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SUMMARY 

This r e p o r t  r ep resen t s  t h e  f i n a l  r e p o r t  on work carried 

o u t  under Grant NGL 34-002-047 during t h e  per iod  ending 

June 30, 1971. The r e p o r t  dea l s  with t h e  e f f e c t s  of surface 

roughness on conduction l o s s e s  i n  waveguides and resonators  

a t  35 GHz.  The study was c a r r i e d  o u t  by Lyles C. Adair 

under t h e  d i r e c t i o n  of D r .  Frederick J.  Tischer  a s  disser- 

t a t i o n  research  f o r  t h e  degree of  Doctor of  Philosophy a t  

t h e  North Carol ina S t a t e  Univers i ty ,  Raleigh, North Ca ro l ina ,  



ABSTRACT 

ADAIR, LYLES CORNWELL. E f f e c t s  of Su r face  Roughness on t h e  

Conduction Losses a t  M i l l i m e t e r  Wavelengths. (Under t h e  

d i r e c t i o n  of FREDERICK JOSEPH TISCHER) 

The e f f e c t s  of  s u r f a c e  roughness on conduction l o s s e s  

were i n v e s t i g a t e d  by measuring roughness parameters  of 

m e t a l l i c  s u r f a c e s  by an o p t i c a l  t echnique  and c o r r e l a t s n g  

them w i t h  t h e  measured q u a l i t y  f a c t o r s  of two types  s f  

r e s o n a t o r s  a t  35 GHz. 

A new technique  w i t h  improved accuracy f o r  measuring 

t h e  s t a t i s t i c a l  parameters  of a rough s u r f a c e  was developed,  

The r e f l e c t a n c e  of a rough s u r f a c e  i l l u m i n a t e d  by a l a s e r  

was observed t o  con ta in  a l l  of t h e  in format ion  needed to 

completely d e f i n e  t h e  s u r f a c e  c h a r a c t e r i s t i c s .  T h e o r e t i c a l  

exp res s ions  used f o r  t h e  s c a t t e r e d  l i g h t  were de r ived  on the 

assumption t h a t  t h e  s u r f a c e  had a one-dimensional roughness,  

c h a r a c t e r i z e d  by a Maxwell h e i g h t  d e n s i t y  func t ion  and a 

Laplace c o r r e l a t i o n  func t ion .  The measured i n t e n s i t y  of 

l i g h t  r e f l e c t e d  from rough s u r f a c e s  was found t o  be i n  good 

agreement w i th  t h e  t h e o r e t i c a l  va lues  which were based on 

s t a t i s t i c a l  parameters  ob ta ined  f o r  t h e  s u r f a c e s  by a micro- 

s c o p i c  s tudy ,  The microscopic  r e s u l t s  f o r  s u r f a c e s  poLished 

i n  one d i r e c t i o n  w i t h  a b r a s i v e  papers  showed t h a t  best 

approximations can be ob ta ined  by Maxwell d e n s i t y  and Laplace 

f u n c t i o n s  f o r  t h e  s t a t i s t i c a l  p r o p e r t i e s .  E a r l i e r  models 

based on i s o t r o p i c  s u r f a c e s  and Gaussian s t a t i s t i c s  w e r e  not 

i n  agreement w i th  t h e  l i g h t  r e f l e c t a n c e  measurements, 



Using a  demountable r e c t a n g u l a r  s t r u c t u r e  f o r  a con- 

v e n t i o n a l  and a  c lo sed  H-guide r e s o n a t o r ,  v a r i a t i o n s  i n  s u r -  

f a c e  l o s s e s  w i th  s u r f a c e  roughness were measured. The 

d e r i v a t i o n s  of  Q-values f o r  t h e  two r e s o n a t o r s  showed that 

t h e  f i e l d s  i n  t h e  c lo sed  H-guide provided an improved method 

f o r  measuring s u r f a c e  l o s s e s  a s  a  f u n c t i o n  of s u r f a c e  rough- 

ness .  The s i d e  w a l l s  of  t h e  r e s o n a t o r  w e r e  t h e  only  sections 

removed from t h e  tes t  s t r u c t u r e ,  and t h e  s u r f a c e  roughness 

c r e a t e d  on t h e  s i d e  w a l l s  by a b r a s i v e  p o l i s h i n g  was measured 

by t h e  o p t i c a l  technique.  By no rma l i za t ion  of t h e  Q of t h e  

s i d e  w a l l s ,  t h e  change of  s u r f a c e  l o s s e s  i n  p e r  c e n t  was 

shown t o  be  g r e a t l y  e f f e c t e d  by t h e  c o r r e l a t i o n  f a c t o r  o f  

t h e  s u r f a c e  roughness. No conc lus ive  r e s u l t s  by t h i s  evalu- 

a t i o n  could be found r e l a t i n g  t h e  l o s s e s  t o  t h e  r m s  h e i g h t  

v a r i a t i o n ,  The s c a t t e r i n g  of d a t a  was found t o  be much Less 

f o r  t h e  c lo sed  H-guide r e s o n a t o r  i l l u s t r a t i n g  t h e  improve- 

ment ob ta ined  by t h e  u se  of t h i s  r e sona to r .  Included i n  t h e  

s tudy  were obse rva t ions  of  t h e  e f f e c t s  caused by e l e e t r o -  

p o l i s h i n g  and o t h e r  types  of  s u r f a c e  p r e p a r a t i o n ,  
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1. INTRODUCTION 

The i n c r e a s i n g  demands f o r  h igh  f r equenc ie s  i n  coma*- 

n i c a t i o n  has  caused much concern i n  t h e  m i l l i m e t e r  wavelength 

r eg ion  of t h e  e l ec t romagne t i c  spectrum. Operat ions  a t  t h e s e  

f r equenc ie s  impose some s e r i o u s  problems. The convent iona l  

waveguide s i z e  is  g r e a t l y  reduced and causes  s e r i o u s  manu- 

f a c t u r i n g  problems. Not only  does s i z e  dec rease  t h e  power 

handl ing  c a p a b i l i t y  b u t  a t t e n u a t i o n  i n c r e a s e s  r a p i d l y  with 

frequency f o r  such waveguides. P o s s i b l e  a l t e r n a t i v e s  are  

o t h e r  gu ide  s t r u c t u r e s ,  such a s  t h e  H-guide, b u t  t h e  major 

concern i s  t h a t  t h e  dep th  of p e n e t r a t i o n  of  e lec t romagnet ic  

waves i n t o  t h e  m e t a l l i c  s u r f a c e  i s  very smal l  a t  t h e s e  

f requenc ies .  Because of t h e  sma l l  p e n e t r a t i o n ,  t h e  s u r f a c e  

cond i t i ons  of  t h e  gu ide  p l ay  an impor tan t  r o l e  i n  t h e  

a t t e n u a t i o n  of t h e  guide.  Of course  bu lk  p r o p e r t i e s ,  such 

a s  c o n d u c t i v i t y ,  p rov ide  a  g r e a t  c o n t r i b u t i o n  t o  l o s s e s ,  b u t  

chemical  f i l m s  and s u r f a c e  i r r e g u l a r i t i e s  now produce 

major e f f e c t s .  

Many i n v e s t i g a t o r s  have observed t h e  d i sc repancy  between 

t h e  t h e o r e t i c a l  va lues  and t h e  measured va lues  of l o s s e s  

i n  waveguide s t r u c t u r e s .  Maxwell [15] a t tempted t o  show t h e  

d i f f e r e n c e  by measuring t h e  r-f and d c  conduc t iv i ty  of drawn 

copper. Although he observed d i f f e r e n c e s ,  t h e  e f f e c t s  of 

s u r f a c e  roughness could n o t  be p rope r ly  eva lua t ed  because 

t h e r e  were no r e l i a b l e  methods f o r  measuring roughness,  
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Morgan [17] used models t o  i l l u s t r a t e  t h e  i n c r e a s e  of 

l o s s e s  due t o  s u r f a c e  roughness b u t  h i s  t h e o r e t i c a l  models 

could n o t  s a t s i f a c t o r i l y  be  r e l a t e d  t o  t h e  a c t u a l  c a s e ,  

Benson [5]  i n v e s t i g a t e d  t h e  e f f e c t s  of  roughness i n  rec- 

t a n g u l a r  waveguides of  drawn copper f o r  TE f i e l d  modes, 

Benson c u t  s e c t i o n s  of  waveguides and examined them 

mic roscop ica l ly  t o  determine roughness. These microscopic  

examinations f o r  determining roughness d i d  n o t  g i v e  well 

de f ined  r e l a t i o n s h i p s  t o  s u r f a c e  l o s s e s .  Previous  i n v e s t i -  

g a t o r s  who had used p ro f i l ome te r  measurements knew such 

measurements were n o t  accu ra t e .  Non only e x i s t e d  s e r i o u s  

l i m i t a t i o n s  f o r  measuring roughness mechanically and micro- 

s c o p i c a l l y ,  b u t  improved measurement t echniques  f o r  measuring 

l o s s e s  were needed a l s o .  With t h e s e  problems i n  mind, an 

i n v e s t i g a t i o n  of s u r f a c e  e f f e c t s  on s u r f a c e  r e s i s t i v i t y  was 

i n i t i a t e d .  The i n t e n t  of t h e  s tudy  was t o  c l e a r l y  d e f i n e  

s u r f a c e  roughness,  bo th  t h e o r e t i c a l l y  and exper imenta l ly ,  

and then t o  f i n d  a meaningful  r e l a t i o n s h i p  between s u r f a c e  

roughness and s u r f a c e  r e s i s t a n c e .  

