  p r o c e s s ,  c o n t a m i n a t i o n  of the  
s u r f a c e  by the  g r i n d i n g  c o m p o u n d s  ( i nc lu s ion  of g r i n d i n g  g r i t  into the  
s u r f a c e ) ,  and by the  s p u t t e r i n g  p r o c e s s  u s e d  to apply the  th in  f i l m  in 
the  c a s e  of g round  g l a s s  s u b s t r a t e .  The  s i t ua t i on  of h igh ly  s t r e s s e d  
th in  f i l m s  of n i c k e l  on g l a s s  s u b s t r a t e s  has  b e e n  o b s e r v e d  in w o r k  on 
m i c r o m i n i a t u r e  e l e c t r o n i c  c i r c u i t s  (Ref.  6). Th i s  c a u s e s  l a r g e  v a r i a -  
t ions  in the  p h y s i c a l  p r o p e r t i e s .  

A c c o r d i n g  to Dav ies  (Ref .  5), the  a n g u l a r - h e m i s p h e r i c a l  r e f l e c t -  
ance  of a r o u g h e n e d  s u r f a c e  to a p e r f e c t l y  s m o o t h  s u r f a c e  for  ao /~  > 1.0 
is 

~ _  1 ~_ a__.__.~2frr/2f2rr[(cosO, c o s ~ ) f f i ] e _ Z  (sinOdOd~b) 
P , h , p  S2 ' L°o] o o 

z = 1/2 ( sin 0 c o s  s i n  ~]) a + s i n  2 ~ sin 2 
(I) 

T h r e e  c u r v e s  c a l c u l a t e d  us ing  v a l u e s  of a 2 / a o 2  of 10, 15, and 20 a r e  
shown in F ig .  3 for  the  d i s t r i b u t i o n  func t ion  of r e f l e c t e d  r a d i a t i o n ,  and 
a va lue  of 15 bes t  d e s c r i b e s  the  e x p e r i m e n t a l  r e s u l t s .  Equa t ion  (1) is 
n o r m a l i z e d  wi th  r e s p e c t  to the  r e f l e c t a n c e  in the  s p e c u l a r  r ay  d i r e c t i o n  
by 

/ P b . ~  a2 A~r  
= 1 / 3 2  2 - - - -T- -  

pp/s o0 (2) 

Equa t ion  (2) is  fo r  cos  0 = cos @ = 1 .0  which  a p p r o x i m a t e s  the  e x p e r i -  
m e n t a l  cond i t i ons  cos  10 deg  = 0 .985 .  Us ing  a 2 / a o 2  of 10, 15, and 20, 
c a l c u l a t i o n s  of Pah/Pba,  s a r e  shown  in F ig .  6. Aga in  the  va lue  of 
a 2 / a o 2  = 15 a g r e e s , ' m o s t  c l o s e l y  with the  e x p e r i m e n t a l  r e s u l t s .  F ina l l y ,  
Eq.  (2) is  u s e d  to c a l c u l a t e  the  s p e c u l a r  r a y  r e f l e c t a n c e  for  the  v a r i o u s  
v a l u e s  of a2 /~o  2. The  r e s u l t s  a r e  g iven  in Tab le  III and a r e  not  in a g r e e -  
m e n t  with the  e x p e r i m e n t .  F o r  n i c k e l  the  e x p e r i m e n t a l  va lue  is a p p r o x i -  
m a t e l y  0 .001,  and for  a l u m i n u m  it is b e t w e e n  0 .002  and 0 .00S.  It 
a p p e a r s  that  D a v i e s '  equa t ion  is off by a f ac to r  of four ,  if a g r e e m e n t  
with the  a l u m i n u m  data  is the  d e s i r e d  r e s u l t .  If  th i s  is  the  c a s e ,  for  
a 2 / a o 2  = 15, the  s p e c u l a r  r a y  r e f l e c t a n c e s  a r e  in a g r e e m e n t  wi th  the  
a l u m i n u m  r e s u l t s  when  the  c o r r e c t i o n  is app l i ed .  

