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Summary 

An experimental apparatus was designed and used t o  measure the 

b i d i r e c t i o n a l  r e f l e c t a n c e  o f  z i n c  ox ide  (New Jersey Zinc Company SP 

500) i n  the  spectrum 0.25 t o  2.5 microns. Besides o b t a i n i n g  o r i g i n a l  

data f o r  ZnO t h a t  i s  s i m i l a r  i n  na ture  t o  o the r  repo r ted  b i d i r e c 2  

t i o n a l  re f lec tance,  measurements were a l s o  made i n  the ehsorpt ion 

reg ion  a t  0.350 micron f o r  which very  l i t t l e  data i s  publ ished f o r  

any ma te r ia l .  The r e s u l t s  i n d i c a t e  the  nonspecular r e f l e c t a w e  i s  

e s s e n t i a l l y  Lambert for wavelengths above 0.40 microns w i t h  the 

  no st d e v i a t i o n  occur ing  f o r  l a r g e  source zen i th  angles. Below 

0.400 microns the  nonspecular r e f l e c t a n c e  i s  g rea te r  than L a ~ b e r t  

i n  a l l  d i r e c t i o n s  and i s  g r e a t e s t  i n  t h e  forward and backscat te r  

d i r e c t i o n s .  The r a t i o  o f  the  specu lar  component t o  the  nonspecular 

component a t  a z e n i t h  o f  0 degrees was found t o  increase w i t h  source 

zen i th  and wavelength f o r  wavelengths above 0.400 microns. G?low 

0.400 microns t h i s  r a t i o  increases as wavelength decrease. (The 

specular  component a t  70 degrees i s  more than 50 t imes l a r g e r  than 

the specular  component a t  30 degrees f o r  a l l  wavelengths). Tlie 

v a r i a t i o n  o f  b i d i r e c t i o n a l  r e f l e c t a n c e  w i t h  wavelength w a s  found 

t o  have the  c h a r a c t e r i s t i c s  absorp t ion  f o r  ZnO f o r  wavelength below 

0.400 microns . 
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INTRODUCTION AND LITERATURE SURVEY 

A d e t a i l e d  fo rmu la t i on  o f  r a d i a t i v e  heat  t r a n s f e r  problems 

invo lves  t h e  use o f  b i d i r e c t i o n a l  re f lec tance.  Except f o r  very 

simple systems t h i s  fo rmula t ion  i s  very i n t r i c a t e .  For t h i s  rea- 

son and the f a c t  t h a t  b i d i r e c t i o n a l  data a r e  scarce, such a  for-  

mu la t ion  i s  n o t  i n  common use. However, w i t h  the development o f  

the  d i g i t a l  computer there  have been numerical  neth hods developed 

f o r  d e t a i l e d  r a d i a t i v e  i n v e s t i g a t i o n s  us ins  the b i d i r e c t i o n a l  

re f lec tance.  

Since computations us ing  b i d i r e c t i o n a l  re f l ec tance  are  coming 

i n t o  use f o r  spacecra f t  r a d i a t i v e  studies,  i t  i s  necessary t o  have 

re f lec tance data on t h e  ma te r ia l s  involved.  Ma te r i a l s  t h a t  a re  

f requen t l y  s tud ied  are coat ings sh i ch  a r e  used i n  c o n t r o l l i n g  the 

thermal environment o f  spacecrafts.  This  study i s  p r i m a r i l y  concerned 

w i t h  the  b i d i r e c t i o n a l  re f l ec tance  o f  z inc  oxide which i s  one 

cons t i t uen t  commonly used f o r  coat ings. 

D e f i n i t i o n  o f  B i d i r e c t i o n a l  Ref lectance 

It i s  poss ib le  t o  de f i ne  the  b i d i r e c t i o n a l  re f l ec tance  as a  

r a t i o  o f  r e f l e c t e d  heat  f l u x  i n  some d i r e c t i o n  t o  the i n c i d e n t  heat  

f l u x  i n  a  p a r t i c u l a r  d i r e c t i o n  o r  the  d e f i n i t i o n  cou ld  be a  r a t i o  o f  

i n t e n s i t i e s .  A d e f i n i t i o n  cou ld  a l s o  employ a  combination o f  these. 



The def ini t ions  used are those given in  the discussion by Torrance 

and Sparrow a t  the end of the reference by Birkebak and Eckert (20). 1 

Source I 

Figure 1 .  Coordinates 

where 

P is  the bidirectional reflectance,  
1 

Pah i s  the angular hemispherical reflectance,  

e .  i s  the incident energy, 
1 

' d i r  i s  the reflected i n t ens i t y ,  

i i s  the incident i n t ens i t y ,  
i 

dwi is the i n c i d e n t s o l i d a n g l e ,  

dwr i s  the r e f l e c t e d s o l i d a n g l e .  

l ~ h e  number i n  parenthesis corresponds to the reference i n  the 
bibliography. 



The re la t ive  bidirectional reflectance i s  defined as 

The reference direct ion (Or,$,) i s  chosen normal t o  the specimen 

surface. The detector  signal which i s  a measure of reflected energy 

i s  denoted by D(0,C ;e ,Q ). I n  some instances f o r  presentat imal  

siniplicity the angles in  parenthesis are omitted. Tlie ~ n g l c s  will 

always be given in  degrees. Reflectance data is  presented as re la t ive  

val ucs , 

and 

P ( $ , S ; ~ , + )  = P ~ ( ~ , ~ ; ~ , + ) / c c s ( o )  

A1 1 reflectance r~ieasurernents are made w i t h  ~nonochromstic 

radiation and the micron meters) i s  used fo r  the unit  of wave- 

lo ig th .  Unless o t h e n ~ i s e  s ta ted  the term reflectance niearls h i d i -  

rectional reflectance.  A surface reflectance niay obey Lanhert's 

law i n  a l l  directions except the specular direction where a dis-  

tinguishable peak niay e x i s t .  For t h i s  surface the dif fuse  reflec- 

tance i s  by def ini t ion Lambert's law. The specular reflectance 

i s  by def ini t ion thc  reflectance in  thc specular direction minus the 

dif fuse  reflectance in the  specular di rect ion.  For a surface whose 

reflectance deviate from Lambert's law but has a distinguishable 

peak i n  the specular di rect ion the  d i f fuse  reflectance i s  the ref lec-  

tance minus the peak. The peak in  the specular direction i s  the 



specular  re f lec tance.  A p e r f e c t  d i f f u s e r  i s  a sur face whose re -  

f lectance obeys Lambert's lark1 and a plane r e f l e c t o r  has zero d i f fuse 

re f lec tance.  Un i t s  w i l l  conform t o  the  i n t e r n a t i o n a l  System o f  Un i t s  

as g iven i n  NASA SP-7012. 

E lec t ronagnet ic  Theory o f  Ref lectance 

I d e a l l y  i n  a d i s s e r t a t i o n  o f  t h i s  nature an a n a l y t i c a l  model 

o f  the probleni i s  developed which describes the phenomena. However, 

due t o  the cos~plex na ture  o f  the  r e f l e c t i o n  f r o n  powder specimens 

theor ies  have n o t  been developed t o  e x p l a i n  the  phenoniena. Theories 

do e x i s t  f o r  hor~~ogcneous conduct ing i::aterials. I t  i s  f e l t  t h a t  a 

b e t t e r  i n s i g h t  i n t o  the  r e f l e c t i o n  phenosiena o f  the s u b j e r t  specimen 

can be obta ined from e x i s t i n g  theor ies  even though the  theor ies are 

n o t  d i r e c t l y  app l icab le .  This  i s  t r u e  because the  fundariental prop- 

e r t i e s  which are i nvo l ved  i n  r e f l e c t i o n  from llo~nogeneous ma te r ia l s  

a re  a l so  i nvo l ved  i n  r e f l e c t i o n  from powder speciniens. 

Several theor ies  ;Ire used t o  exp la in  l i g h t  plicnomena. I f  l i g h t  

i n t e r a c t s  w i t h  ~ a t t e r  whose dimensions are l a r g e r  than i t s  wavelength 

geonietr ical  o p t i c s  are used. I f  l i g i l t  i n t c r a c t s  w i t h  ma t te r  whose 

dis~ensions are  o f  the  same o rde r  o f  niagnitudc as i t s  wavelength, 

phys ica l  o p t i c s  are used t o  2 x p l a i n  the l i g h t  phenomena and i f  l i g h t  

i n t e r a c t s  v ~ i  tli atomic e n t i  t i e s  o f  !!.fatter., quantum o p t i c s  are  used. 

One o f  t h e  i r i p o r t a n t  phenomcna o f  phys icz l  o p t i c s  which can 

a f f e c t  t h e  re f l ec tance  i s  d i f f r a c t i o n .  Cas i ca l l y  t h i s  i s  the bending 

o f  l i g h t  rays when the re  i s  ,an i n t e r a c t i o n  o f  l i g h t  w i t h  syr tens whose 



dinlensions are  o f  the samc orc!?r o f  rna~r j i  tude as t h e  l i g h t .  This 

phenomenon i s  used t o  design d i f f r a c t i o r i  g ra t i ngs  f o r  h igh  reso lu-  

ti on nionochromators. E l  ectron!agnt.ti c thecry can be used t o  p r e d i c t  

thc  na ture  o f  li.;ht r e f l e c t e d  from cuch 3 gra t i ng .  This  p'nc2omcnon 

i s  t i ,e  ~ r i n c i p l e  reason gec~mctr ica l  o p t i c s  may 1 c . d  t o  erron:?ous 

r e s u l t s  when used f o r  re f l ec tance  p red i c t i ons .  

Fisirrc 2. r(eTlect ior,  f rcm Roug11 Zucfdces 

Fisure 2 . E I . ~ G L ; s  reFlr!t Ciori, si~ailowing and mu1 t i p l e  s r a t t r . r i i : g  

q f  a homogen?ous n s t e r i a l  and a powder. 110th ma te r ia l s  s z i t i  t o  

be rouyh 11ccat:se t h e  s u r f - c e  a s p e r i t i ; : ~  are i r lvo lved i n  thi. r : ! i lec-  

t i u n  phenomena. For the  powder i t  i s  necessary t o  d i s t i n y ~ i s i :  ?I?- 

t~~~ec:r l  an a s p e r i t y  and a p a r t i c l e .  A p - r t i c l e  i s  the sa1.e as ? -7ysta l  

of Zn11 and i t ' s  s i z e  i s  a measure c f  i t ' s  l c n ~ t i i  f o r  elon.jatec! p a r t i c l e s  



a n d a  nleasure o f  i t ' s  d i a n e t w  f;>r w a r  spher ica l  p a r t i c l e s .  An 

aspe r i t y  f o r  a  powder i s  the same as an a s p e r i t y  f o r  a  homogeneous 

ma te r ia l .  The impor tan t  p o i n t  i s  t h a t  an a s p e r i t y  f o r  a  poxder mzy 

c o n s i s t  o f  a  p o r t i o n  o f ,  one,or more p a r t i c l e s .  

For the  purpose o f  d iscuss ins  re f l ec tance  c f  rocgh rr:;.,teri;lls i t  

i s  necessary t o  de f i ne  p rope r t i es  of the  sur face which a i d  i n  c lass-  

i f y i n g  t t ~ e o r i e s .  The most  wide ly  used properties are the root-rican- 

square h e i g h t  a,* peak t o  v a l l e y  h e i g h t  a, ant1 the r a t i o  of t+esc t o  

the  wavclengtti. Also, for '  s t a t i s t i c a l  a t ~ l l y s i s  an u ~ u t o c o r r e l  3 t i ~ n  

1:aran:eter of  the  sur face heigl.tt d i s t r i b u t i o n  w h i c l ~  i s  a  cieasure o f  

the  t l istdnce L ic t .~ r r r i  aspe r t i es  i s  used. 