This  i n v e s t i g a t i o n  i s  concerned wi th  f i r s t  p rov id ing  

a means of determining an index of t h e  s u r f a c e  i r r e g u l a r x t y  

f o r  a one-dimensionally rough s u r f a c e  and then  r e l a t i n g  t h e  

index t o  t h e  s u r f a c e  l o s s e s  i n  waveguides i n  t h e  35 GMz 

frequency range.  The index of  t h e  s u r f a c e  i r r e g u l a r i t y  i s  

based on t h e  s c a t t e r i n g  theory  of l i g h t  from rough s u r f a c e s  

and t h e  s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  s u r f a c e .  An apparatus 
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i s  developed f o r  v e r i f y i n g  a t h e o r e t i c a l  model of t h e  s u r -  

f a c e  by measuring t h e  r e f l e c t e d  l i g h t  from it and i s  then 

used t o  measure t h e  s t a t i s t i c a l  parameters .  

The c h a r a c t e r i s t i c s  of a  s h o r t e d  H-guide s e c t i o n  

i n d i c a t e  t h a t  p r o p e r t i e s  o f  such a  s t r u c t u r e  has  t h e  

p o s s i b i l i t y  of  an improved technique  f o r  measuring losses, 

Two types  of waveguides, H-guide and r e c t a n g u l a r ,  are 

employed. The s i d e  w a l l s  of  t h e s e  s h o r t e d  waveguide 

s e c t i o n s  a r e  used t o  determine t h e  e f f e c t s  of t h e  s u r f a c e  

parameters  on t h e  l o s s e s .  Wall l o s s e s ,  found by Q-value 

measurements, are then r e l a t e d  t o  t h e  s u r f a c e  parameters ,  



2. REVIEW OF LITERATURE 

R-F Conduct ivi ty  Measurements 

A s  a  r e s u l t  of t h e  r a p i d  advances of microwaves during 

World War 11, some a r e a s  w e r e  n o t  i n v e s t i g a t e d  i n  depth i n  

o r d e r  t o  ach ieve  t h e  s h o r t  range goa l s .  One of t h e s e  areas 

d e a l t  wi th  l o s s e s  and t h e i r  causes  i n  waveguide s t r u c t u r e s ,  

I t  was observed t h a t  t h e  l o s s e s  i n  waveguides were higher 

t han  p r e d i c t e d  by t h e  d c  conduc t iv i ty  of t h e  meta l .  ACGU- 

r a t e  de te rmina t ion  of t h e  d c  conduc t iv i ty  was needed t o  

a s s u r e  t h a t  v a r i a t i o n s  i n  meta l s  w e r e  n o t  t h e  source  of t h e  

e r r o r .  Arsen ic  and antimony a r e  t h e  two i m p u r i t i e s  l i k e l y  

t o  be  found i n  r e f i n e d  copper which s t r o n g l y  decreases  t h e  

d c  conduc t iv i ty ;  t hus  0.0013 p e r c e n t  A s  o r  0.0071 pe r  cent 

Sb lowers it one p e r  c e n t  [9,  181 . Oxygen ox id i zes  t h e  cop- 

p e r ,  forming Cu20 which reduces  t h e  conduc t iv i ty .  Therefore 

t h e  conduc t iv i ty  of copper,  through o x i d i z a t i o n ,  decreases  

by aging.  

Many i n v e s t i g a t o r s  i n  t h e  1 9 4 0 ' s  s t u d i e d  t h e  e f f e c t s  of 

i n c r e a s i n g  frequency on t h e  conduc t iv i ty  of meta l s .  Maxwell 

[15] i n  1947 publ i shed  t h e  r e s u l t s  of  an i n v e s t i g a t i o n  of 

r - f  conduc t iv i ty  i n  t h e  1.25 cm reg ion .  H e  f i r s t  measured t h e  

a t t e n u a t i o n  of a  long,  sho r t ed  s e c t i o n  of waveguide, The 

a t t e n u a t i o n  o f  waves i n  t h e  TEIO mode a t  1.25 cm reduces t o  

a = 299/aY2 nepers  p e r  meter 02,lj 

f o r  a  0.17 i n .  by 0.42 i n .  waveguide. Maxwell used a s  2 
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second method t h e  Q-values of a r e c t a n g u l a r  r e sona to r  with 

demountable s e c t i o n s .  From t h e  Q-values t h e  e f f e c t i v e  con- 

d u c t i v i t y  was determined.  A s  a  r e s u l t  of h i s  exper iments ,  

Maxwell found t h e  e f f e c t i v e  conduc t iv i ty  of drawn copper 

was 4 .0  x l o 7  mhos p e r  meter a t  1.25 cm where t h e  dc value 

was 5.48 x 1 0 '  mhos p e r  meter .  He made many a t t empt s  to 

p o l i s h  t h e  w a l l s  bo th  mechanically and e l e c t r o l y t i c a l l y  b u t  

w i t h  l i t t l e  e f f e c t .  Maxwell be l i eved  t h a t  t h e  primary1 dif- 

f e r ence  i n  d c  and r - f  conduc t iv i ty  was s u r f a c e  roughness 

b u t  a t  t h a t  t i m e  no r e a l i a b l e  index of s u r f a c e  roughness 

was a v a i l a b l e .  

Beck and Dawson [2] r epo r t ed  i n  1950 t h e  r e s u l t s  of an 

i n v e s t i g a t i o n  o f  conduc t iv i ty  measurements a t  microwave 

f r equenc ie s  ( 9  GHz) . The method used was t o  determine t h e  

Q-value of an open-ended c o a x i a l  l i n e  having a s  a c e n t e r  con- 

duc to r  t h e  sample be ing  t e s t e d .  The measurements inc luded  

samples which were po l i shed  by mechanical  and e1ectroLyt iea . l  

procedures .  T h e i r  r e s u l t s  i n d i c a t e  t h a t  s u r f a c e  roughness 

does p l ay  a r o l e  i n  t h e  l o s s e s  b u t  t h e  obse rva t ions  w e r e  by 

microscopic  examination.  These obse rva t ions  d i d  n o t  give 

an index of roughness b u t  only  a q u a l i t a t i v e  t r e n d ,  The 

r e s u l t s  of a prepared sample w i th  a smooth 60° V t h read  on 

t h e  s u r f a c e  showed a r educ t ion  of  t h e  Q-value t o  about  40 

p e r  c e n t  of t h e  smooth va lue ,  whereas a model proposed by 

Morgan [171 p r e d i c t e d  50 p e r  c e n t  of t h e  smooth va lue .  



Thorp [ 2 3 ]  showed a t  8 rn t h a t  s u r f a c e  roughness as 

w e l l  a s  stress i n  t h e  meta l  s u r f a c e  a f f e c t s  t h e  dc  eon- 

d u c t i v i t y .  H e  d i d  n o t  a t t empt  t o  determine a r e l a t i o n s h i p  

between s u r f a c e  roughness and conduc t iv i ty .  Lending [L3] 

i n v e s t i g a t e d  t h e  conduc t iv i ty  of meta l s  a t  3 GHz a s  a func- 

t i o n  of s u r f a c e  roughness b u t  f a i l e d  t o  i n d i c a t e  t h e  method 

of determining s u r f  ace  roughness. Other  i n v e s t i g a t o r s  [ 8 ,  POI 

have acknowledged t h e  i n f l u e n c e  of s u r f a c e  roughness on 

conduc t iv i ty  and used va r ious  methods t o  improve t h e  loss 

c h a r a c t e r i s  t i c s .  

2 .2  Model f o r  P r e d i c t i n g  Roughness E f f e c t s  

Morgan [17] i n  1949 proposed s u r f a c e  models t o  predict 

t h e  i nc reased  l o s s e s  caused by rough s u r f a c e s .  S t u d i e s  

a t  B e l l  Telephone Labora to r i e s  had r evea l ed  t h a t  l o s s e s  in 

t h e  neighborhood of 3 cm had m a t e r i a l  l o s s e s  h ighe r  than 

c a l c u l a t e d ,  by amounts ranging from 1 0  t o  60 p e r  c e n t .  