The  p r e c e d i n g  d i s c u s s i o n  has  b e e n  c e n t e r e d  a round  s u r f a c e s  of 
i s o t r o p i c  r o u g h n e s s e s .  R u s s e l l  (Ref.  3) p r e s e n t s  a n g u l a r - h e m i s p h e r i c a l  
r e f l e c t a n c e s  for  s u r f a c e s  wi th  u n i d i r e c t i o n a l  r o u g h n e s s  p r e p a r e d  by 
s an d in g  the  s u r f a c e  in one d i r e c t i o n  wi th  v a r i o u s  g r a d e s  of e m e r y  p a p e r .  
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S a m p l e s  of pu re  c o p p e r  and of s t a i n l e s s  s t e e l  w e r e  p r e p a r e d .  The  
r e s u l t s  of Ref.  3 a r e  n o r m a l i z e d  a c c o r d i n g  to the  p r o c e d u r e  p r e s e n t e d  
in th i s  r e p o r t ,  and the  m e a n  r o u g h n e s s  he ight ,  m e a s u r e d  by a p r o f i l o m -  
e t e r ,  is u sed  in the  r o u g h n e s s  r a t i o .  The  f inal  r e s u l t  is shown  in Fig .  7, 
and the  t r e n d  of u n i d i r e c t i o n a l  r o u g h n e s s  is s i m i l a r  to the  i s o t r o p i c  
r e s u l t s .  The  r e s u l t s  of Ref.  3 for  c o p p e r  b e t w e e n  the  w a v e l e n g t h s  of 
0 .5  to 0 .7~  have  not b e e n  i n c l u d e d  b e c a u s e  o v e r  th i s  w a v e l e n g t h  r a n g e  
the  r e f l e c t a n c e  c h a n g e s  f r o m  a p p r o x i m a t e l y  40 to 90 p e r c e n t ,  and it is 
d i f f icul t  to obta in  good r e s u l t s  w h e r e  the  r e f l e c t a n c e  c h a n g e s  r a p i d l y  
wi th  wav e l eng th .  

SECTION V 
CONCLUSIONS 

R e s u l t s  of m e a s u r e m e n t s  of h e m i s p h e r i c a l  r e f l e c t a n c e  c h a r a c t e r -  
i s t i c s  of r o u g h e n e d  s u r f a c e s  a r e  p r e s e n t e d  for  a l u m i n u m ,  gold,  p l a t i -  
num,  and n i c k e l  f i l m s  on s u b s t r a t e  m a t e r i a l s  of g l a s s  and p u r e  n i cke l .  
V a r i o u s  s u r f a c e  r o u g h n e s s e s  w e r e  ob ta ined  by s t a n d a r d  op t i ca l  g r i n d i n g  
t e c h n i q u e s .  

A s i n g l e  c u r v e  m a y  be ob ta ined  showing  the  e f fec t s  of s u r f a c e  r o u g h -  
n e s s  on the  m o n o c h r o m a t i c  h e m i s p h e r i c a l  r e f l e c t a n c e .  Th i s  is a c c o m -  
p l i s h e d  by p lo t t ing  the  r a t i o  of the  h e m i s p h e r i c a l  r e f l e c t a n c e  of a r o u g h -  
ened  s u r f a c e  to that  of a p e r f e c t l y  s m o o t h  s u r f a c e  v e r s u s  the  r a t i o  of the  
r m s  s u r f a c e  r o u g h n e s s  to i nc iden t  wave l eng th .  Th i s  t r e a t m e n t  y i e l d s  a 
s i n g l e  c u r v e  for  a l u m i n u m ,  gold,  p l a t i num,  and c o p p e r .  The  u n i d i r e c -  
t i ona l  r o u g h n e s s  of the  c o p p e r  s a m p l e  does  not i n f luence  the  n o r m a l i z e d  
r e s u l t s .  Th i s  t e c h n i q u e  thus  g ives  a p o s s i b l e  m e a n s  of i n t e r c o m p a r i n g  
r e f l e c t a n c e  m e a s u r e m e n t s  of s a m p l e s  which  have  b e e n  r o u g h e n e d  by 
s e v e r a l  d i f f e r e n t  m e t h o d s .  The  n i c k e l  data  do not a g r e e  with th is  
g e n e r a l  cu rve ,  and it is  b e l i e v e d  that  s u r f a c e  e f fec t s  such  as l a t t i c e  
s t r a i n ,  e t c . ,  a r e  the  c a u s e  of th i s  dev ia t ion .  

T h e  r e l a t i o n s h i p  b e t w e e n  s u r f a c e  r o u g h n e s s  and the  w a v e l e n g t h  of 
the  i n c i d e n t  r a d i a t i o n  is qui te  ev iden t .  The  da ta  i n d i c a t e  that  when  the  
w a v e l e n g t h  is l e s s  than  the  s u r f a c e  r o u g h n e s s ,  uo/X > 1, the  n o r m a l i z e d  
r e f l e c t a n c e  is  e s s e n t i a l l y  a cons t an t  va lue .  P r e v i o u s l y  it was a s s u m e d  
that  the  r e f l e c t a n c e  would d e c r e a s e  as a s m o o t h  funct ion  of ao /X.  It is 
i n t e r e s t i n g  to note  that  the r e f l e c t a n c e  b e c o m e s  a cons t an t  at the  s a m e  
va lue  of ao/X as the  dev i a t i on  of the  s p e c u l a r  r ay  f r o m  the  f u n d a m e n t a l  
law of r e f l e c t i o n  o c c u r s .  A l so  as the  w a v e l e n g t h  b e c o m e s  l a r g e r  than  
the  s u r f a c e  r o u g h n e s s ,  the  r e f l e c t a n c e  a p p r o a c h e s  that  of the  s m o o t h  
s u r f a c e .  T h e s e  r e s u l t s  w e r e  o b s e r v e d  for  t he  four  f i l m s  t e s t e d  on both  
s u b s t r a t e  m a t e r i a l s .  
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