Shadowing, m u l t i p l e  s c a t t e r i n g  and p o l a r i z a t i o n  o f  the l i g h t  

by t i le  rough sur face are  phenomena which are d i f f i c u l t  t o .  i nc lude  i n  

a n a l y t i c a l  p red i c t i ons .  F igure  2a shows the mu1 t i p l e  s c a t t e r i c g  o f  

rraveA a n d B  and the  shadowing o f  f a c e t  E by f a c e t  D. The r u l t i p l e  

s c a t t e r i n g  i s  much more unwieldy f o r  powder samples (F igure 2b) 

because many i n t e r f a c e s  below the  sur face o f  the powder cause scat- 

t e r i n g  i n  a l l  d i r e c t i o n s .  

I n  the  ana lys is  o f  r e f l e c t i o n  from ro'ugh sur faces e l e c t r o n a g ~ i e t i c  

theory may be app l i ed  t o  the  e n t i r e  sur face o r  each f a c e t  may be t r e a t -  

ed as a  p lane r e f l e c t o r .  The second t reatment  i s  c a l l e d  geometric 

ana lys is  even though the r e f l e c t i o n  o f  each m i r r o r  may b e  obtained 
.. 

from e l e c t r o ~ r a g n e t i c  theory. I n  the  geometric ana lys is  d i f f r a c t i o n  

and i n te r fe rence  e f f e c t s  a re  assumed t o  be small so the p r o k l ~ ?  i s  

t o  determine i n  what d i r z c t i c n  each m i r r o r  facet  r e f l e c t s  the i n c i d e n t  



energy. In any case a fami l ia r i ty  !*/it11 electromagnetic theory i s  

necessary to appreciate the pro!~lens of reflection from rough sur-  

faces. A sucnnary of t h i s  theory f o r  ref lect ion i s  presented below. 

As with any science, Electromagnetic Th261-y i s  based upijn 

expcrir;iental laws and equdtions, For a r e s i s to r ,  capacitor arp in- 

ductor, the governing equations are 

dI 
I = C V ,  q = c v ,  v - L -  ht' 

lllrerc 

C  =capacitance, 

C =conductance, 

t =time, 

I =current ,  

L =inductance, 

I -charge, 

V  =electromotive force. 

:elhen tnese equations a re  generalized to the c l e c t r o ~ t i v ?  f is ls ' .  
. . 

tile following equations are obtained fo r  r e s i s t i ve ,  capacit ive and 

inductive f i e ld s :  
- - J = uF, o = EF, e = uK. 

( 7 )  
The coeff ic ients  are re la ted to the c?lectrical c i r c u i t  quant i t i es ;  

U.L G, E - L  C, ur.--L. 
( 8 )  

!:;:ere 
- 
B =inagnetic flux density, 
- 
D = e l e c t r i c  f lux density,  
- 
E = e l e c t r i c  f i e l d ,  



- 
tI =magnetic f i e l d ,  
- 
J =cu r ren t  vector ,  

y =permeabi 1  i ty, 

The ~ o v e r n i n g  laws are:  

1. Cocservat ion o f  charge, ~ ' 7 i c h  leads t o  t h c  equatiol: z f  

2 .  G ~ u s s ' s  theore l l  
.. 

I 1  , - 
I 

D.dr = 1, 
" S 

where S i s  a  c losed surface. Th is  l e?ds  t3 

d i v  Ti= 
(4, 

5 

which leads t o  

CURL ii = 5 

1. Faraday's L2u, which leads t o  - 3 - CUEL r =  

Ti?cse laws can be used t o  ~ b t a i n  t i l e  a e  Equations. -1,:.v ::,:- e  

d i v  = q , and d i v  = 0 
v (16) 

i;:i:icli d long h i t h  the c o n t i n u i t y  equat ion 



and the  c o n s t i t u t i v e  e q c l t i o n s  
- - - - - 
J =pF, D = cE, !I = ; 1 ~ t 4  

arc  uszd t o  detern ine the vec to r  f i e l d  cont,:ining the vcctbrs 

i7, i?, F, n, J, and the sc31ar q v .  Among the equat ions ah:?,/:, i:'i'y 

5 f  x are independent. The boundary. coudi t iors f o r  reflec':ior a:?: 

1. The n ~ r n a l  con~ponent o f  a t  a boundary i s  contin.:t l?; 
- 

2. E p a r a l l e l  t o  the sur face n u s t  be cont inous; 
- 

3. H p a r a l l e l  t o  the s l ~ r f a c e  nus t  be cont inous; 
- 

4. E noraal t o  t t ic  sur face n u s t  be continous. 

By, s u i t a b l e  r;!anipulations the F.;axwell equat ions can be t rdns -  

for;,i>d i n t o  wave equat ions f o r  r e f l e c t i o n  f rc f i i  surfaces (9 ) ;  

'c 7 ell e c t r i  ca l  conductors and nonconductors ?hc s o l  utior; i c, tt:"om 

r e  i s  c a l l z d  the propagation c o ? f f i c i e r i t  and i s  g i v ~ ) ~  t.,~ 

r = , - jk) f o r  cotductors (22)  
Co 

and 

f o r  ncncf~nductcrrs. 

.? : ; i ~ : i l a r  s o l u t i o n  i s  obta ined f o r  r. 



Fisure  3. Coordinate Systesi f o r  E1ectromagne:ic Thzory 

The coordinate systeni i n  F igure 3 shcrrs the  e l e c t r i c  wave which 

. i s  s a i d  t o  be plane p o l a r i z e d  i n  the  xy plane. The complcte s c l ~ ~ t i o n  

i s   giver^ try E and Ex. .For a n a l y t i c a l  s tud ies  involvin!: rt?:!cit ir.n, 
Y 

thc vectors arc taken perpend icu la r  and p , ~ r b l l c l  t o  the plane o f  

i :~c id?nce.  The plane o f  inc idence i s  the  plane conta in in?;  t h ?  i n -  

c i d c i ~ t  ray  and the normal t o  the surface, c a l l e d  t!ie P-plane. The 

S-plane conta ins the  i n c i d e n t  ray  and i s  perpendicular  t o  the P-plane. 

General ly i t  i s  found t h a t  the re f l ec tance  i s  a  func t i on  o f  the  

vec to r  under cons idera t ion  and thus the two vcc tors  may n o t  be re -  

f l e c t e d  w i t h  the  same magnitude. A l so ,  t h e  r e f l e c t e d  enersy nay n o t  

have the  same p o l a r i z a t i o n  as the i n c i d e n t  energy, where p o l a r i z a t i o n  

can be taken as the r a t i o  of the twc l i g l ? ?  vectors.  For rough sur-  

faces t h i s  depol a r i z a t i o n  o f  the  i n c i d e n t  enersy i s  due t o  d i f f r a c t i o n  

by the  sur face facets.  

l i s ing  the s c ~ l u t i o n  f o r  the e l e c t r i c  vectors and the bocrndary 

cond i t i ons  the re f l ec tance  c o e f f i c i e n t  f o r  the  i n te r face  bctwcen 

two d i c l e c t r i c s  can be obtained. The equat ions c a l l e d  Fre.;nel's 

Equations are  



r ;  and n7 dre the refract ive  indices of (sediun! 1 and  2 rci.?-:r!i?;-ily .. . 

v;Cich are related by Snell 's equations, 

0 = 0 , n s i : 1 ( 8 )  = n s i n ( c  ) ( 2 0 )  
2 2 2 

Tire geonstry i s  shoun i s  Figure 1 . The power reflect?ncc. i 3 y ' v ? ?  



As shown i n  Figure 4 p and are not equal. This i s  one s P 

of the most important phenomenon i n  the theory of reflection 

from dielectrics. The angle for which p p  is a m i n i m u m  i s  

called the Brewster angle. - 

Reflection from Rough Homogeneous Materials 

Theories of reflection from rough surfaces are classified 

by using the rat io oo/x . Based on this  ra t io  the following 

classification can be considered: (a)&/ 1% 1 ,  physical optics 

are applicable, (b)oo/h>> 1, geometrical optics are applicable, 

(cbo/x<<l ,  the reflectance i s  specular. For the physical 

optics regime electromagnetic theory i s  used. The physical 

optics solutions are called Kirchhoff's and Rayleigh's 

method. In the Kirchhoff method the wave equation i s  p u t  

i n  the form of an integral, called Helmholtz integral, by 

use of the divergence theorem and Green's First and Second 

Theorems (19). The boundary conditions are then approximated 

to allow solutions for specific problems. The usual 

boundary conditions on a facet of the rough surface are 

taken as the electr ic  f ie ld  on a plane reflector. For a 

randomly rough surface a solution can be obtained under 

some fa i r ly  restr ict ive conditions. 

The most widely used results which are obtained from the 

Kirchhoff's method i s  that  due to Davies (24).  The 

restrictions being; (1) surfaces which are perfect conductors, 



(2) surfaces which a r e  s l i g h t l y  rough, and (3) surfaces which 

a re  very rough. The r e s u l t s  o f  Davies a r e  summarized below: 

~ 3 a 2  2 , d , c ; e ,  = +(cos + cos e ) *  p o e x p [ t 9 ) 2 F i n 2 Q  .- 

+ sin2, - Zsin y  s i n  8 cos(+ - i)J) ( 2 9 )  

l s in2$  + s i n %  - 2siny s ine  cos(c - 0) 
c (cos$ + cose) 

A very  impor tant  p o i n t  i s  t h a t  t he  Davies s o l u t i o n  i s  

i n  closed form and conta ins  two terms which a r e  a  d i f f u s e  

re f l ec tance  term and a  specular re f l ec tance  term. I n  order  

t o  use the  r e s u l t s  o f  Davies as a  pure p r e d i c t i v e  method i t  

i s  necessary t o  o b t a i n  a  s t a t i s t i c a l  model of t he  surface. 

The two values needed a re  a  he igh t  o r  roughness parameter 

and a  c o r r e l a t i o n  parameter. No references were found i n  

the  1  i t e r a t u r e  where the  c o r r e l a t i o n  parameter was ca l cu la ted  

o r  measured. Ins tead the  Davies s o l u t i o n  i s  f i t t e d  t o  



experimental data. 

Nevertheless, Beckmann (19) who obtained r e s u l t s  

s i m i l a r  t o  Davies and exp la ins  the  de r i va t i ons  i n  d e t a i l .  

discussed some impor tant  r e s u l t s  o f  t h i s  theory. These are: 

(1) as t h e  c o r r e l a t i o n  parameter increases, the  sur face 

re f l ec tance  i s  more specular; (2)  as t h e  sur face roughness 

decreases, the  r e f l e c t i o n  becomes more specular; and (3) 

as the  wavelength increases, the  sur face r e f l e c t s  more 

specular. It i s  impor tant  t o  note t h a t  t h e  specular 

component i s  n o t  sa id  t o  be due t o  subsurfaces which a r e  

p a r a l l e l  t o  t h e  mean surface. Th is  hypotheses i s  used t o  

exp la in  the  specular component o f  compressed powder 

specimens, Kortum (8). 

I n  t h e  Rayleigh method the  r e f l e c t e d  f i e l d  i s  assumed 

t o  be an i n f i n i t e  s e r i e s  w i t h  unknown c o e f f i c i e n t s  which 

a re  computed by using the  boundary cond i t ions .  Th is  

procedure r e s u l t s  i n  a s e t  o f  i n f i n i t e  l i n e a r  equations 

f o r  the c o e f f i c i e n t s .  The mathematical d i f f i c u l t i e s  o f  t h i s  

method p r o h i b i t  so lu t i ons  t o  a l l  b u t  s l i g h t l y  rough surfaces. 