According Morgan 

t h e s e  d i s c r e p a n c i e s  cannot  be expla ined  a s  
a t t r i b u t a b l e  t o  t h e  d e v i a t i o n s  from Ohm's 
law which occur  when t h e  eddy c u r r e n t  s k i n  
depth becomes l e s s  than t h e  mean f r e e  pa th  
of e l e c t r o n s  i n  t h e  me ta l ,  o r  when t h e  pe r iod  
of t h e  e l ec t romagne t i c  o s c i l l a t i o n s  becomes 
comparable w i th  t h e  mean time between 
c o l l i s i o n s  of an e l e c t r o n  w i t h  t h e  c r y s t a l -  
l i n e  l a t t i c e ,  s i n c e  it now appears  t h a t  t h e  
l a t t e r  e f f e c t s  w i l l  be  encountered i n  good 
conductors a t  room temperature  only  i f  t h e  
wavelength i s  s h o r t e r  than a few t e n t h s  of 
a m i l l i m e t e r .  

Morgan used a two-dimensional model w i t h  p e r i o d i c  rec-  

t a n g u l a r  o r  t r i a n g u l a r  gooves t r a n s v e r s e  t o  t h e  d i r e c t i o n  



of c u r r e n t  flow (F igu re  2.1) , Since  t h e  grooves a r e  

sma l l  a s  compared t o  t h e  dimensions of t h e  appa ra tus ,  t h e  

f i e l d s  w i t h i n  the groove do n o t  vary apprec iab ly  wi th  dep th ,  

By t a k i n g  t h e  H-f ie ld  c o n s t a n t  w i th  z and having o n l y  a z 

component, t h e  wave equa t ion  becomes 

where 6 i s  t h e  s k i n  depth.  The s o l u t i o n  of (2 .2)  s u b s t i t u t e d  

i n t o  

1 p = -  (7  x  g) ( V  x  H*) - d  V ,  

where a i s  t h e  c o n d u c t i v i t y ,  g ives  t h e  power d i s s i p a t e d  by 

t h e  c u r r e n t  i n  t h e  conducting s u r f a c e .  I f  a  c e l l  of width 

d  equa l  t o  t h e  p e r i o d i c  displacement ,  of u n i t  l eng th  i n  t h e  

z  d i r e c t i o n ,  has  i n f i n i t e  dep th ,  t h e  i n t e g r a l  may be trans- 

formed f o r  one pe r iod  i n t o  

p = -  (m) 1 Irn Ho* H Z  dy dx. 

For  a  p l ane  s u r f a c e  t h e  d i s s i p a t e d  power becomes 

The re fo re  t h e  r a t i o  of t h e  v a r i a t i o n a l  s u r f a c e  t o  t h e  plane 

s u r f a c e  becomes 

P 2  
H Z  dy dx. (2,6) 

0 -00 

Morgan used t h e  " r e l a x a t i o n  method," a  numerical  technique, 
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t o  s o l v e  (2 .2)  i n  o r d e r  t o  determine t h e  r e l a t i v e  power 

d i s s i p a t i o n  from ( 2 . 6 ) .  Morgan's model gave f o r  different 

vz.lues of t h e  r a t i o  of r m s  roughness t o  s k i n  depth t h e  

numerical  va lues  recorded i n  Table  2.1. I t  should be noted 

t h a t  f o r  t h e  dimensional  r e s t r i c t i o n s  used by Morgan the  

r e l a t i v e  power d i s s i p a t i o n  w i l l  approach t h e  asymptot ic  

va lue  of 2.0 f o r  t h e  t h r e e  p r o f i l e s  given i n  t h e  table, 

I n  1953 Benson [5] r epo r t ed  a mod i f i ca t ion  t o  t h e  

a t t e n u a t i o n  formula de r ived  by Kuhn [12] .  The modi f ica t ion  

provided a c o r r e c t i o n  f o r  t h e  a d d i t i o n a l  s u r f a c e  a r e a  created 

by a rough s u r f a c e .  Benson used a long sho r t ed  s e c t i o n  s f  

r e c t a n g u l a r  waveguide t o  measure t h e  a t t e n u a t i o n .  Using 

t h e  VSWR of a s h o r t e d  s e c t i o n ,  he found by t h e s e  measurements 

t h e  a t t e n u a t i o n .  Benson took samples c u t  from w a l l s  of t h e  

waveguides and mounted them i n  a Perspex mould. The composite 

sample was po l i shed  by s t anda rd  techniques  and then ~?hoto-  

graphed through a p r o j e c t i o n  microscope, The a c t u a l  s u r f a c e  

was observed and a r a t i o  of t h e  l e n g t h  of t h e  a c t u a l  surface 

t o  t h a t  of an i d e a l l y  smooth s u r f a c e  was determined,  Benson 

used t h e  modified formula o f  Kuhn t o  v e r i f y  h i s  f i n d i n g s ,  

and f o r  t h e  HO1 mode t h e  formula becomes 



Table 2 . 1  Rela t ive  power d i s s i p a t i o n  versus root-mean-square 
roughness f o r  su r face  grooves t r ansverse  t o  cur-  
r e n t  flow 

a A/6 r a t i o  of r m s  roughness,A, t o  sk in  th ickness ,  6 



where a = t h e  a t t e n u a t i o n  

c = v e l o c i t y  of l i g h t  

a = conduct iv i ty  of metal  

v = permeabi l i ty  of d i e l e c t r i c  

E = p e r m i t t i v i t y  of d i e l e c t r i c  

X = guide wavelength 
4 

h e  = wavelength i n  unbounded d i e l e c t r i c  

'cr = c r i t i c a l  guide wavelength (cut-off  wavelength) 

a = s h o r t  dimension of waveguide 

b = long dimengion of waveguide 

KT1 = r a t i o  of length  of a c t u a l  s u r f a c e  t o  i d e a l  
f o r  long dimension 

KT2 = r a t i o  of l eng th  of a c t u a l  s u r f a c e  t o  ideal 
f o r  s h o r t  dimension 

K = r a t i o  of length  of a c t u a l  s u r f a c e  t o  i d e a l  
f o r  l o n g i t u d i n a l  dimension 

Although t h e  Benson formulat ion gave a c o r r e c t  t rend  f o r  

increased  a t t e n u a t i o n  r e s u l t i n g  from roughness, he concluded 

[51 

i n  view of t h e  d i f f i c u l t y  of determining accura t e  
va lues  f o r  KT1, KT2, and K it seems reasonable  

D' 
t o  conclude t h a t  t h e  d i sc repanc ie s  between measured 
and c a l c u l a t e d  a t t e n u a t i o n  i n  waveguides a r e  due 
s o l e l y  t o  t h e  roughness of t h e  i n t e r n a l  s u r f a c e ,  

Benson doubted i f  any improvements i n  commercial waveguides 

a t  f requencies  near  o r  below 2 4  GHz w e r e  needed. 

A l l i son  and Benson [l] i n  1954 updated Benson's previous 

r e p o r t .  The second r e p o r t  included a formula f o r  any H mode, 



Although t h e  models proposed by Benson gave t h e  correct 

t r e n d  f o r  i n c r e a s i n g  l o s s e s  due t o  t h e  s u r f a c e  roughness,  

t h e  measured va lues  were s t i l l  g r e a t e r  than p r e d i c t e d ,  Later 

Benson expla ined  t h e  d i f f e r e n c e  by say ing  t h a t  t h e  surface 

con ta ins  c a v i t y - l i k e  f e a t u r e s  caused du r ing  t h e  manufacturing 

process  of waveguides? Such f e a t u r e s  would i n c r e a s e  the 

l o s s e s  more than the o r i g i n a l l y  proposed i n c r e a s e  of surface 

a r e a  due t o  roughness,  But t h i s  exp lana t ion  i s  l i m i t e d  to 

drawn waveguides. 

2 . 4  A S t a t i s t i c a l  Model f o r  P r e d i c t i n g  Ref lec tance  from a 
Rough Sur face  

Although much s p e c u l a t i o n  has  been done on t h e  eharae- 

t e r i s t i c  of t h e  w a l l  l o s s e s ,  c o r r e l a t i o n  wi th  t h e  actual 

s u r f a c e  parameters  has  been l i m i t e d  t o  procedures  such as 

t h a t  used by Benson. I n  o p t i c s  many i n v e s t i g a t o r s  have 

s t u d i e d  t h e  r e f l e c t i o n  of l i g h t  from rough s u r f  aces .  

Davies [ 7 ]  i n  1954 in t roduced  t h e  f i r s t  s t a t i s t i c a l  

model f o r  p r e d i c t i n g  r e f l e c t i o n  of e l ec t romagne t i c  waves 

from a  rough s u r f a c e .  He assumed a  p e r f e c t l y  conducting 

s u r f a c e  and used d i f f r a c t i o n  theory  t o  i l l u s t r a t e  t h e  model, 

Per sona l  communication between F. Benson and 
F. T ischer .  
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By cons ide r ing  a  d i s t r i b u t i o n  of h e i g h t s  z  be ing  of the 

Gaussian form, 

where a  i s  t h e  h e i g h t  d e n s i t y  parameter ,  h e  found t h e  steady 

f i e l d  r e f l e c t e d  from t h e  s u r f a c e  f o r  t h e  s l i g h t l y  rough 

case ,  z/X << 1 and a/X <<,I, 

Tr R s i n  [--(sin0 cos$ - s i n @ )  1 
<t> = - X 

2~ A r ( c O S O + C O S * )  n / ~ ( s i n e  c o s + -  s in* )  ~ Z , I O )  

Trm s i n  ( p i n 0  s i n $ )  

n/A s i n e  s i n $  

X = wavelength of  i n c i d e n t  l i g h t  

A = amplitude of i n c i d e n t  l i g h t  

R,m = dimensions of  r e f l e c t o r s  

+ = angle  of inc idence  

e , +  = angles  of s c a t t e r i n g .  