Another f a c t o r  which makes t h i s  method unappealing i s  t h a t  

r e s u l t s  cannot be p u t  i n  c losed form. 

When oo/h>>l, geometr ical o p t i c s  a re  used t o  e x p l a i n  

d i f f u s e  r e f l e c t i o n .  Smith and Her ing (42) have used 

, geometr ical o p t i c s  t o  determine the  b i d i r e c t i o n a l  re f l ec tance  

o f  a sur face composed o f  V shaped elements. Each element i s  



assumed t o  have a ref lectance fac to r  which i s  a funct ion 

o f  the element's included angle and d i rec t i on  of inc ident  

energy. The elements are oriented according t o  a d i s t r i -  

but ion funct ion which determines the ref lectance o f  the 

elements i n  any detector d i rect ion.  The ref lectance f o r  

the surface i s  the sum o f  the ref lectance f o r  a l l  the 

elements. From the r e s u l t  presented by Smith and Hering 

i t  would seem tha t  geometrical opt ics  cannot be used t o  

explain d i f f use  r e f l e c t i o n  a t  large angles o f  incidence. 

This i s  i n  agreement w i th  Kortum's (8) review o f  works 

using an elementary mi r ro r  hypotheses f o r  d i f f use  r e f l e c t i o n  

Vo ishv i l l e  (47) used geometrical op t i cs  i n  a s im i la r  

analysis as Smith and Hering t o  explain the large forward 

scatter from a rough glass specimen. Look and Love (32) 

were able t o  f i t  a Monte Carlo Geometrical op t i cs  method 
s 

t o  data by using a roundness parameter. i n  addi t ion t o  the 

usual two surface parameters. 

Survey o f  Experlmental Papers 

It i s  evident from the theoret ica l  discussion tha t  a 

large number o f  variables are involved i n  the inves t iga t ion  

o f  the b id i rec t iona l  ref lectance. This and the f a c t  t h a t  a 

complete determination o f  the ref lectance involves many 

wave1 engths and angles have caused most invest igators  t o  

present minimal data. The i n ten t  o f  most invest igators  



appears t o  be t o  give data t h a t  ind icate character is t ics  

and phenomena and t o  emphasize cor re la t ion  o f  the data. 

For the most part,  attempts are made t o  cor re la te  data w i t h  

the resu l ts  o f  Davies (24) who obtained a closed form 

analy t ica l  so lu t ion for  a random conducting surface by 

employing the Kirchhoff method. I n  order t o  use t h i s  method 

for pred ic t ion and corre la t ion,  i t  i s  necessary t o  

experimentally determine two s t a t i s t i c a l  quant i t ies,  the 

rms roughness and a cor re la t ion  parameter f o r  the roughness. 

Torrance (44) discusses two experimental problems 

involved i n  measuring the b id i rec t iona l  ref lectance. The 

f i r s t  i s  due t o  the l i m i t e d  range o f  operation o f  most 

detectors. Detectors measure energy a t  a ce r ta in  level 

which vary several orders o f  magnitudes and the d i f ference 

between the inc ident  energy and re f l ec ted  energy i s  much 

la rger  than the operating range o f  most detectors. To get 

around t h i s  problem, most invest igators  present t h e i r  resu l ts  

as a r e l a t i v e  ref lectance. This i s  the ref lectance i n  any 

d i rec t i on  div ided by the ref lectance i n  the specular 

d i rec t ion  o r  some other reference d i rect ion.  

The second fac to r  i s  the s t ray l i g h t  reaching the 

detector. I n  the system Torrance used, the detect ion system 

could no t  d i f f e r e n t i a t e  between the s t ray  l i g h t  signal and 

tha t  por t ion  o f  the signal due t o  the r e f l e c t i o n  from the 

specimen. For t h i s  reason i t  was necessary t o  obtain a s t ray 



l i g h t  s ignal  f o r  a l l  d i rect ions t o  be investigated, which 

was then subtracted from the ref lectance measurements. 

Table 1 i s  a selected surmnary o f  b id i rec t iona l  

ref lectance data presented i n  the 1 i te ra tu re .  The f i r s t  

publ icat ion t o  give b id i rec t iona l  ref lectance data i s  

Eckert (25). As w i th  Munch (36) and Middleton (34) ,  h is  

invest igat ion i s  not  f o r  monochromatic inc ident  energy. 

Nevertheless, the ref lectance behavior o f  some important 

engineering mater ia ls are given. The data o f  Torrance (44) 

and many other invest igators  show two trends; w i th  

decreasing wavelength the ref lectance o f  a given surface 

approaches t h a t  o f  an ideal  d i f f use  re f l ec to r ,  w i th  

increasing wavelength the ref lectance approaches t h a t  o f  

an ideal  specular re f l ec to r .  Another trend o f  importance 

discussed by Torrance (45) i s  o f f  specular peaks i n  the 

b id i rec t iona l  ref lectance data. Torrance's data shows 

t h a t  i t i s  possible t o  have the maximum ref lectance i n  an 

angle other than the specular angle. 

B id i rec t iona l  r e f1  ectance data presented i n  the 

l i t e r a t u r e  also show t h a t  ref lectance can frequent ly be 

div ided i n t o  a specular and a d i f f use  component. The 

d i f f use  component may be close t o  lambert over a wide 

range o f  condit ions and the specular component may change 

considerably i n  magnitude. 



TABLE 1 

TASULATION OF SELECTED REFEREIICES 

Birkebak and ? - 1011 
Eckert (1965) 
(23) 

Torrance and 9.5 - 5~ 
Sparrow (1366) 
(45) 

ANGLES, DEGREES 

Various engineering surfaces 

!;!bite typetiri t e r  paper, black 
oxidized brass,  r:iii t e  pine, colorsted 
anodically oxidized anticorodal sheet 
sandblasted anticorodal sheet 

Snow 

Fused p o l y i r ~ ~ s t a l l  ine magnesium 
oxide cerar::c 

Ground glass cozted with aluminum, 
nickel 

Aluii~inurn, nick-1, copper, nickel 
copper alloy , m a y e s i  urn oxide 
ceramic 

*Refers to reference i n  the bi  bl iograpi~y. 



AUTHOR. 

Herold and 
Edwards (19GG) 
(27) 

Oetking (1966) 
('39) 

8randel:l:erg and 
!leu (1966) 
(21 

H i l l e r  and 
Kannon (1967) 
(35) 

Love and 
Francis (1967) 
(33) 

TABLE 1 CONT. 

!JAVZLE?iGTH 
OF SOURCE 

2.5, 5.0, 
7 . 5 ~  ~. 

75 w a t t  
zenon arc  
1 al:lp 

0.507, 
'2 .533~ 

' 4 ,  2 . a  

0.6 - 1 0 . 0 ~  

A?.IGLES, DEGREES 

6 = 15, 30, 45, GO, 75 
Q = 0, 150 
G = 180 

I ? A T t  RIALS 

Sinteced-bronze, glass-beaded 
p r o j e c t i o n  screen, sand b l a s t e d  
aluninur.1, 100 uesh w i  re-screen 
bonded tc n y l a r ,  a l l  coated w i t h  
e i t h e r  filiir!iinuii~ o r  go ld  

WgO, F,1203(no. S.2-800gri t ) ,  
s w e r a l  bas i c  rocks and unconsol i -  
dated saoiples 

VgO coat ing ,  barium s u l f a t e  pa in t ,  
z i nc  ox ide  p a i n t ,  aluniinum 

Type 302 s t a i n l e s s  s t e e l  



TAELE 1 CONT. 

AUTtiOR OF SOijRCE 
A:ICLfS, DEGREES i'ATER1ALS 

Snii  tn . 
Teiiipel n~eycr , 
blul 1 e r  dnci 

Lsehr l  e in ,  
Vi~i te r  and 

Zentncr, 
FiacSregor aild 
Pogson (1971 ) 
(43) 

Q = 13, 30, 50, 70 CO cryodcposits on polished 
o = 2-25 CO&CT a n d  black epoxy paint 
3 = 0-50, 18J surfaces 
5 = 1tO 

I 
.I A1 uninu~n, ? o l y ~ r y c t ~ ! l l   in^ !:!~qnesiu11: 

i oxide, projection screerl, vie11 
characterized V-?rove 



Statement o f  Research Problem 

The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  exper imenta l ly  

study the b i d i r e c t i o n a l  re f l ec tance  o f  z inc  oxide (SP500) i n  the 

spectrum 0.250 t o  2.50 c i s  and the heirispherc above the 

specin~en. The independent var iab les  f o r  t h e  i n v e s t i g a t i o n  are 

wavelength, source zen i th  and azir;~?ith angle;, de tec tor  zen i t i i  

and azimuth .angles, and p o l a r i z a t i o n .  To ineet the  ob jec t i ves  

a systen~ x i n g  s t a t e  o f  the  a r t  cooiponcnts was designed and 

assembled by the author.  



CHAPTER I1 

EXPERIMENTAL APPARATUS AN0 PROCEDURES 

Experimental Apparatus 

The system used t o  measure the  b i d i r e c t i o n a l  r e f l e c t a n c e  

i s  shown i n  F igu res '5 ,  6, and 7. The subsystems a r e  t h e  

monochromator, l i g h t  sources, e x i t  op t i cs ,  b i d i r e c t i o n a l  

device, and t h e  de tec t i on  system. 

The monochromatic source cons i s t s  o f  a Bausch and Lomb 

500m g r a t i n g  monochromator w i t h  Bausch and Lomb tunsgten 

r i bbon  and deuter ium lamps. The spec t ra l  response o f  t h e  

monochromator source system i s  shown i n  F igures 10, 11, and 

12. The data presented i n  F igure  12 was measured w i t h  t h e  

sub jec t  apparatus us ing  a l e a d  s u l f i d e  de tec tor .  The 

monochromator has s t r a y  l i g h t  o f  l e s s  than 0.1 per c e n t  a t  

0.300 microns, wavelengths can be s e t  d i r e c t l y  t o  0.001 

microns and t h e  s l i t s  can be s e t  d i r e c t l y ' t o  0.Olmm. An 

Ea l ing  mercury c a l i b r a t i o n  lamp was used t o  check t h e  

wavelength accuracy o f  t h e  monochromator. The r e s u l t  shown 

i n  Table 2 demonstrates t h a t  wavelengths can be s e t  t o  w i t h i n  

0.001 microns. 

I n  o rder  t o  o b t a i n  t h e  maximum energy from t h e  

monochromator t h ree  g ra t i ngs  was used. For the  wavelength 

-22- 



range 0.25 t o  0.45'microns a 600 grooves/mn g ra t i ng  

blazed a t  0.300 microns was usbd. Between 0.45 and 1.4 

microns a 600 grooves/mm gra t ing  blazed a t  0.75 microns 

was used. To obta in  energy out  t o  2.5 microns a 300 

grooves/mm g ra t i ng  blazed a t  2.00 microns was used. The 

600 grooves/mm grat ings gave a 3.3 nnl/mm s l i  tw id th  f i r s t  

order dispersion. A d ispersion o f  6.6 nm/mm was obtained 

w i t h  the 300 grooves/mm grat ing.  The f i r s t  order bandwidth 

i s  the dispersion times the s l idwid th .  

With t h i s  op t i ca l  arrangement higher order wavelengths 

would be present bu t  are  el iminated w i t h  Corning # 4-97 co lo r  

f i l t e r  f o r  the range 0.360 t o  0.620 microns, Corning # 2-58 

f o r  the range 0.640-1.100 microns, and a Corning # 7-56 co lo r  

f i l t e r  f o r  the range 1.100 t o  1.400 microns. For the 

spectrum between 1.4 and 2.5 microns a Spectrum Systems 

in ter ference f i l t e r  was used t o  e l iminate  higher orders. 

The transmission charac te r i s t i cs  f o r  these f i l t e r s  i n  the 

spectrum i n  which they are used are shown i n  f i g u r e  13. 

A b i d i r ec t i ona l  device was used t o  vary independently 

the inc iden t  zen i th  and azimuth angles, and the re f l ec ted  

zen i th  and azimuth angles. This device i s  shown i n  Figure 8 

and schematically i n  Figure 9. I d e a l l y  the center o f  the 

specimen should have zero movement and the distance from the 

detector  t o  the specimen should no t  change f o r  changes i n  the 

detector  o r  source zenith. For the b i d i r ec t i ona l  device used 



i n  t h i s  study the movement o f  the center o f  the specimen 

f o r  a 90 degree change i n  source zeni th i s  0.1 mn and the 

movement of axis x" o f f  center f o r  a 90 degree change 

i n  source zeni th  i s  0.1 mm. The instrument was al igned by 

placing a f r o n t  surface mi r ro r  on the specimen holder and 

adjust ing the angles u n t i l  the 1 i g h t  was re f lec ted  back 

i n t o  the monochromator, thus locat ing the normal d i rect ion.  

The b id i rec t iona l  device was shielded from the e x i t  opt ics 

and the monochromator t o  prevent chopped l i g h t  from 

s t r i k i n g  the detectors d i rec t l y .  

Referr ing t o  Figures 8 and 9, the coordinate system 

was f i xed  on the specimen and the source and arms C were 

f i xed  r e l a t i v e  t o  earth. The zero f o r  the detector and 

source azimuth was i n  the specular plane and 180 degrees 

from the inc ident  energy. The zero f o r  the source and 

detector zeni th was normal t o  the specimen. Knob E was 

used t o  set  the source azimuth and can be ro tated about 

the y-axis without moving any other pa r t  o f  the device. 

Arm A was used t o  se t  the detector azimuth and can be rotated 

about the y-axis. Arm B was used t o  se t  the source zeni th 

and can be ro tated about the x ' -axis and A n  C was used t o  

set  the detector zenith. A l l  angles can be changed 

independently. 

A schematic-of the detect ion system i s  shown i n  Figure 

14. The detectors are In f rared Industr ies ambient lead 



su l f i de  and RCA 1P28A photomult ip l ier  which are operated a t  

ambient temperature. The l i n e a r i t y  o f  the PMT was checked 

a t  0.550 microns w i th  precis ion neutral densi ty f i l t e r s  

obtained from Special Optics and i s  shown i n  Figure 15. 

Table 3 which i s  ref lectance data o f  ZnO a t  0.7 microns 

shows both detectors give essent ia l l y  the same resul ts .  The 

PbS gives a smaller specular component because the s o l i d  

angle i s  la rger  than t h a t  o f  the PMT and the specular 

component has a small s o l i d  angle. For a l l  other data the 

detectors have the same so l i d  angle. The detectors are mounted 

on arm 0 such t h a t  they are over i l luminated ( a l l  o f  the 

detector sensi t ive area i s  used) al lowing d i r e c t  measurements 

o f  the re f l ec ted  energy t o  be made. A shield reconnnended by 

RCA was used w i th  the PMT t o  el iminate e f fec ts  o f  magnetic 

f ie lds .  The sh ie ld  (P-13P32V1) was obtained from the 

Perfect ion Mica Company. Twelve RCA VS146 mercury bat ter ies 

supply the b ias voltage f o r  the lead su l f i de  detector and 

the photomul t ip l ier  voltage was regulated by a Hewlett 

Packard model 6515A power supply which has 1 ine regulat ion 

o f  0.01% or  16 mV. 

Polar izers can be mounted near the f i l t e r  and i n  f r o n t  

o f  the detector t o  study polar izat ion.  Polaroid type HNP'B 

u l t r a  v i o l e t  po lar izers  are used f o r  the  range 0.25 t o  0.90 

microns and Polaroid type HR in f ra red  polar izers are used f o r  



the spectrum 0.90 t o  2.5 microns. The spectral  response 

of the polarizers a r e  shown i n  Figure 16. The use of data 

taken w i t h  polarizers a r e  discussed i n  Appendix A. The 

polarizers were aligned by use of the brewster angle of a 

g l a ~ s  plate.  A t  a source zenith of about 60 degrees the  

reflected energy from a glass  pla te  is a min imum f o r  energy 

polarized i n  a plane containing the incident ray and the 

reflected ray. For t h i s  same source zenith when the 

polarizer i s  rotated 90 degrees a maximum is obtained. 

A model 391A lock-in amp1 i f i e r ,  manufactured by the 

Ithaco Company, was used t o  measure the detector signal.  

The amplifier can measure a signal from 0.1 microvolts t o  

1 vo l t  f u l l  scale provided a reference signal of the same 

frequency is available. The important features  of the  

amplifier  are;  a time constant range from 0.175 ms t o  

125 sec which corresponds t o  a noise bandwidth of 0.01 Hz 

t o  0.001 Hz, three s ens i t i v i t y  modes which a l l o w a  t rade off  

between output s t a b i l i t y  and the capabi l i ty  of the amplifier 

t o  measure a signal t ha t  has noise, and a zero depress. The 

combination of these allow a trade of f  between output signal 

f luctuation due t o  noise, output d r i f t ,  time t o  take a reading, 

and readout accuracy. The instrument has a calculated accuracy 

of 1% and a nonlinearity of 0.05%. 

The detection system was designed so tha t  the limiting- 



minimum detec tab le  s igna l  was determined by the PMT and PbS. 

The a m p l i f i e r  no ise  was l e s s  than 0.25 m ic rovo l t s  a t  5% Hz, 

t h e  PbS no ise  was approx in~ate ly  1 wicrovol  t and the  

photomul t i p 1  i e r  no ise  was approximately 50 mic rovo l ts .  The 

a m p l i f i e r  overloads a t  a  s e n s i t i v i t y  s e t t i n g  o f  0.300 

m ic rovo l t s  when using the Pbs and a t  3 m ic rcvo l t s  when us ing  

the PMT. For t h e  PbS approxinlately 57s o f  the runs were 

w i t h  a 30 n l i c rovo l t s  s e n s i t i v i t y ,  29% w i t h  a 1C m i t m v o l t s  

s e n i t i v i t y  and 14% w i t h  a 3 m i c r o v o l t  s e n s i t i v i t y .  For 

the PMT 53% o f  the  runs were w i t h  a 13 mv s e n s i t i v i t y ,  

12.5% w i t h  a 0.1 rnv s e n s i t i v i t y  and the relndinder between 

0.1 mv and 10 mv s e n s i t i v i t y .  A t ime constant  o f  4 seconds 

was used a t  0.5 microns and a t  o t h e r  wavelengths a t ime 

constant  o f  12 o r  40 seconds was used. For  most o f  the  data 

ou tput  no ise  was w i t h i n  - +0.5% b u t  a t  1.25, 0.3 and 2 . 5  

microns some data had ou tpu t  no ise  o f  9%. 
The re ference s igna l  was prov ided by a Pr ince ton 

Appl ied Research model 125 l i g h t  chopper. This  chopper has 

two 16-aperture blades on a conimon s h a f t  which was d r i ven  by 

a synchronous motor. One b lade chops the  l i g h t  from the 

monochromator and the other, chops the  l i g h t  from a small bulb. 

A pho to - t rans i s to r  detects the l i g h t  from the  smal l  bu lb  and 

provides the  reference s igna l .  Thc l i g h t  was chopped a t  

667 o r  333 Hz. A Hewle t t  Dackard model 620 recorder  w i t h  



accuracy o f  0.1% f u l l  scale was used f o r  read out. 

A Sorensen and Company model 1000s AC voltage 

regulator supplies s tab i l i zed  voltage t o  the lamps and a l l  

electronics. 

A photograph o f  the op t i ca l  system i s  shown i n  Figure 7 

and a schematic i s  shown i n  Figure 17. A l l  mi r rors  are 
? 

f r o n t  surface aluminum w i th  s i l i c o n  monoxide protect ive 

coating which were obtained from Esco Optics. A t  the e x i t  

o f  the monochromator the e f f ec t i ve  aperture r a t i o  was f/4.4. 

The re f lec ted  beam o f  the concave mi r ro r  has an aperture 

r a t i o  o f  f/12.65. The inc ident  s o l i d  angle was then 

determined by the opening o f  the i r i s  diaphragm. With the 

f number o f  the e x i t  opt ics f ixed, the s ize o f  the i l luminated 

area on the specimen was determined by the se t t ing  o f  the 

e x i t  s l i t .  

A Dana Laboratories model 4700 d i g i t a l  multimeter was 

used f o r  i n i t i a l  checkout o f  the detectors and detector b ias 

c i r c u i t r y .  

Testing Procedures and Experimental Parameters 

I n  the f i r s t  p a r t  o f  t h i s  chapter the experimental 

apparatus was discussed. I n  t h i s  section addi t ional  information 

concerning the experimental procedures and parameters are 

discussed. 
/. 

I n  the d e f i n i t i o n  o f  the b id i rec t iona l  ref lectance an 



inc ident  beam w i th  a s o l i d  angle & i s  considered. 

Theoret ical ly t h i s  angle should be very small so t h a t  

var ia t ions i n  the b id i rec t iona l  ref lectance can be 

properly accounted fo r .  However, the s o l i d  angle i s  re la ted  

t o  the f number o f  the op t i ca l  system and t h i s  i s  re la ted 

t o  the source energy. When the s o l i d  angle i s  decreased the 

rad iant  energy inc iden t  on the specimen i s  usual ly decreased 

and t h i s  resu l ts  i n  a decreased signal a t  the ampl i f ier .  To 

some extent t h i s  can be o f f s e t  by increasing the power t o  the 

source, increasing the time constant and decreasing the AC 

ampl i f icat ion o f  the ampl i f ier .  However, these steps may 

requi re  a decrease i n  the s t a b i l i t y  and an increase i n  the 

time t o  take data. S imi lar  comments apply t o  the detector 

s o l i d  angle. 

The s o l i d  angles and other t e s t  parameters which are 

given Tn Table 4 were set a f t e r  observing what was used i n  

the l i t e r a t u r e  and a f t e r  taking prel iminary data. The s o l i d  

angle was made small as possible consistant w i th  the 

discussion above. The source s o l i d  angle was set by 

stopping the i r i s  diaphragm a t  an opening o f  2.3 cm. The 

s o l i d  angle was computed using the area o f  the diaphragm 

opening and the op t i ca l  distance between the diaph'ragm and 

the specimen. I n  a 1 i ke manner the distance between the 

detector and specimen and the detector area are used t o  



compute the detector s o l i d  angle. 

The ZnO powder (SP500) which i s  manufactured by the New 

Jersey Zinc Company and charac te r i s t i c  p a r t i c l e  s ize 

d i s t r i bu t i on  were obtained from NASA. The specimen was 

prepared by weighing 250mg o f  the powder and pouring i t  

i n t o  a recessed specimen holder where i t was leveled and 

compacted wi th  a f r o n t  surface aluminum mir ror .  The motion 

o f  the mir ror  was perpendicular t o  the ZnO surface. The 

mir ror  and a l l  other objects used i n  the preparation o f  the 

specimen were f i r s t  cleaned w i th  denatured alcohol. The 

diameter o f  the recess was 2.22cm and the depth was 0.16cm. 

Other amounts o f  ZnO and methods o f  preparation were t r i e d  

but due t o  d i f f i c u l t y  i n  dupl icat ion o f  the specimen the 

above one was chosen. The f i r s t  method t r i e d  was mixing 

the ZnO wi th  d i s t i l l e d  water t o  form a paste which was 

applied i n  the recessed specimen holder. The problem 

encounted was cracking o f  the ZnO upon drying. One method 

t r i e d  used an aluminum bar t o  compact the ZnO. It was 

discovered t h a t  the ZnO would adhere t o  the bar i n  an 

unpredictable manner. Figures 18, 19, 20, and 21 shows 

photographs o f  the specimen taken w i th  a scanning electron 

microscope. A t  no magnif icat ion the specimen looks smooth 

whereas the photographs show there are crevices ranging i n  

s ize from about 0.2 t o  100 microns. Several other op t i ca l  



properties of ZnO are  given i n  Appendix 6. 