I n  o r d e r  t o  determine t h e  r e f l e c t e d  i n t e n s i t y ,  t h e  auto- 

c o r r e l a t i o n  f u n c t i o n  i s  needed and Davies assumed one of t h e  

Gaussian form, 

1 R ( T )  = a 2  exp { - - a2 [ ( ? , I 2  + T Y l 2  I (2, LI) 

where a  = c o r r e l a t i o n  parameter  

Tx = v a r i a t i o n  wi th  x  

T = v a r i a t i o n  wi th  y.  
Y 

Using t h e  Gaussian c o r r e l a t i o n  model and t h e  a p p r o p r i a t e  

i n t e g r a t i o n ,  t h e  d i f f u s e d  r e f l e c t e d  i n t e n s i t y  becomes 



n2a2  e x p  {-T [ ( s i n e  cos@ - s i n $ )  2+sin28si&] 1 (2.12) 

From t h i s ,  Davies concluded t h a t  t h e  d i f f u s e d  r e f l e c t e d  

i n t e n s i t y  f o r  t h e  s l i g h t l y  rough case  can be determined from 

t h e  two s t a t i s t i c a l  p r o p e r t i e s  a and a .  H i s  conc lus ions  

were based on t h e  fo l lowing  assumptions: 1) a p e r f e c t l y  

conduct ing s u r f a c e ,  2) a Gaussian d e n s i t y  f u n c t i o n  for t h e  

h e i g h t  v a r i a t i o n ,  and 3 )  a Gaussian a u t o - c o r r e l a t i o n  f u n c t i o n  

where t h e  v a r i a t i o n  w i t h  x and y a r e  i d e n t i c a l .  

2.5 Improved Ref lec tance  Models 

Benne t t  and Por t eus  [ 4 ]  proposed i n  1961 a modifica-  

t i o n  t o  ~ a v i e s '  r e s u l t s  f o r  a f i n i t e  conducting s u r f a c e ,  

The mod i f i ca t ion  was conf ined t o  nea r  normal i n c i d e n t  l i g h t  

and r m s  roughness,  o, t h a t  met t h e  requirement  of o / h  <<I, 

I f  one examines Davies '  r e s u l t s  f o r  a s l i g h t l y  rough surface, 

t h e  normal i n c i d e n t  r a d i a t i o n  reduces t o  

Rs = Ro exp ( - ( 4 1 ~ o / h ) ~ )  6 2 , 1 3 1  

where R = s p e c u l a r  r e f l e c t a n c e  
s 

Ro = s p e c u l a r  r e f l e c t a n c e  from a smooth surface 

a = r m s  h e i g h t  v a r i a t i o n .  

The d i f f u s e d  r e f l e c t a n c e  becomes 



where m = r m s  s l o p e  of  t h e  s u r f a c e  p r o f i l e  

A 0  = acceptance angle  of measuring in s t rumen t ,  

The t o t a l  r e f l e c t e d  i n t e n s i t y  i s  given by 

2  ,rr 
R = Ro exp [ - ( 4 ~ r o / h ) ~ ]  + R~ r (a/x) ( b e )  ( d r : . 1 5 )  

and i f  t h e  cond i t i on  t h a t  a/X <<1 i s  used then only t h e  

s p e c u l a r  r e f l e c t a n c e  needs t o  be  cons idered ,  Experimental  

d a t a  ga thered  by Benne t t  and Por t eus  v e r i f y  t h e  accuracy of 

t h e  model f o r  a/X <<l b u t  divergence occurs  a s  a/X +- 1, 

The exper imenta l  concept  of t h e i r  program was, g iven a rough 

s u r f a c e ,  what a f f e c t  would r e s u l t  i n  t h e  r e f l e c t a n c e  f o r  a 

range of wavelengths of l i g h t .  

The r e s u l t s  of t h e i r  experiment showed t h e  i nc reased  

accuracy of t h e  r e f l e c t a n c e  method over  t h e  P ro f i l ome te r  f o r  

determining r m s  s u r f a c e  roughness. S ince  t h e  P ro f i l ome te r  

s t y l u s  t i p  has  a  r a d i u s  of approximately 1 0 0 0  l~ i n . ,  it 

should n o t  bottom i n  t h e  grooves and t h e r e f o r e  t h e  l i g h t  re- 

f l e c t a n c e  method would g i v e  t h e  b e t t e r  accuracy.  

Others [ 2 6 , 6 ] ,  no t ab ly  two groups a t  t h e  Un ive r s i t y  

of Minnesota, Torrance and Sparrow, and Birkebak and Eckert, 

c a r r i e d  o u t  exper imenta l  i n v e s t i g a t i o n  of  t h e  r e f l e c t i o n  of 

l i g h t  from rough s u r f a c e s ,  bo th  me ta l s  and non-metals,  

Lacking o t h e r  t h e o r e t i c a l  models f o r  p r e d i c t i n g  r e f l e c t a n c e ,  

t h e i r  r e s u l t s  f o r  m e t a l l i c  s u r f a c e s  w e r e  i n  good agreement 

w i t h  Davies '  model. The s u r f a c e s  f o r  bo th  groups were 

cons idered  i s o t r o p i c  i n  a l l  d i r e c t i o n s .  



3. REFLECTANCE THEORY 

3 . 1  I n t r o d u c t i o n  

The r e f l e c t i o n  from a m e t a l l i c  s u r f a c e  w i th  a  mi r ror -  

l i k e  f i n i s h  i s  known t o  occur  a t  an angle  t o  t h e  normal equal  

t o  t h e  i n c i d e n t  angle .  The c o e f f i c i e n t  of  r e f l e c t i o n  for 

such a  case  i s  determined by t h e  bulk  p r o p e r t i e s  of t h e  metal, 

For a  s u r f a c e  con ta in ing  i r r e g u l a r i t i e s ,  - i .e .  - h e i g h t  

v a r i a t i o n s  about  t h e  mean, t h e  r e f l e c t e d  l i g h t  con ta ins  both 

s p e c u l a r  and d i f f u s e d  p a r t s .  The d i f f u s e d  p a r t  r e s u l t s  from 

t h e  many v a r i a t i o n s  i n  t h e  s lopes  o f  t h e  s u r f a c e  and i s  

s c a t t e r e d  i n  a l l  d i r e c t i o n s  f o r  a  random rough s u r f a c e ,  ,a 

s t a t i s t i c a l  model f i r s t  formulated by Davies [ 7 ]  provides  

a  t o o l  f o r  p r e d i c t i n g  t h e  n a t u r e  of  t h e  r e f l e c t a n c e  f r o m  

such random rough s u r f a c e s .  H i s  model i s  f o r  a  s u r f a c e  having 

i s o t r o p i c  p r o p e r t i e s .  The a n a l y s i s  of s u r f  aces  having 

p a r a l l e l  grooves i n  t h e i r  s u r f a c e s  a r e  given i n  t h e  following 

two s e c t i o n s .  By normal iza t ion ,  it i s  shown t h a t  t h e  model 

w i l l  p rov ide  a  form of d i f f u s e d  r e f l e c t a n c e  t h a t  depends on 

only  t h e  a u t o - c o r r e l a t i o n  parameter.  

3.2 The - Gaussian Density and C o r r e l a t i o n  Function Model - 
The s u r f a c e  i s  assumed t o  have p a r a l l e l  grooves a long 

t h e  y  a x i s  and t h e  h e i g h t  v a r i a t i o n s  o f  t h e  s u r f a c e  i r r e g u l a r -  

i t y  i s  a  func t ion  of  only  t h e  x  dimension. The coo rd ina t e  

system i s  i l l u s t r a t e d  i n  F igure  3.1. P.ccording t o  d i f f r a c t i o n  

theory  [7 ]  and based on t h e  coo rd ina t e  system t h e  r e f l e c t e d  



sample 
normal 

$ 
i n c i d e n t  

/ bean 

F igu re  3.1. Bas ic  coo rd ina t e  system f o r  r e f l e c t a n c e  theory  



f i e l d ,  5 i s  

f o r  a  p l ane  wave ob l ique ly  i n c i d e n t  on an imper fec t ly  

smooth r e c t a n g u l a r  r e f l e c t o r  of  dimensions R and m. T h e  

ampli tude of  t h e  i n c i d e n t  wave i s  given by F., and r r e p r e s e n t s  

t h e  displacement  from t h e  r e f l e c t o r  t o  t h e  p o i n t  of observation, 

I n  t h i s  i n t e g r a l  z i s  a  random, continuous func t ion  of 

p o s i t i o n ,  - i .e .  - of  x ,  w i th  c e r t a i n  s t a t i s t i c a l  p r o p e r t i e s ,  

For t h e  proposed s u r f a c e ,  t h e  v a r i a t i o n  i n  t h e  y dimen- 

s i o n  i s  assumed t o  be  zero ,  and t h e r e f o r e  no l i g h t  i s  

r e f l e c t e d  except  i n  t h e  d i r e c t i o n  i n d i c a t e d  by @ being equal 

t o  zero.  Thus (3.1) reduces  t o  

I f  t h e  s u r f a c e  i s  smooth, z=0, then 

7TR c= - A fi m (cose+cos$) s i n  [- ( s i n e - s i n $ ) ]  
2 h  r h  

rR/X ( s ine - s in$ )  . ( 3 - 3 1  

The impor tan t  func t ions  of  5  needed t o  d e f i n e  t h e  d i f f u s e d  

r e f l e c t i o n s  a r e  <<> and < [  c-<5>1 2 > .  The t e r m  <<> i s  the  

s t e a d y  f i e l d  and < 1 < - < ( > 1  2 >  i s  t h e  d i f f u s e d  r e f l e c t e d  intensity, 
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The t o t a l  r e f l e c t e d  i n t e n s i t y  i s  

< /  51 = < c > 2  + < /  5 - <c> 1 2 >  . (3*41 

I n  o r d e r  t o  determine < c > ,  t h e  p r o b a b i l i t y  d e n s i t y  

f u n c t i o n  must be  def ined .  Assuming t h e  d e n s i t y  func t ion  t o  

be Gaussian, it i s  

1 
p ( z )  = - exp { - z2/2u2 1 . 

u JZ (3-5) 

Now 

<c>=- A ( c o s e + c o s $ ) / / < e x p i . ~  j z  ( C O S ~ + C O S $ ) ~  
2X r X 

Then it fo l lows  us ing  t h e  p r o b a b i l i t y  func t ion  

2Tr e x p  { T j Z ( C O S ~ + C O S $ )  1, = exp I - +  2 T r 2 0 2  (COS~+COS$)  Z ) .  
X 2  (3-7) 

Therefore  

A 
TrR 

<c>=- (cose+cos+) R m s i n  [-(sine-sin$) ] 
2X r - X 

vR/A (s ine-s in$)  

The r e f l e c t i o n  i s  modified by a  f a c t o r  depending on o / k ,  

Furthermore, 

A 5  -<5> = - 27T 
2X r (cos8+cos$) 11 e ~ p { ~  j x  ( s ine - s in$ )  1 

For a s l i g h t l y  rough s u r f a c e ,  t h e  fo l lowing  i n e q u a l i t i e s  

a r e  assumed z/X <<1, and u/X<<l. Then n e g l e c t i n g  powers of 

z/X and a/A beyond t h e  f i r s t  t e r m  



The i n t e n s i t y  averaged over  t h e  ensemble of r e f l e c t o r s  i s  

2Tr expIT j (x-x ' )  ( s ine - s in$ )  Idx dy dx '  dy'  . (3,1TC) 

Here, t h e  impor tan t  s t a t i s t i c a l  f a c t o r  i s  t h e  a u t o - c o r r e l a t i o n  

func t ion  of  t h e  h e i g h t  of  t h e  s u r f a c e .  Assuming a Gaussian 

model, t h e  a u t o - c o r r e l a t i o n  i s  

< z ( x ) z ( x l ) >  =a2 exp { -  (x-x ' )  
a2 1 13-12) 

where a  i s  t h e  c o r r e l a t i o n  parameter.  Then w r i t i n g  

x l = x + r  g i v e s  

Tr2A2 <I 5 - < ~ > 1  2 > =  - X 4 r 2  (COS~+COS$)  '/[I/ a 2  exp {-F r 2  } 

2Tr expIT j r ( s i n 0 - s i n $ )  1 dx dy d r  d y ' .  ( 3 . 1 3 )  

Then, cons ide r  t h e  domain of i n t e g r a t i o n  

I f  R>>a, then  t h e  domain may be approximated by 

I t  then  fo l lows  

I f  t h e  d i f f u s e d  r e f l e c t e d  i n t e n s i t y  i s  normalized with 

r e s p e c t  t o  t h e  i n t e n s i t y  a t  0=$, then 



< I  t - < p /  2 > N = (  cose+cos$ 4 exp{ -7;i- n 2 a 2  ( s ine-s in*)  1 , ( 3 ,  I-5) 2 cos $ 

The normalized d i f f u s e d  i n t e n s i t y  i s  a  func t ion  of  only one 

of t h e  s t a t i s t i c a l  parameters  of t h e  s u r f a c e ,  de s igna t ed  by a, 

3.3 The Maxwell Densi ty  and t h e  Laplace C o r r e l a t i o n  
Funct ion Model 

I n  t h e  prev ious  s e c t i o n ,  a symmetrical  d e n s i t y  f u n c t i o n ,  

Gaussian,  was assumed. The d e n s i t y  func t ion  s e l e c t e d  fo r  

t h i s  s e c t i b n  i s  asymmetric, 

z2  p ( z )  = 1 &- z2  exp I -  
,a3 1 I 

o f t e n  r e f e r r e d  t o  a s  a  Maxwell d e n s i t y  func t ion .  The second 

moment of  t h e  d e n s i t y  func t ion  i s  o f t e n  r e f e r r e d  t o  a s  the 

r m s  va lue  of t h e  random v a r i a b l e  z. For t h e  Gaussian 

d e n s i t y  func t ion  t h e  r m s  va lue  i s  0 .  The Maxwell d e n s i t y  

func t ion  has  a  r m s  va lue  equa l  t o  0 . 6 7 4 ~ .  I n  most l i t e r -  

a t u r e  t h e  symbol o i s  used t o  r e p r e s e n t  t h e  r m s  va lue .  

Reca l l i ng  (3.2) , 

<[>= - 2Tr 
A (cose+cos$) < exp I~ j z  (cose+cos*) I >  2h r 

2Tr 
exp IT j x ( s ine - s in$ )  1 dx dy, 

t hen  us ing  t h e  Maxwell d e n s i t y  func t ion  

where y=z j (COS ~ + c o s $ )  . 
h 



2 2  

Then f o r  a  s l i g h t l y  rough s u r f a c e ,  t h e  terms z/A and a/X 

t o  powers beyond t h e  f i r s t  a r e  neg lec ted .  Therefore  

j ITA 5- <5>=- 2IT 
A 2 r  

(cos8+cos$) 2 / /  z (x )  e ~ p { ~  jx ( s ine - s in$ )  1 dx dy 
(3,191 

This  i s  t h e  same express ion  ob ta ined  wi th  t h e  Gaussian 

d e n s i t y  f u n c t i o n  f o r  a s l i g h t l y  rough s u r f a c e .  

The d i f f u s e d  i n t e n s i t y  averaged over  t h e  ensemble o f  

r e f l e c t o r s  i s  

<I ~ - < 5 > 1  =- "2A2  ( C O S ~ + C O S ~ )  4 / / / /  <z (x) z ( X I )  > A 4 r 2  

27T exp {T j  (x -x ' )  ( s ine - s in$ )  }dx dy dx 'dy '  ( 3 . 2 0 )  

A s  s t a t e d  i n  t h e  preced ing  s e c t i o n ,  t h e  impor tan t  s t a t i s t i -  

c a l  f 8 c t o r  i s  t h e  a u t o - c o r r e l a t i o n  func t ion .  For t h i s  case, 

a Laplace model i s  used,  

Then w r i t i n g  x '  = x + T g ives  

2IT -HI exp j ~ ( s i n 8 - s i n $ )  ldx dy dr  d y '  exp { 26 
( 3 , 2 2 1  

Consider ing t h e  domain of  i n t e g r a t i o n  where R > > B ,  then 

Therefore ,  



I f  t h e  d i f f u s e d  r e f l e c t e d  i n t e n s i t y  i s  normalized w i t h  

r e s p e c t  t o  t h e  i n t e n s i t y  a t  8=q1 t hen  

( 3 , 2 4 1  

Again t h e  normalized d i f f u s e d  i n t e n s i t y  i s  a  func t ion  of 

only  one of  t h e  s t a t i s t i c a l  parameter of t h e  s u r f a c e ,  

de s igna t ed  by B .  