For a given t e s t  the following were recorded; run 

number, amplifier  s ens i t i v i t y ,  f i l t e r s  used, date, time, 

detector,  specimen, wavelength, amplifier  zero, amplifier 

zero o f f se t ,  and the four angles vl~ich determine the 

direction of the detector and source. The detector signal 

was measured for  detector zenith from iY to 85 degrees 

beginning a t  0. Thm the detector was returned tc, O degrees 

zenith t o  obtain a reading f o r  the purpose of determining 

the d r i f t  of the signal.  After t h i s ,  one of the other 

independent variables was changed and the procedure was 

repeated. Keasurements taken t h i s  way for  various values 

of the independant variables were used to  compute the 

re la t ive  bidirectional reflectance.  The bidirectional data 

i s  presented i n  two ways; the data f o r  any detector 3zimuth 

and zenith normalized on the datum a t  the same azimuth 

and a zenith of O degrees, and as normalized data divided 

by the cosine of the detector zenith a t  which the datun, was 

taken. 

To determine how the bidirectional reflectance varies 

with incident angle, data were taken for  a detector zenith 

of O degrees while varying the source zenith. The azimuth 

of both detector and source were fixed for  these measurenents. 

These data were normalized on the datum a t  a source zenith- of 



10 degrees. Then t o  compare the ref lectance a t  two d i f f e r e n t  

source inc ident  angles the fo l lowing quant i t ies  are formed; 

If the comparison i s  made t o  check rec ip roc i t y  each quant i ty  

i s  div ided by the cos ( 6  ). 

The specular component was measured by obtaining the 

maximum signal i n  the specular d i rec t ion  and then checking 

the detector angle. The specular component f o r  0.546 microns 

was calculated from measurements o f  the specular components 

using the po lar izers  by using equation A-4. 

The va r i a t i on  o f  ref lectance w i th  wavelength was 

obtained by measuring the re f lec ted  energy f o r  a f i xed  set 

o f  angular var iables and the source energy versus wavelength 

i n  the polar ized P-plane. For the same wavelengths the 

S-plane energy was also measured f o r  the source and specimen. 

The r a t i o  o f  the P-plane ZnO measurement t o  the source 

P-plane measurement gives the ref lectance var ia t ion  w i th  

wavelength i n  the P-plane. The S-plane ref lectance was 

computed as fol lows: 



Ds source = Ds 
(Dp  source 

P 

D I! - Pzno , { D s / D p i ~ n ~  - -- 
Ds C source Psource Ds/Dp source 

Then the to ta l  reflectance was computed as the average o f  

the reflectance i n  the S and P-planes and i s  designated \. 
This reflectance i s  not an absolute value since f o r  the 

measurements the detector measured only par t  o f  the 

incident energy. 
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Experimental Apparatus '1 - 
Figure 7. E x i t  Optics 



Figure 8. Bidirect ional  Device 
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TABLE 2 

CHECK OF MONOCHROMATOR CALIBRATION 

Monochromator 
wavelength-u 

0.296 

0.314 

0.366 

Order used 
G r a t i n g  f o r  check* 

0.30 micron 1 s t  
b laze  

1 s t  

0.75 micron 1 s t  
b laze  

2nd 

2.00 micron 
b laze 2nd 

*The nonochromator wavelength d i v ided  by the o rde r  f o r  
check g ives the  measurenient o f  the Hg l i n e .  

**Obtained from reference 60. 
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TABLE 3 

REFLECTANCE OF ZnO AT 5.700 MICRONS 
OBTAINED WITH PFlT AND PBS 

PI4T - PBS - * 9'180 * 
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TABLE 4 

TEST PARAMETERS AND 
SPECIMEN PROPERTIES 

I n c i d e n t  energy s o l i d  angle.. .... 0.00196 steradians 

........... Detector  s o l  i d  angle.. 0.00076 steradians 

I l l u m i n a t e d  area on specimen.. ... 1.8x7mn 
(source zen i th  o f  0°) 

Bandpass f o r  source wavelength; 
PMT, .25-.75 microns.. ..... 6.6nm 
PbS, .75-2.5 microns.. ..... 13.2nm 

A m p l i f i e r  ou tpu t  f o r  d i f f u s e  data 2-9.7 v o l t s  

A m p l i f i e r  ou tpu t  f u l l  scale.. .... 0-10 v o l t s  

Chopping frequency.. ............. 333, 666Hz 

constant............... ..... 4-40 seconds 

.................... Temperature.. 293.0-300.0 O K  

Specimen p a r t i c l e  s i z e  ........... 0.1-1.0 microns .................... mean s i z e  0.4 microns 
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Figure 18. Photograph o f  Specimen 

H 4 . 3 ~  

Figure 19. Photograph o f  Specimen 



Figure 20. Photograph o f  Specimen 

H 0 . 5 ~  

Figure 21. Photograph o f  Specimen 



CHAPTER 111 

RESULTS AND DISCUSSION 

General 

The l i m i t i n g  cases f o r  r e f l e c t i o n  from rough surfaces are 

specular  and d i f f u s e .  The i d e a l  d i f fuse  sur face r c f l r c t s  accord- 

i n g  t o  Lambert's cosine law. For some rough ma te r ia l s  the  re f l ec -  

t i o n  can be d i v i d e d  i n t o  a specular  and a d i f f u s e  component. This 

type o f  behavior  i s  u s u a l l y  observed when the roughness i s  o f  the  

o rde r  o f  magnitude o f  the wavelength o f  r a d i a t i o n  i n c i d e n t  on the 

surface. I n  these instances t h e  specular  component can bc obta ined 

by s u b t r a c t i n g  the  d i f f u s e  r e f l e c t a n c e  from re f l ec tance  nleasured 

i n  t h e  specular  d i r e c t i o n .  

The magnitude o f  the specular  coolponent i s  a s t rong  f u n c t i o n  

o f  i n c i d e n t  angle and depending on t h e  value o f  o,/A i t  niay be a 

f u n c t i o n  o f  wavelength. According t o  Fresnel 's  equations t h e  

specu lar  re f l ec tance  w i l l  n o t  be a f u n c t i o n  o f  wavelength when a / A  
0 

i s  smal l  enough so t h a t  t h e  geometr ical  o p t i c s  i s  app l icab le  and 

the  index o f  r e f r a c t i o n  i s  constant.  I n  an absorbt ion reg ion  f o r  

a nonconductor the absorb t ion  c o e f f i c i e n t  may n o t  be zero according 

t o  Wendlandt, e t . a l .  (16). Therefore, i n  an absorbt ion reg ion  the  

a d d i t i o n a l  r e q d  rement o f  constant  absorb t ion  c o e f f i c i e n t  i s  needed 

t o  have the  specular  component independant o f  wavelength. For o o / ~  



t oo  l a r g e  t o  use Fresnel 's equations d i f f r a c t i o n  theory would be 

appl icable.  I n  t h i s  case the specular  component f o r  a p e r f e c t  

conductor can be shown t o  depend on wavelength, Davies (24). I n  

general t h i s  would a l s o  be t r u e  f o r  a nonconductor s ince  d i f f r a c t i o n  

i s  dependant upon / A  . 
0 

I n  general, the magnitude and d i s t r i b v t i o n  o f  the d i f f u s e  

component d?pends on the roug t~nes  and \ ~ ~ v e l e n g t h .  For  rouoh non- 

conduct ing surfaces, e s p e c i a l l y  powders, the d i f f u s e  re f lec tance 

depends ~ r e a t l y  on the  ma te r ia l  o p t i c a l  p rope r t i es ,  because i v  th!s 

case the p a r t i c l e  s i ze ,  index o f  r e f r d c t i o n  and absorhtance p lay  a 

l a r g e  r o l e  i n  con t ro l1  i n g  the  d i f f u s e  re f lec tance.  

The p a r t i c l e  s i z e  o f  .the ZnO used i n  t h i s  i n v e s t i g a t i o n  was 

betvieen 3.130 and 1 .OO it!icrons w i t h  mean s i z e  o f  0.400 microns. 

Tl:i; s i z e  d i s t r i b u t i o n  which was obta ined froin the Nat iona l  P.cr- 

~nau; ics and Space Admin i s t ra t i on  i s  v e r i f i e d  by the  scanning 

e l e c t r o n  niicroscope photographs shown i n  F igures 20 and 21 of 

chapter  11. 

Tile photographs o f  the  sur face a l so  show there a r e  r e ~ i u n s  o f  

d i f f e r e n t  'roughness scales, vary ing  from about 10 microns t o  rough- 

ness ' t he  same o rde r  o f  magnitude as the p a r t i c l e  s ize.  According t o  

Schatz (55) t h e  t ransmiss ion o f  a 0.76 micron l a y e r  o f  c o ~ ~ p a c t e d  
. . 

ZnO i s  zero f o r  wavelengths l e s s  than 0.500 microns and increases t o  

ahout 30 percent  f o r  a wavelength of  1.7O.nlicron. This  and several 

o the r  o p t i c a l  p rope r t i es  o f  i n J  are g iven i n  i~ppend ix  B. 3rcv;n (51) 

gives a t ransmiss ion o f  zero f o r  li'avelengths l e s s  than 0.50C :.lir-rons 



and 90 percent  a t  2.7 microns f o r  a 0.9 micron l a y e r  o f  powder. This  

h igh  transmission means the  r a d i a t i o n  can penetrate the sur face face ts  

as shown i n  F igure  22, and account f o r  a very complex p a t t e r n  o f  

r e f l e c t i o n .  The p a r t i c l e  s ize,  roughness s t ruc tu re ,  and h igh  t rans-  

raission o f  p a r t i c l e s  would i n d i c a t e  an e lect romagnet ic  phenomena of 

r e f l e c t i o n  f o r  t h i s  surface. 

I n  the spec t ra l  reg ion  below 0.5 microns the inr icx o f  r e f r a c -  

t i o n  increases r a p i d l y  as wavelength decreases, going frot;: 2.06 a t  

0.50 microns t o  2.44 a t  0.38 microns according t o  Bond (50) and 

Park (54). 

Discussion o f  Ref lectance 

The re f l ec tance  r e s u l t s  a re  shown i n  Figures 23 through 34 

and are  tabulated i n  Tables 5 through 28. Tile Tables a l s o  !ji./, t!ie 

norrcalized re f l ec tance  d i v i d e d  by the cosine o f  the de tec to r  ze, i i th ,  

e . The oiaximum de tec to r  z e n i t h  a t  rrhich data cou ld  be taker! v:as 

85 degrees. When the  d e t e c t o r  azimuth was 180 degrees dz ta  cau1:i 

be taken w i t h i n  7 degrees o f  the source zen i th .  Except f c r  tI:ese 

l i ~ s i t a t i o n s  data cou ld  be taken i n  any d i r e c t i o n .  I n  o rde r  t o  otl- 

t a i s  a good presenta t ion  o f  the  d i f f u s e  conponent on the graph i t  

was necessary t o  use two scales f o r  a x i s  o f  ord inates.  