3 . 4  Comparison 

For e i t h e r  ca se ,  t h e  normalized d i f f u s e d  r e f l e c t e d  

i n t e n s i t y  i s  a  func t ion  of only  one of  t h e  s t a t i s t i c a l  

parameters  of t h e  s u r f a c e ,  t h e  c o r r e l a t i o n  f a c t o r .  It i s  

obvious t h a t  bo th  normalized func t ions  have t h e  

f a c t o r  

cos e + COS+) 4 

( 2 cos $ 

For  a  given case  where a = @ ,  t h e  normalized d i f f u s e d  

r e f l e c t e d  i n t e n s i t y  based on t h e  Laplace model has a  sharper 

peak and longer  t r a i l i n g  ends w i th  t h e  angle  of r e f l e c t a n c e ,  

Reca l l i ng  t h a t  0.674a i s  e q u a l  t o  t h e  r m s  va lue  of t h e  

h e i g h t s  f o r  t h e  Laplace model, t h e  d i f f u s e d  r e f l e c t e d  inten- 

s i t y  i n  bo th  models a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  product 

of t h e  c o r r e l a t i o n  parameters  and t h e  square  of t h e  rrns h e i g h t ,  

From t h e s e  two models, it is  reasoned t h a t  t h e  r e f l e c t e d  

i n t e n s i t y  w i th  angle  o r  r e f l e c t a n c e  i s  g r e a t l y  dependent on 

t h e  n a t u r e  of t h e  a u t o - c o r r e l a t i o n  func t ion .  



4.  EXPERIMENTAL EVALUATIONS O F  MODEL 

4 . 1  I n t r o d u c t i o n  

To v e r i f y  t h e  v a l i d i t y  of t h e  models used i n  t h e  

prev ious  c h a p t e r ,  t h e  a n a l y s i s  of  a c t u a l  copper s u r f a c e s  

prepared  i n  a c e r t a i n  manner i s  given.  Copper samples w e r e  

p repared  t o  g i v e  a range of h e i g h t  v a r i a t i o n s ,  and on these 

samples,  l i g h t  r e f l e c t a n c e  measurements were made. The 

samples w e r e  c u t  and examined microscopica l ly .  From t h e  

microscopic  examination,  t h e  s t a t i s t i c a l  p r o p e r t i e s  of t h e  

s u r f a c e  were determined.  The s t a t i s t i c a l  p r o p e r t i e s  and the 

l i g h t  r e f l e c t a n c e  measurements were c o r r e l a t e d  t o  determine 

t h e  model b e s t  s u i t e d  f o r  p r e d i c t i n g  d i f f u s e d  r e f l e c t e d  

i n t e n s i t y  f o r  a one dimensional ly  rough s u r f a c e .  Three 

samples (Emery G - 2 ,  G r i t  3 2 0 ,  G r i t  400 )  are used throughout  

t h e  chap te r  f o r  purposes o f  i l l u s t r a t i o n .  

4.2 Sample P r e p a r a t i o n  

A s h e e t  o f  1/8 i nch  copper was c u t  i n t o  1-1/2 by 2 inch 

s e c t i o n s .  Grinders  manufactured by Buchler  Ltd.  were used t o  

p repa re  t h e  samples. There w e r e  two types  of g r i n d e r ;  one 

c o n s i s t s  of a set  of a b r a s i v e  papers  mounted on d r y ,  hard ,  

f l a t  s u r f a c e s  and t h e  o t h e r  having the same type  of mounting 

b u t  a continuous flow of  wa te r  immediately washed away t h e  

loose  a b r a s i v e  m a t e r i a l  and fragments of metal .  These metal- 

l u r g i c a l  g r i n d e r s ,  bo th  d ry  and w e t ,  a r e  commonly used f o r  

p re l imina ry  p r e p a r a t i o n  i n  p o l i s h i n g  of meta l  s u r f a c e s ,  
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The copper s u r f a c e s  were prepared i n  t h e  fo l lowing  

manner. F i r s t ,  t h e  sample was moved f o r t h  and back on t h e  

c o a r s e s t  grade of  paper  u n t i l  grooves were p r e s e n t  i n  only 

one d i r e c t i o n .  I t  was impor tan t  t h a t  t h e  grooves appear i n  

on ly  one d i r e c t i o n  s i n c e  t h e  f i n e r  paper  can on ly  remove 

t h e  grooves c r e a t e d  by t h e  nex t  coa r se s  paper ,  The f o r c e s  

on t h e  samples were he ld  t o  a  minimum t o  p reven t  c rush ing  

t h e  a b r a s i v e  p a r t i c l e s  which could cause  l a r g e  v a r i a t i o n s  i n  

t h e  grooves o r  cause  smoother s u r f a c e s  than in t ended ,  The 

f o r c e s  w e r e  only  t hose  t o  keep t h e  samples i n  a  p o s i t i o n  to 

c r e a t e  p a r a l l e l  grooves.  The sample was then  r o t a t e d  ninety 

degrees  and p laced  on t h e  nex t  f i n e r  paper .  The process  was 

cont inued u n t i l  t h e  d e s i r e d  degree  of p o l i s h i n g  was obtained, 

I n  t h i s  s tudy ,  s i x  grades  of  a b r a s i v e  paper  were used,  T h e  

g r a i n  s i z e  of each a b r a s i v e  paper  i s  given i n  Table  4-1, 

A f t e r  each g r i n d i n g ,  t h e  samples were r i n s e d  under run- 

ning  wate r  t o  remove any loose  m a t e r i a l  from t h e  s u r f a c e ,  

A s t ream of a i r  w i th  s u f f i c i e n t  f o r c e  was blown ac ros s  t h e  

s u r f a c e  t o  r a p i d l y  remove r e s i d u a l  wa te r ,  t h u s  minimizing 

wate r  s p o t s .  The s u r f a c e s  were c a r e f u l l y  handled t o  p reven t  

f i n g e r  p r i n t s  o r  o t h e r  s t a i n s  and were s t o r e d  i n  n i t rogen -  

f i l l e d  c o n t a i n e r s  u n t i l  r e f l e c t a n c e  s t u d i e s  could be made, 

4.3 Apparatus f o r  Ref lec tance  S t u d i e s  

The r e f l e c t a n c e  measurement se t  up i s  i l l u s t r a t e d  i n  

F igu res  4 . 1  and 4 . 2 .  The l i g h t  source  was a  Spectra-Physics  

Model 1 2 4  Helium-Neon Laser  capable  of supplying f i f t e e n  



Table 4 . 1  Abrasive paper g r a i n  s i z e  





Figure  4.2 Photograph of t h e  r e f l e c t a n c e  measure- 
ment bench 
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m i l l i w a t t s  of power a t  6328 A . An a d j u s t a b l e  a t t e n u a t o r  

w i th  degree  i n d i c a t o r s  a long  t h e  c i rcumference was used t o  

r e g u l a t e  t h e  l i g h t  i n t e n s i t y  t h a t  s t r u c k  t h e  t e s t  sample, 

The r e l a t i v e  a t t e n u a t i o n  was determined by t h e  angula r  d l s -  

placement from a r e f e r e n c e  when app l i ed  t o  t h e  s i n e  square 

law. A cont inuous monitor of t h e  source  i n t e n s i t y  was accom- 

p l i s h e d  by a beam s p l i t t e r  which d e f l e c t e d  p a r t  o f  the light 

i n t o  a Spectra-Physics  4 0 1  C power meter.  I f  v a r i a t i o n  

occur red  du r ing  an experiment,  t h e  a t t e n u a t i o n  was adjusted 

t o  c o r r e c t  t h e  change. A f l a t  d i s c  w i th  a mounting stand lo- 

c a t e d  i n  t h e  c e n t e r  was used t o  s ecu re  t h e  tes t  sample, The 

f i v e  i nch  r a d i u s  d i s c  had degrees  marked o f f  around the perim- 

eter and wi th  t h e  a i d  of markers,  t h e  angles  of inc idence  and 

r e f l e c t a n c e  were measured. An ex t ens ion  arm which p ivo ted  

about  t h e  c e n t e r  of t h e  d i s c  h e l d  a l i g h t  d e t e c t o r  which con- 

s i s t e d  of an RCA 7 1 0 2  m u l t i p l i e r  photo-tube and a s s o c i a t e d  

c i r c u i t r y .  The photo-tube was enc losed  i n  a l i g h t  tight 

cover w i th  a one-eighth by one inch  s l i t .  The one-eighth 

inch  s l i t  which corresponded t o  less than one degree  of arc 

measured t h e  8 v a r i a t i o n .  The ex t ens ion  arm main ta ins  the 

s l i t  a t  a c o n s t a n t  d i s t a n c e  from t h e  c e n t e r  of  t h e  d i s c  and 

a t  a  c o n s t a n t  h e i g h t  above t h e  p l ane  of t h e  d i s c .  T h e  power 

f o r  t h e  m u l t i p l i e r  was supp l i ed  by a Hewlett-Packard 

Har r i son  6516A DC power supply and t h e  o u t p u t  of  t h e  d e t e c t o r  

was d i sp l ayed  on a Doric  i n t e g r a t i n g  microvol tmeter .  The 

assembly, w i t h  t h e  except ion  of t h e  power s u p p l i e s  and t h e  
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vo l tme te r ,  was mounted on an o p t i c a l  r a i l  which pe rmi t t ed  

a c c u r a t e  al ighnment of t h e  va r ious  components. The e n t i r e  

se t -up  was l o c a t e d  i n  a  dark  room whose w a l l s  had been 

sprayed wi th  a  non-glossy b l ack  p a i n t .  