The d i f f u s e  con~ponent f o r  a l l  data above 0.400 micror?: c o r r e l a t e  

we l l  w i  tti Lanber t ' s  law w i  tli the  wors t  c o r r e l a t i o n  occu r r i ng  a t  a 

source zen i th  o f  75 degrees. I t  i s  i n t e r e s t i n g  t h a t  the d i f f u s e  

conponent i s  e s s e n t i a l l y  independent o f  ic!avelength f o r  wavclc!~yti;s 



' g rea te r  than 0.400 microns w h i l e  the  specular  component changes w i t h  

wavelength. This suggest the d i f f u s e  component i s  c o n t r o l l e d  by 

i n t e r n a l  r e f r a c t i o n  and mu1 t i p l e  s c a t t e r i n g  i ns tead  o f  j u s t  d i f -  

f r a c t i o n  by ZnO p a r t i c l e s ;  t h i s  agrees w i t h  t i le  h igh  p a r t i c l e  t rans-  

miss ion and the near  cons tant  index o f  r e f r a c t i o n  above 0.400 microns. 

The d t f f u s e  r e f l e c t a n c c  i s  c t i a r a c t e r i s t i c a l l y  d i f f e r e n t  from the  

sur face d i f f r a c t i o n  theory o f  Crivies which could be, i f  i n t e r n a l  

phonernena i s  c o n t r o l l i n g  the d i f f u s e  r e f l e c t i c n .  Also, t h i s  hy- 

pothesis  i s  cons i s tan t  w i t h  the  phenomenal change i n  re f l ec tance  

d i s t r i b u t i o n  between 0.350 and 0.400 ciicrons. Since, i n  t h i s  reg ion  

the index o f  r e f r a c t i o n  and absorb t ion  change' considerably. This 

a l so  imp l i es  geometr ical  o p t i c s  would n o t  be v a l i d .  

Figures 32 which i s  the  v a r i a t i o n  o f  the re f l ec tance  a t  a  

de tec to r  zen i th  o f  zero degrees w i t h  source zen i th  shows there i s  

l i t t l e  change i n  d i f f u s e  r e f l e c t a n c e  up t o  about GO degrees. For 

source zen i ths  l a r g e r  than 60 degrees apparent ly  the specular  re -  

f l e c t i o n  begins t o  d r a i n  much more energy causing a  drop i n  the  

d i f f u s e  component f o r  v~avelengths above 0.400 microns. Iiowever, the 

curve f o r  data a t  0.300 microns i s  concave upward which i s  completely 

d i f f e r e n t  from the data above 0.400 microns. 

F igure 27 which i s  thc  v a r i a t i o n  o f  b i c i  r e c t i o n a l  re f l ec tancc  

w i t h  source azimuth shows the  re f l ec tance  i s  e s s e n t i a l l y  indepen- 

den t  of source azimuth. Also, Table 12 shows the sur face doe: n o t  

r e f l e c t  i n  any p r e f e r r e d  d i r e c t i o n .  



The v a r i a t i o n  i n  d i f f u s e  re f l ec tance  w i t h  wavelength i s  g iven 

i n  F igu re  34. This  d i s t r i b u t i o n  i s  i n  agreement w i t h  o t h e r  i n -  

ves t i  ga t i o n s  f o r  the  heni ispherical  re f lec tance.  According t o  

6 i l  l i g a n  (51) t h e  absorp t ion  p rocess  below 0.400 microns i s  t h a t  

o f  r a i s i n g  a  valence band e l e c t r o n  t o  a  conduct ion band. The 

column D / n  under the  heading ZrO i n  Tab le  27 shovrs the re f lec tance 
s  P 

f o r  a  source i n c i d e n t  angle o f  30 degrees i s  indepcnde:it o f  po la r -  

i z a t i o n  akove 0.400 microns. As w i l l  be discussed helc:.! the re-  

f lectance as a  f u ~ c t i o n  o f  de tec to r  zen i t l i  depecds on p o l a r i z a t i o n .  

Eel011 0.400 r i ic rons the  sur face s e l e c t i v e l y  absorbs the p o l a r i z e d  

con:Fonents. i l h i l e  t h i s  docs n o t  completely account f o r  the  re -  

f l , - c t a n c e d i s t r i k u t i o n  i t  does appear t o  be an i n t e l r a l  p a r t  c f  

the r e f l e c t i o n  pnenonicna. 

As shown i n  F igures  2'3 and 30, the v a r i a t i o n  o f  the d i f f u s e  

cofi:ponent w i  t i 1  p o l a r i z a t i o n  i s  s i g n i f i c a n t  a t  a l l  wavelerrr~tlis, 

This a long w i t t i  the v a r i a t i o n  o f  the specular  cct5ponent v : i t ! i  p o l a r -  

i z a t i o n  i s  f u r t h e r  evidence t h a t  e lec t ro~nagnet ic  theory i s  z p p l i c a t l e .  

F isurn  33 which i s  the specular  coniponent ~ l i o v ~ s  t h i s  ccrpcncnt  

i s  n o t  s i ~ ; ~ p l y  due t o  reflection f r o n  the sfitooth s ides o f  the Zn9 

c r y s t a l s .  Since i n  t h i s  case f o r  ZnO the index o f  r e f r a c t i ~ i i  i s  

constant  and Fresnel ' s  . equat ions p r e d i c t  a  specular  r e f l e c t i o n  

independent o f  \r?vclengt;? .\)hi ch i s  con t rad i c to ry  t o  the specular  

dii t a .  

Another c h a r a c t e r i s t i c  o f  t!ic data i s  backscat te r  i t ?  t l i c  r i c i n -  

i t y  of the  source zen i th .  Exper i~~ !en ta l  evidence o f  t h i s  :!!cnorir;!ion 



have been observed by o t h e r  i n v e s t i g a t o r s .  The backscat te r  i s  t he  

re f l ec tance  i n  t he  v i c i n i t y  o f  the source d i r e c t i o n  minus the d i f f u s e  

r e f l e c t i o n  i n  t i l e  same d i r e c t i o n .  The da ta  obta ined f o r  P-Plane 

po la r i zed  source and the data a t  9.303 micron e x h i b i t  the most back- 

s c a t t e r  as shown i n  f i gu re  30. 

F igure 22. R e f l e c t i o n  frc.1 ro1idc.r 
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Figure 23. Reflectance o f  ZriO 
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Figure:-24. Reflectance o f  ZiO - .  . 
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Figure 26. Reflectance o f  ZnO 
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Figure 2 7 .  Reflectance o f  21-19 



. . . . .  : Figure 28. Reflectance o f  ZnO 
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Figure 29. Reflectance o f  ZnO f o r  Source Polar ized i n  S-Plane 
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Figure 30. Reflectance o f  ZhO for Source Polarized i n  P-Plane 
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F igure  31. Reflectance o f  ZnO 
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Figure 32. Reflectance o f  Zfl0 Versus Source Incidence Angle 
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Figure 33. Specular Ref lectance 
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Figure 34. Variat ion o f  Reflectance wi th  Wavelength 



TABLE 5 

REFLECTANCE OF & 0  AT 0.300 I4ICRONS 

o(ou,l8o";e,~)/~(ou,l8d';1o'~6) 

*Upper value i s  pn and 
on page 2. 

lower value i s  p as defined 



TABLE 5 

REFLECTANCE OF ZnO AT 3.300 MICRONS 

o(30u,iao";e I ,+)/r1(3&id';od;$) 
1 



TABLE 7 

REFLECTANCE OF Zn0 AT 0.300 MICRONS 

~ ( 6 6 , 1 8 3 3  ,$)/~(60~,18d';0~,$) 



TABLE 3 

REFLECTANCE OF ZnO WITH SOURCE POLARIZED 
It4 S AND P PLANES AT 0 . 3 0 0  HICRONS 

P - P l  ane 
$=oG - msd 



TABLE S 

REFLECTANCE OF ZnO AT 3.300 MICRONS 

~(7f,l80';e,+)/~(75;180;d;+) 



TABLE 1 0  

REFLECTANCE OF ZnO WITH SOURCE POLARIZED 
I N  S AND P PLANE AT 3.350 MICRObiS 

S - P l  ane 
4=0" - bJ& 

1.000 1 .ooo 

P-Pl ane 
@=O - 

1 .ooo 1 .ooo 



TABLE 11 

REFLECTANCE OF ZnO WITH SOURCE POLARIZED 
I N  S AN0 P PLANES AT 0.400 ?ICRONS 

S-Pl ane P-Plane 
e ,$ =O" - - Q=180" - & 6.d' 



TABLE 12 

REFLECTANCE OF ZnO AT 3.546 MICRONS 

~(&18d';e,$)/~(0,180;10,$) 



TABLE 1 3  

REFLECTANCE OF Z I ~ O  A T  3.546 E,IICRONS 

0(30~,18~;~,@)/~(3@,180';0,6) 



TABLE 14 

VARIATION OF REFLECTANCE WITH SOURCE 
AZIMUTH AT 0.546 I4ICRONS 



TABLE 15 

REFLECTION OF ZnO AT 0.546 ?'iICROIIS 

~(60';18&e ,0 ) /~ (66 , l ~ f i d ,0 )  



TABLE 16 

REFLECTAFlCE OF ZnO AT 0.546 f l I C R O ! 6  

~ ( 6 0 ~ , 1 8 0 ~ e , $ ) / 0 ( 6 0 ~ 1 8 0 ~ ; 0 ~ ~ )  



TABLE 17  

REFLECTANCE OF ZnO IJ ITH SOURCE POLARIZED 
'IN S AND P PLANES AT 3.546 MICRONS 

, P - P l  ane $=a- - w0 



TABLE 18 

REFLECTANCE OF ZnO AT 3.546 I.IICP,ONS 

o(75~i80G;e ,+)/o(75:180?,&+) 



TABLE 1 9  

REFLECTANCE OF ZnO WITH SOURCE POLARIZED 
I N  S AND P PLANES AT 1.25 MICRONS 

P-Pl  ane 



TABLE 23 

REFLECTANCE O F  ZnO AT 1 . 7 8  MICRONS 

~(0~,180;9,~)/~(6,180~;1@,$) 



TABLE 21 

REFLECTANCE OF ZnO AT 1.78 MICRONS 

~(36,18f;0,+)/~(30~,180",~+) 



TABLE 22 

REFLECTANCE OF ZnO AT 1 . 7 8  MICRONS 

~ (6~ ,180~~ ,+ ) /~ (60~ ,180~ ;0~ ,+ )  



TABLE 23 

REFLECTANCE OF ZnO WITH SOURCE POLARIZED I N  
S AND P-PLANES AT 1 .78  MICRONS 

S-Pl ane 
4=d7 - bJ.gC 

P-Pl ane 
4-0" - 4.1 80" 



TABLE 24 

REFLECTANCE OF ZnO AT 1.78 MICRONS 

~(7<,180~;e ,@)/0(7F?,1809,&@) 



TABLE 25 

REFLECTANCE OF ZnO WITH SOURCE POLARIZED I N  
S AND P-PLANES AT 2 .5  MICRONS 

P - P l  ane 
& - @=I eo' 



TACLE 26 

Inc idence 
Anqle 

VARIATION OF REFLECTANCE WITH 
SOURCE INCIDENT ANGLE 

Wavelength-mi crons 
0.540 - 
1 .ooo 

0.960 

0.942 

0.928 

0.910 

C. 887 



SPECULAR K F L E C T A I I C E  
D($,180°;~,00)/D(~,1800;Oo ,do) 

I!avcl enr;th-pi crons 
0.300 - 0.546 1.720 - 
0.132 0.3 5.553 

0.140 0.0 0.6fl7 

0.270 0. GCO 0.8'': 



TABLE 28 

VARIATIOPI OF EEFLECTAXCE XITH 
kIAVELERCTt? 

Source Zn0 

A - Dp/D, Dp/D, ep,~n~/ "p ,sourcc  

0.300 0.985 i3.609 7.010 3.P'' 
- "  ,' 

0.325 1.030 0.573 9.019 C.014 

0.350 1 .110 0 . 6 ~ 8  0.311 0 .n j5  

0.375 0.564 Q. 934 0.074 C.077 



CHAPTER I V  

CONCLUSIONS AND RECOMENDATIONS 

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  can be sumiarizcd as 

f o l  lows : 

1. ao/A v a r i e s  over  the  sur face w i t h  oo/A?.l i n  sotre regions 

and a,/~>l i n  o the r  regions. Therefore we cannot speak 

o f  a  s i n g l e  rorrgllness which c l i a rac te r i ze  the e r ~ t i r c  sur face 

and i t  i s  necessary t o  s p e c i f i c a l l y  de f i ne  a  l o c a l  

roughness. 

2. Because of the  order  o f  magnitude o f  oo/X, Electromagnetic 

Theory i s  suggested t o  e x p l a i n  the r e f l e c t i o n  phenomena. 

This  i s  conf ir i i ied by the  v a r i a t i o n  o f  the  specular  component 

w i t h  wavelength and the v a r i a t i o n  o f  re f l ec tance  w i th '  

p o l a r i z a t i o n .  

3 .  Figure 21 i n d i c a t e s  t h a t  the h i ~ h  t ransmiss ion o f  the ZnO 

p a r t i c l e s  which i s  g i v e n  i n  Table E-1 causes a  m u l t i p l e  

r e f r a c t i o n  and t h i s  i n d i c a t e s  t h a t  the  d i f f u s e  r e f l e c t i o n  

i s  l a r s c l y  c o n t r o l l c d  by i n t e r n a l  phenonena o f  the  ma te r ia l .  

As a  r e s u l t  t he re  i s  a  subs tan t i a l  chaiige i n r e f l e c t a n c e  

w i t h  wavelength near 0.400 s:icrons where the 'index of 

r e f r a c t i o n  and reflectance change r a p i d l y  w i t h  wavelength. 

4. The m u l t i p l e  r e f r a c t i o n  o f  Zn3 p a r t i c l e s  can exp la in  the  

plieno~nena o f  backscat ter .  



5. The d i f f u s e  re f lec tance above 0.400 microns i s  c lose  

t o  a  Lamhert sur face.  

The phenomena o f  r e f l e c t i o n  from powder specimens i s  so complex 

t h a t  f o r  engineer ing purposes i t  i s  most f r u i t f u l  t o  i n v e s t i g a t e  

the  b i  d i  rect iona!  re f l ec tance  by experimental means. Howevcr, 

t h e  a v a i l a b l e  r e s u l t s  from, theory bras used t o  exp la in  trends i n  

behavior  i n  the re f l ec tance  data. 

The purpose o f  t h i s  i n v e s t i g a t i d n  was t o  determine o r i g i n a l  

and accurate b i d i r e c t i o n ~ l  re f lec tance data o f  ?no. Since ZnO i s  

used as a  p a i n t  pigment on? pc.ssihle a p p l i c a t i o n  o f  these r e s u l t s  

would he t o  f u r t h s r  the  understanding o f  re f l ec tance  phenomena i n  

which i t  i s  a  pigment. A docs ib le  l o g i c a l  e x t e r ~ t i o n  o f  t h i s  work 

i s  t o  i n v e s t i g a t e  b i d i r e c t i o n a l  re f l ec tance  data o f  such p a i n t s  

and compare w i t h  the resu l  t.s o f  t h i s  i n v e s t i g a t i o n .  

To f u r t h e r  understand the r e f l e c t i o n  phenomena o f  i n 0  i t  

i s  recornended t h a t  rssearch be conducted w i t h  ZnO o f  d i f f e r e n t  

p a r t i c l e  shape and s ize .  Also, t o  determine what r o l e ,  i f  any, 

the  s i z e  p lays  i n  the  change i n  re f l ec tance  c h a r a c t e r i s t i c  near  

0.400 microns. 



APPENDIX A 

ERROR ANALYSIS 

The purpose o f  t h i s  e r ro r  analysis i s  t o  d e t e n i n e  the 

v a l i d i t y  and accuracy o f  the t e s t  data. The analysis i s  

div ided i n t o  three parts; general v a l i d i t y ,  r epea tab i l i t y  

and uncertainty analysis. 

I n  order t o  determine the general v a l i d i t y  o f  the 

experimental apparatus data was taken using a smoked 

magnesium oxide specimen. This data were compared t o  t ha t  

o f  Brandenberg and Neu (1966), M i l l e r  and Kannon (1967) and 

Zentner, MacGregor and Pogson (1971). Though the b id i rec t -  

ional  ref lectance o f  magnesium oxide depends upon the age, 

p u r i t y  and preparation technique, the references used f o r  

comparision do no t  give a l l  o f  these. For t h i s  reason and 

the f a c t  t ha t  i t  i s  d i f f i c u l t  t o  accurately take data from 

the curves i n  the references, very close agreement between 

the various invest igators i s  not  expected. 

The magnesium used f o r  t h i s  experiment was Sargent and 

Welch cat. no. SC13283-1. Figure A-1 shows the per t inent  

quant i t ies  o f  the preparation apparatus. M i l l e r  and Kannon 

held the substrate a t  -7000 vo l t s  w i t h  respect t o  the 

magnesium r ibbon and Brandenberg and Neu held the substrate 



lOcm from the ribbon. Using the apparatus shown i n  Figure 

A-1 approximately 1.5m o f  MgO was co l lec ted on the substrate. 

Some data taken w i th  t h i s  specimen are presented i n  Figures 

A-2, along w i th  data from the l i t e r a t u r e .  Data f o r  unpolarized 

inc ident  energy were calculated from polarized data using 

equation A-4. This data demonstrate the general v a l i d i t y  

o f  the t e s t  system. 

The repea tab i l i t y  o f  the system i s  demonstrated i n  two 

ways. Some data a t  0.546 and 0.70 microns were taken twice 

and data a t  0.300 , 0.546 and 1.78 microns were obtained 

by d i r e c t  measurements and from calculat ions based on 

measurements o f  data using the polar izer.  These data are 

shown i n  Figures A-3, A-4 and Tables 3, and 15. Table 3 o f  

Chapter 2 which was taken w i th  the lead su l f i de  c e l l  and the 

photomult ip l ier  demonstrates the detectors give essent ia l ly  

the same resul ts .  The d i f ference i n  the specular component 

i s  caused by the la rger  s o l i d  angle used f o r  the PbS. This 

i s  the only t e s t  i n  which the s o l i d  angle was d i f f e r e n t  from 

tha t  given i n  Table 3. These data show tha t  the measurements 

are repeatable w i t h in  about 1%. 

Table A-1 gives the l i s t  o f  e r ro rs  t ha t  w i l l  be considered 

i n  the uncertainty analysis. As shown under the heading source 

o f  error,  the e r ro rs  were e i t he r  estimated o r  obtained 

d i r e c t l y  from the manufacturer. The analysis o f  errors are 

based on typ ica l  data a t  a source zeni th  o f  60 degrees and 



detector zeni th o f  45 degrees. 

An e r ro r  which i s  usual ly considered i n  t h i s  type o f  

invest igat ion but  not  l i s t e d  i n  Table A-1 i s  t ha t  due t o  s t ray  

l i g h t .  This i s  omitted because the ampl i f ie r  re jec ts  any 

signal which i s  not  a t  the chopper frequency and because no 

energy can pass through the chopper except the source. 

Other possible sources o f  e r ro rs  are those due t o  l i g h t  

which i s  scattered from the opt ics  and reaches the detector, 

and l i g h t  t ha t  i s  re f l ec ted  from the yoke supports and walls. 

These errors were determined t o  be very small by placing a 

sh ie ld  i n  d i f f e r e n t  pos i t ions around the detector. 

I n  addi t ion t o  the  systematic er rors  shown, another 

systematic-error due t o  the earth magnetic f i e l d  was 

discovered ea r l y  i n  the invest igat ion.  The earth magnetic 

f i e l d  def lects  the electrons i n  the photomult ip l ier  i n  such 

a manner t ha t  a 1% e r ro r  can occur i n  the data. The e r ro r  

was removed by magnetical ly shielding the photomul t i p 1  i e r  

w i th  a sh ie ld  recommended by RCA. 

I n  order t o  make correct ions f o r  systematic d r i f t  i n  the 

signal, data were taken a t  the beginning and a t  the end o f  

each run  f o r  the  independent variables. The d i f ference 

between the signal i s  the change i n  signal during the test .  

I n  approximately 61% o f  the runs the s ignal  d r i f t e d  down 

and i n  31% o f  the runs the signal remained constant. I n  the 



remainder o f  runs the s ignal  increased. The average 

di f ference between the signal a t  the beginning and end o f  

a run was approximately 0.05 v o l t s  o r  0.5%. Based on a 

run made w i th  a l l  independent variables constant there was 

no systematic cyc l ing  o f  the signal. Therefore i t  appears 

reasonable t o  make a l i n e a r  correct ion t o  the data f o r  

systematic er rors  due t o  signal d r i f t .  Then f o r  a s ignal  

d r i f t  o f  y' and f o r  a se t  o f  data consist ing o f  x points, 

w i t h  n denoting any po in t  the systematic e r ro r  correct ion i s  

where 

y = yl'(n-1),  n= 2, 3,------x, 
n 

y "  = y l l ( x -1 ) .  

Dl is the signal a t  the beginning o f  the t e s t  and Dn i s  the 

signal f o r  any po in t  n. yn represents the d r i f t  from the 

s t a r t  o f  the t e s t  u n t i l  po in t  n. The equation f o r  En i s  

based upon the f a c t  t h a t  the time i t  takes t o  obtain a 

datum f o r  a given run i s  approximately the same f o r  a l l  

data and the percent change i n  signal i s  the same f o r  a l l  

data. yn/D1 represent the percent change f o r  the nth po in t  

during the time i t  takes t o  obtain n points. 

While taking prel iminary data, po la r i za t ion  o f  the 

source over the e n t i r e  spectrum was discovered. The degree 



o f  po la r i za t ion  i s  shown i n  Table 27 under the heading 

source -D /D . The bulk data were taken a t  0.300, 0.546 
P s 

and 1.78 microns without using the polar izers.  To 

determine the e f f e c t  o f  source po la r i za t ion  data a t  a 

source inc iden t  angle o f  60 degrees were taken w i th  the 

polar izers.  The ref lectance f o r  an unpolarized source i s  

computed as the average o f  t h i s  data according t o  the 

equation 

I n  terms o f  measured quant i t ies  the unpolarized ref lectance 

Where P= (DplD,)source 

P i s  used t o  cor rec t  f o r  source polar izat ion.  The data i n  

Figures A-3 and A-4 show t h a t  source po la r i za t ion  has 

l i t t l e  e f f e c t  on the ref lectance f o r  the wavelengths i n  



which the bulk data were taken. For the d i f f use  data above 

0.400 microns a 100% polar ized source caused on the average 

a 5% e r r o r  i n  the unpolarized ref lectance. Therefore f o r  

a 4% polarized source which i s  about correct  f o r  1.78 

microns the e r ro r  would be about 0.20%. This Figure i s  1.2% 

f o r  d i f f use  data below 0.35 microns and 3% f o r  the specular 

data, 

The method used t o  determine the uncertainty i s  t h a t  

described by Holman(5). I f  a dependent var iab le  w i s  a given 

funct ion o f  n independent variables x, ,x2, ----- ,xn then the 

uncertainty o r  e r ro r  i n  w defined as 6w, i s  given by: 

where 

6x1, &is------- an = uncertaint ies i n  the independent 

variables. This equation gives a "Root-Mean-Square" o r  

RMS error .  

The types o f  measurements t h a t  were made are measurements 

o f  ref lectance w i th  and without the po lar izers  and measurements 

o f  the source energy w i th  and without the polar izers.  