4 . 4  Ref lec tance  Measurements 

Three d i f f e r e n t  sets of exper imental  d a t a  were t a k e n  

from t h e  set-up.  For t h e  f i r s t  set ,  w i th  t h e  ang le  of 

i nc idence  and i n c i d e n t  l i g h t  c o n s t a n t ,  and i n  a  p l ane  per- 

pend icu la r  t o  t h e  s u r f a c e ,  t h e  i n t e n s i t y  of t h e  r e f l e c t e d  

l i g h t  was measured a t  ang le s ,  8, from t h e  s u r f a c e  normal 

between 0 and 9 0  degrees .  The ou tpu t  of a p h o t o m u l t i p l i e r  

d e t e c t o r  a s  a  func t ion  of t h e  ang le  of r e f l e c t a n c e  i s  i l l u s -  

t r a t e d  i n  F igu res  4.3, 4 . 4 ,  and 4 . 5  f o r  t h r e e  prepared 

s u r f a c e s .  The d a t a  w e r e  c o l l e c t e d  a t  t h r e e  p o s i t i o n s  on t h e  

s u r f a c e ,  i n  t h e  c e n t e r  and p l u s  and minus one-quar ter  of an 

i nch  from t h e  c e n t e r .  The average o u t p u t  a t  each angle  was  

computed and i l l u s t r a t e d  i n  t h e  f i g u r e s  a s  a  continuous curve, 

By ho ld ing  t h e  i n c i d e n t  ang le  c o n s t a n t  and measuring 

t h e  r e f l e c t e d  i n t e n s i t y  a t  t h e  s p e c u l a r  ang le  f o r  var ious 

i n t e n s i t i e s  of  t h e  i n c i d e n t  l i g h t ,  a  second set  of data was 

c o l l e c t e d ,  B y  adjustment  of  t h e  p r e c i s i o n  a t t e n u a t o r  

(F igures  4 . 1  and 4 .2) ,  v a r i a t i o n s  of t h e  i n c i d e n t  i n t e n s i -  

t ies were caused and d e t e c t e d  by t h e  power m e t e r .  The 

ou tpu t  of t h e  p h o t o m u l t i p l i e r  d e t e c t o r  a s  a  func t ion  of 

t h e  o u t p u t  of  t h e  power meter i s  shown i n  F igure  4 . 6 ,  The 

r e s u l t s  a r e  i l l u s t r a t e d  a s  l i n e a r  curves .  



Angle of i nc idence  = 2 0 °  

Angle of r e f l e c t a n c e  (degrees )  

F igu re  4 . 3 .  Re f l ec t ed  i n t e n s i t y  of  t h e  Emery 2 ( G - 2 )  
sample as a func t ion  of  t h e  angle  of 
r e f l e c t a n c e  



Angle of i nc idence  = 2 0 "  

Angle of r e f l e c t a n c e  (degrees )  

F igu re  4 . 4 .  Ref lec ted  i n t e n s i t y  of  t h e  G r i t  320 ( 3 2 0 )  
sample a s  a f u n c t i o n  of  t h e  ang le  of 
r e f l e c t a n c e  





I n p u t  i n t e n s i t y  a s  monitored by power meter (mw) 

Figure  4,6, Ref l ec t ed  i n t e n s i t y  a t  8=$ as a func t ion  of 
i n p u t  i n t e n s i t y  
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A t h i r d  v a r i a t i o n  of t h e  t h r e e  parameters ,  i n c i d e n t  

i n t e n s i t y ,  ang le  of i nc idence ,  and angle  of r e f l e c t a n c e ,  was 

p o s s i b l e .  Holding t h e  i n c i d e n t  i n t e n s i t y  cons t an t ,  t h e  

ang le  of i nc idence  w a s  v a r i e d  between 1 0  and 90 degrees  

wh i l e  t h e  r e f l e c t e d  i n t e n s i t y  was measured a t  t h e  s p e c u l a r  

ang le ,  8=$. The se t -up  was l i m i t e d  t o  angles  of inc idence  

e q u a l  t o  o r  g r e a t e r  than  LO degrees  because of p h y s i c a l  

l i m i t a t i o n s  of t h e  system. The r e s u l t s  a r e  shown i n  Figure 

4 .7  as cont inuous curves  of  p h o t o m u l t i p l i e r  ou tpu t  versus 

ang le  of inc idence .  

4.5 Cross S e c t i o n a l  Su r face  Analysis  

Each o f  t h e  copper samples used i n  t h e  r e f l e c t a n c e  

measurements w e r e  c u t  c r o s s - s e c t i o n a l l y ,  r e v e a l i n g  an edge 

view of  t h e  s u r f a c e .  To f a c i l i t a t e  t h e  obse rva t ion ,  t h e  

c u t  specimens w e r e  molded i n t o  a  c y l i n d e r  of b a k e l i t  and t h e  

exposed s u r f a c e  po l i shed .  An example of a  c y l i n d e r  w i th  

t h e  s u r f a c e s  embedded i n  b a k e l i t  i 6  seen i n  F igure  4-8, The 

p o l i s h i n g  removed t h e  f o r e i g n  m a t e r i a l s  and fragmented metal 

caused by t h e  c u t t i n g  ope ra t ion .  The amount of m a t e r i a l  

t h a t  was removed i s  between 0.4 and 0.5 rnm. Then t h e  su r -  

f a c e s  a r e  viewed through a  microscope, which had a  camera 

mounted on it f o r  photographing t h e  f i e l d  of view. Sections 

of t h e  s u r f a c e s  w e r e  photographed wi th  over lapping  reg ions  

i n  o r d e r  t o  p rov ide  an extended,  cont inuous s u r f a c e .  A 

c a l i b r a t e d  t e n  micron g r i d  was p l aced  i n  t h e  same focal 

p lane  and photographed f o r  s c a l i n g  purposes.  The nega t ives  



Angle of i nc idence  (degrees )  

F igu re  4 . 7 ,  Ref lec ted  i n t e n s i t y  a t  8=$ as a  func t ion  of 
ang le  of inc idence ,  $ 



Figure 4 . 8 .  Photograph of tes t  sample s h e e t  and 
a c ross  s e c t i o n  of t h e  sample s h e e t  
embedded i n  a b a k e l i t  mold 



were en la rged  and photographic  p r i n t s  were made. A t y p i c a l  

s u r f a c e  p r i n t  i s  given i n  F igure  4.9. The t o t a l  magnifi-  

c a t i o n  of  t h e  p r i n t s  used w a s  between 850 and 9 0 0  t imes ,  The 

photographic  p r i n t s  were then  a l i gned  t o  g i v e  a continuous 

s u r f a c e  f o r  each sample. The a l i g n e d  p r i n t s  a r e  given i n  

F igu re  4 .10 .  A r e f e r e n c e  l i n e  was then  drawn on t h e  print, 

and t h e  pe rpend icu la r  d isplacement  from t h e  r e f e r e n c e  t o  

t h e  s u r f a c e  was measured f o r  each m i l l i m e t e r  a long t h e  ref- 

erence  l i n e .  A computer program was used t o  count  the num- 

b e r  of s u r f a c e  p o i n t s  a t  each d i s c r e t e  l e v e l  above the ref- 

erence  Line. This  in format ion ,  o f t e n  r e f e r r e d  t o  as height 

d e n s i t y  f u n c t i o n s ,  i s  i l l u s t r a t e d  a s  b a r  graphs i n  F igu re s  

4 . 1 1 ,  4 . 1 2 ,  and 4.13. 

The a u t o - c o r r e l a t i o n  func t ion  was computed on t h e  bas i s  

of t h e  fo l lowing  formula t ion  

where z (xi) = h(x i )  -zo displacement  from t h e  mean s u r f a c e  

h(xi)  = h e i g h t  above r e f e r e n c e  l i n e  a t  xi 

z =- average h e i g h t  of s u r f a c e  above r e f e r e n c e  
0 l i n e .  

A computer program was used t o  c a l c u l a t e  t h e  f u n c t i o n a l  

va lue  of R ( T ) ,  and t h e  r e s u l t s  a r e  given a s  continuous 

curves  i n  F igu res  4 . 1 4 ,  4.15, and 4 . 1 6 .  