I n  order t o  apply equation A-5 t o  the er rors  i n  Table 

A-1 i t  i s  necessary t o  determine the change i n  recorder voltage 



due t o  the errors.  For wavelengths above 0.40 microns 

90 degree e r r o r  i n  po la r i ze r  alignment causes a t yp i ca l  

change i n  the signal o f  1.0 vo l t s  f o r  the d i f f use  data and 

100 vo l t s  f o r  the specular data. The term t o  be used i n  

equation A-5 f o r  the d i f f u s e  data due t o  po la r i za t ion  

alignment i s  

aw 1  - 6x = (s) x 0.8 = 0.0089 vo l t s  ax 

For wavelengths below .40 microns t h i s  term i s  

For specular data the term t o  be used f o r  po la r i za t ion  

alignment i s  

aw - 6 = (2) x 0.8 = 1 . 1  vo l t s  ax 

which i s  v a l i d  f o r  a l l  wavelengths. 

The inc ident  energy loca t ion  e r ro r  a f fec ts  the op t i ca l  

distance between the specimen and the detector. When the 

detector i s  a t  zero zeni th  t h i s  e r r o r  has a small a f f e c t  on 

the signal and when the detector i s  a t  90 degrees there i s  a  

d i r e c t  re la t ionsh ip  between e r ro r  and op t i ca l  distance. For 

t h i s  analysis the change i n  voltage due t o  inc ident  energy 

loca t ion  was computed f o r  an angle o f  45 degrees where the 



+ 0.3mn e r r o r  resu l ts  i n  a + 0.15mm e r r o r  i n  detector op t i ca l  - - 
distance from specimen. The re la t ionsh ip  between the detector and 

op t i ca l  distance i s  

Then f o r  a t yp ica l  s ignal  a t  45 degrees of 6 vo l ts  and a 

detector op t i ca l  distance o f  200mn the e r r o r  i n  the output voltage 

i s  

= 0.009 vol  t s  

For a 1 degree change i n  yoke (b id i rect ional  device) 

a l i g n m n t  o r  angular s e t t i n g  the s ignal  f o r  d i f fuse data change 

by 9.1 vo l t s  a t  45 degrees. The voltage e r r o r  to be used i n  

equation A-5 i s  

aw 
- 6 x = w  Oml  x 012 = 0.92 vo l t s  ax 

Except a t  0.40 microns where the ref lectance drops rap id ly  

the data change very s lowly w i t h  wavelength and i s  neglected. For 

the remainder o f  parameters l i s t e d  i n  Table A-1 there  i s  a d i r e c t  

re la t ionship between the e r ro rs  and the data. Then the RMS o f  the 

e r ro rs  i n  vo l t s  f o r  d i f f use  data above 0.400 microns i s  



= 0.115 vo l ts  o r  1.15% (A-12) 

which i s  approximately t rue  f o r  polar ized and nonpolari zed source. 

For d i f fuse  data below 0.35 microns t h i s  value i s  

E = 0.175 vo l t s  o r  1.75% (A-1 3) 

For the specular component the change i n  ref lectance w i th  angle 

i s  essent ia l l y  a step change which vary from about 0.04 volts/degree 

f o r  data a t  30 degrees t o  about 136 volts/degree f o r  data a t  75 

degrees. Because o f  th is ,  the detector was adjusted f o r  the maximum 

signal when measuring the specular component. Then the predominant 

e r r o r  depends on the 0.2 degree al ignnent and source zenith angle 

errors. As shown Table 28 the e r r o r  i n  speculgr ref lectance f o r  a 

0.2 degree e r r o r  i n  alignment o r  source zcni th varies f r o v  1.4 percent 

t o  approximately 15 percent f o r  data above 0.400 nfcrons. 

For measurements o f  the sgune, Table A-1 1s used to ccmpute 

the uncer ta in i ty  i f  er rors  due t o  inc iden t  energy locat ion,  yoke 

alignment and angle set t ings on the yoke are oinitted. Thus the RMS 

er ro r  i s  

= 0.051 vo l t s  o r  0.5% (A-14) 

Several computations are made using the measured data. A f te r  



systematic e r ro r  corrections are  made and the was nornqlized on the 

measurenient a t  zero zenith a reflectancc was computed which i s  defined 

by equation 5. Applying equation A-5 

ER = E/COS(O) (A- 1 5) 

The polarization is defined as 

-.. Applyins equation A-5 to  the  PIdS e r ro r  
1 

(A- 1 7) 

Using typical values f o r  Ds and D and the value of ES f g r  CS and 
P 

D the R i i i  e r r o r  can be computed 
P 

= 0.02 vol ts 

For the data used P = 1.64 which gives a percent-error  of 

0.02 x 100 = 1.341 EP = 1.64 (A-13) 

Solbe reflectance values were calculated from polarization data by 

using equation A-4. Applying equation A-5 to  get the RMS e r ro r  



, x $(Oo) + o n  x Ds(OO) x P 
0 0.) + DS(O0) x P)' j x (OS(O0)6P)2 + 

( P( 

'ns 
and P a re  referenced t o  1 v o l t  so E has to  be d iv ided by 10 

"P 
t o  ge t  6pns and 6pnp. Using typ ica l  values f o r  the parameters f o r  

wavelengths above 0.400 microns and applying equation A-5 the RMS 

erroP can be ca lcu la ted  



A1 uminuq 
Substrate 
0.0 volts 

Figure A-1.  ??go Preparation Apparatus 



TABLE A-1 

ERRORS 

Source o f  

Polar i  zer Alignment 
~ r r o r  Error Error% 

'E 0.8' 3in%m- 
Nonl inear i ty o f  Cetectors 'M 0.030vo l ts  3.30% 

Inc ident  Energy Location 
on Specimen @45O E 0.3mm 0.09% 

Yoke Alignment E 0.20° 0.2": 

Angle Sett ings on Yoke 
a) Detector Zqnith 
b)  Source Zenith 

Monochromator Wavelength E,M 0.001 microns 

S t r i p  Chart Read Out E 0.02 vo l t s  0. 20% 

Ampl i f ier  Zero Offset  E 0.025 vo l t s  0.25% 

Amp1 i f i e r  Nonl inear i ty E,M 0.005vol ts 0.052 

I n s t a b i l i t y  o f  Source E,M 0.025 vo l t s  0.25% 

Scattered Li.ght E 0 .025vol ts  0.25% 

2Error due t o  Source Polar izat ion 

% n p l i f i e r  zero D r i f t  E,FI 0.002 vo l t s  0.d2% 

2 D r i f t  o f  PMT o r  PbS due t o  
Temperature Change 

2Change i n  PMT o r  PbS S e n s i t i v i t y  
due t o  Bias Volts Change 

=Mean Change, i n  Source 

2Amplif ier S t a b i l i t y  

IM-Manufacturer, E-Estimate 
2Systematic Error  
3Based on 10 Volts, most Diffuse Data were f r o m  2 t o  10 vo l ts  
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FigureA-3 Reflectance o f  ZnO 
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Figure A-4 Reflectance o f  ZnO 
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APPEhlCIX E 

OPTICAL PROPEETIES CF  ZnO 

Tile purpose o f  t h i s  appendix i s  t o  present  sore o f  t h e  o p t i c a l  

p r c p e r t i e s  o f  ZnD used i n  t h i s  i n v e s t i s a t i o n .  Thcse are  the 

e l e c t r i c a l  conduc t i v i t y ,  index o f  r c f r ? c t i o n ,  transmission, and 

he!ti ispherical r e f l e c t i o n .  According t o  Kroes, e t  .a1 . (52) the 
- 2 

e l e c t r i c a l  c o n d u c t i v i t y  o f  Znr) i s  1C mho cn-' which place; i l l0 

10 b e t w e n  a  conductor (copper, 0.5 x  10 rtiho c r l - I )  2nd an i n s u l a t o r  

(glass, 0.5 x lo-' mho cm-I). T i l is  ant1 t i le data i n  Table R-1 are 

used i n  i l i t e r p e t i n g  the exper i i l c l i ta l  r e s u l t s .  



TPCLE B - 1  

PESPf?TICS C F  ZnO 

Intlcr. o f  lleni;pi!crical 
i i ave lcng t !~  Fefraction Transciission* Eeflectance 

. . . .  i.;i crons k f .  55 ?. 5.l Pcf. 55 Kcf. 55 

9.333 - 0.3; 7.0 

*0.76 micron laycr forrrctl w i t h  a cot7~pacticn pressure 
cf 11,90Q psi .  



APPENDIX C 

NOMENCLATURE 

Ar,ll:ic :.y~:~bols Quantity Ur i :: 

a Cor re l~ t i : o r~  dista:::.;.of surface 
heinht dis t~. ibut ion a i  crons 

- 
E E?agnetic f l  ur density wet:.!rs!s? m 

C Capactance farad? 

EP 

E R N  

E lec t r ic  f lur.  dcrs i ty  

Cetectar rncasur~lnent 

Detector s isnal  fo r  rl 

Cetcctor signal fo r  r o 

E lec t r ic  f i e l d  

Error f o r  di f fuse  data 

Ins ider~ t  e l e c t r i c  fiolc! 

Systematic e r ror  correct ior  

ccul rr.br/cq n 

~ ~ 1 7 ' ~  

vc1l t s  

volt: 

vc11 t5,'z 

vol t 5  

vol ts/m 

do1 tr 

Error i n  polzrization ca!sulation vol ts  

Error f o r  d i f f u s e  data when calculated 
frcm polarizafion d,?ta volts  

Reflected e l e c t r i c  f i e l d  vol ts/m 

E r r ~ r  f o r  n~easijres:ent of sot~rce volts  

Incident energy .on specimen volts  

Conductance 

Magnetic f i e l d  

Current 

Current density 



Arabic Symbols Q u a n t i t y  

k E x t i n c t i o n  c o e f f i c i e n t  

L Inductance 

r D i  sp l  acenient vec to r  

n  Index o f  r e f r a c t i o n  

F ~ o l a r i z a t i o n - ( O ~ / D ~ ) ~ ~ , , ~ ~ ~  

C Charge 

'-0 
O p t i ~ a l  d is tance o f  de tec to r  from 
specimen 

'1 Op t i ca l  d is tance o f  de tec to r  from 
specimen 

S Closed sur face 

t Time 

V Elect romot ive ,Force 

w Any dependant v a r i a b l e  

x Any independant v a r i a b l e  

Greek Symbols 

P e r m i t t i v i t y  

i Source azimuth 

i- Detector  zen i th  

7 
r Reference de tec to r  zen i th  

I Wave1 ength 

;'I Permeahi 1  i t y  

v Electromagnetic frequency 

Un i ts  

- 
henr ies 

meters 

cou! o;;ibs 

cm 

sq 01 

seconds 

v o l t s  

degrees 

d ~ g r e e s  

degrees 

microns 

hen r i  cs 

Hz 



NOMENCLATURE (CONTINUED) 

Greek Symbols 

P 

Qudnti ty  

P ~ / C O S ( O )  

Angdlar hemisphern'cal reflectance 

Diff~rse bidirectional reflcctat?ce 

Plane w f l e c t o r  r ~ f l e c t a n c e  

Re1 at ive bidirectional reflectance 

Gidirectional reflectance 

Peak to valley ~ i - u u g i ~ ~ e s s  

EMS rouyhncss height 

Electrical  conductivi ty 

Detector azimuth 

Detector reference azimuth 

Source zenith 

Incident so l id  angle 

Eeflected sol i d  angle 

Units 

- 

- 

i.81 ,. i-.;:ts 

micrc~!s 

cc,!~li,!,'!S;/sq nl 

degvc?:?s 

degrees 

degrees 

s teradians 

stcrildi ans 

Subscripts 

P P-Plane 

s S - P l  ane,  Specula? casipnnent 
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