Figure 4.9. Photographic enlargement of a 
surface as viewed through a 
microscope with a 10 micron grid 
for scaling 



Figure 4.10. Aligned photographic prints 



Displacement from reference in mm (photograph 
units) 

Figure 4.11. Normalized bar graph of surface points 
within each height band (0.8 mm wide) 
for Emery 2 sample 



Displacement from r e f e r e n c e  i n  mm (photograph units) 

Figure  4.12. Normalized b a r  graph of  s u r f a c e  p o i n t s  within 
each h e i g h t  band (0 .8  mrn wide) f o r  G r i t  3 2 0  
s ample 



Displacement from r e f e r e n c e  i n  mrn (photograph units) 

Figure  4.13. Normalized b a r  graph of s u r f a c e  p o i n t s  
w i t h i n  each h e i g h t  band (0.8 mm wide) f o r  
G r i t  400 sample 



magnification = 888,5 

-4 -2 0 +2 +4 

Displacement, T, in nun (photograph units) 

Figure 4.14, Auto-correlation function of the surface f o r  
the Emery 2 sample 



Displacement, T, in mrn (photograph units) 

Figure 4,15. Auto-correlation function of the surface f o r  
the Grit 320 sample 



Displacement, r ,  in mrn (photograph units) 

Figure 4.16. Auto-correlation function of the surface f o r  
the Grit 400 sample 



4.6 Comparison of T h e o r e t i c a l  and Experimental  Data 

I t  was obvious from t h e  b a r  graphs of  t h e  h e i g h t  density 

(F igures  4 . 1 1 ,  4.12, and 4.13) t h a t  t h e  d e n s i t y  func t ions  

w e r e  asymmetric and t h a t  a  Gaussian f u n c t i o n  was n o t  t h e  best  

model. A comparison of a  Rayleigh and a  Maxwell func t ion  

t o  t h e  graph i s  given i n  F igu re  4.17. This  i l l u s t r a t e s  t h a t  

of t h e  two f u n c t i o n s ,  t h e  Maxwell was t h e  b e t t e r .  Then super-  

imposing Maxwell func t ions  on t h e  b a r  graphs of t h e  p r e v l  2 ous 

s e c t i o n ,  each s u r f a c e  d e n s i t y  f u n c t i o n  was de f ined  a s  shown 

i n  F igures  4 -18 ,  4.19, and 4.20. A r m s  s u r f a c e  va lue  was 

c a l c u l a t e d  based on t h e  raw d a t a  f o r  each s u r f a c e  and com- 

pared t o  t h e  second moment ( o f t e n  used a s  t h e  r m s  va lue)  of 

t h e  corresponding Maxwell func t ion .  Table  4 . 2  l i s t s  

t h e  r e s u l t s .  

To compare t h e  r e s u l t s  of  t h e  r e f l e c t e d  i n t e n s i t y  as 

f u n c t i o n s  of  t h e  angle  of r e f l e c t a n c e ,  t h e  magnitude of t h e  

exper imenta l ly  determined r e f l e c t e d  i n t e n s i t y  was normalized 

wi th  r e s p e c t  t o  t h e  r e f l e c t e d  i n t e n s i t y  a t  8=$. The value 

of  a and B which gave t h e  b e s t  t h e o r e t i c a l  curve t o  match 

t h e  exper imenta l  d a t a  o f  t h e  G r i t  400 sample was used i n  

F igure  4.21. The Laplace c o r r e l a t i o n  f u n c t i o n  model pro- 

vided  t h e  b e s t  f i t  and was used t o  compare t h e  exper imenta l  

d a t a  t o  t h e  t h e o r e t i c a l  model i n  F igures  4 . 2 2 ,  4.23, and 

4.24. The va lue  of  B f o r  which t h e  b e s t  f i t  of t h e  thes-  

r e t i c a l  curve t o  t h e  exper imenta l  d a t a  was used i n  t h e  corn- 

p u t a t i o n  of  t h e  t h r e e  Laplace c o r r e l a t i o n  f u n c t i o n s  



Displacement from r e f e r e n c e  i n  rnrn (photograph 
u n i t s  

F igure  4.17. Comparison of  Rayleigh and Maxwell density 
f u n c t i o n s  f o r  t h e  Emery 1 sample 



Magnification =888 ,5  
a = 1.5' 

Displacement of function in mrn (photograph 
u n i t s  ) 

Figure 4.18. Maxwell density function superimposed on 
normalized bar graph of Emery 2 sample 



Displacement of function in rnm (photograph 
u n i t s  ) 

Figure 4.19. Maxwell density function superimposed on 
normalized bar graph of Grit 320 sample 



Displacement of function in m (photograph units) 

Figure 4.20. Maxwell density function superimposed on 
normalized bar graph of Grit 400 sample 



Table  4 .2  Measured r m s  h e i g h t s  a s  a r e s u l t  of p o l i s h i n g  
wi th  d i f f e r e n t  ab ras ive  papers  

Grade Based on Maxwell Based on the 
d e n s i t y  func t ion  raw data 



Angle of r e f l ec tance  (degrees) 

Figure 4 .21 .  Comparison of Gaussian and Laplace corre la-  
t i o n  model values t o  G r i t  400 sample values  



Angle of incidence = 20"  

o - averaged d a t a  

Angle of r e f l e c t a n c e  (degrees)  

Figure 4,22. Laplace model of r e f l e c t a n c e  with Emery 2 
sample d a t a  superimposed 



Angle of incidence = 20° 

o - averaged d a t a  

Angle of r e f l e c t a n c e  (degrees)  

Figure 4.23. Eaplace model of r e f l e c t a n c e  with G r i t  3 2 0  
sample d a t a  superimposed 



Angle of incidence = 20"  

o - averaged d a t a  

B = 1.11 x l o m 6  

Angle of r e f l e c t a n c e  (degrees) 

Figure 4 . 2 4 .  Laplace model of r e f l e c t a n c e  with G r i t  400  
sample d a t a  superimposed 
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i l l u s t r a t e d  i n  F igure  4.25. When compared t o  t h e  auto- 

c o r r e l a t i o n  curves  found from t h e  a c t u a l  s u r f a c e ,  F igures  

4 . 1 4 ,  4.15, and 4.16, t h e s e  curves  w e r e  i n  remarkable agree- 

ment. Although t h e  curves  found from t h e  a c t u a l  s u r f a c e  

were based on sampled p o i n t s ,  t o g e t h e r  w i t h  t h e o r e t i c a l  

curves ,  t h e  Laplace func t ion  w a s  shown t o  be a  very  good 

model f o r  t h e  a u t o - c o r r e l a t i o n  func t ion .  

Table  4.3 w a s  compiled from t h e  r m s  h e i g h t  v a r i a t i o n  a 

of t h e  d e n s i t y  f u n c t i o n  and t h e  c o r r e l a t i o n  parameter B of 

t h e  a u t o - c o r r e l a t i o n  func t ion ,  Reca l l i ng  (3.23) , the 
d i f f u s e d  r e f l e c t a n c e  was p r o p o r t i o n a l  t o  t h e  produc t  a 2 p ,  

Therefore  u s ing  t h e  va lue  of t h e  p h o t o m u l t i p l i e r  v o l t a g e  

o u t p u t  f o r  t h e  r e f l e c t a n c e  a t  t h e  p o i n t  8=$, t h e  r e f l e c t a n c e  

was given a s  a  func t ion  of  a28  i n  F igure  4.26. The results 

w e r e  l i n e a r  curves  i n  agreement w i th  t h e  t h e o r e t i c a l  model, 

4.7 Model S e l e c t i o n  

From t h e  a n a l y s i s  of  a  one-dimensional rough metallic 

s u r f a c e ,  t h e  model based on t h e  Laplace c o r r e l a t i o n  function 

o u t l i n e d  i n  S e c t i o n  3.3 was a b e t t e r  r e p r e s e n t a t i o n  of t h e  

s t a t i s t i c a l  s u r f a c e  p r o p e r t i e s  than t h e  model based on t h e  

Gaussian func t ion .  The normalized r e f l e c t e d  i n t e n s i t y  was 

then a func t ion  of t h e  c o r r e l a t i o n  parameter on ly  and t h e  

se t -up  desc r ibed  i n  Sec t ion  4.3 was a  u s e f u l  t o o l  f o r  deter- 

minining t h e  c o r r e l a t i o n  parameter  of  t h e  s u r f a c e .  When the  

exper imenta l  se t -up was p rope r ly  c a l i b r a t e d  wi th  a c t u a l  

s u r f a c e  parameters ,  t h e  magnitude of t h e  r e f l e c t e d  i n t e n s i t y  



 isp placement, T, i n  mm (photograph u n i t s )  

F igure  4 .25 ,  Laplace c o r r e l a t i o n  func t ions '  f o r  t h e  
t h r e e  samples i l l u s t r a t e d  



Table 4 . 3  Measured surface characterist ics as based a n  
Laplace model 
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a t  t h e  s p e c u l a r  ang le  w a s  a  func t ion  of  a2B. From this 

type  of c a l i b r a t i o n  curve t h e  s u r f a c e  r m s  h e i g h t  v a r i a t i o n  

can be determined.  Therefore ,  t h e  de r ived  model provided 

a  s a t i s f a c t o r y  method t o  f i n d  bo th  of t h e  impor tan t  

s u r f a c e  parameters .  

The curves  of F igure  4.6 w e r e  e a s i l y  expla ined  by t h i s  

model. The s l o p e  of each curve was p r o p o r t i o n a l  t o  a26 o r  

t o  t h e  r a te  of change of t h e  r e f l e c t e d  i n t e n s i t y  p e r  change 

i n  i n p u t  i n t e n s i t y .  

The Rayleigh c r i t e r i o n  f o r  rough s u r f a c e s  i s  given by 

assuming l i g h t  s t r i k e s  a maximum and minimum h e i g h t  of t h e  

s u r f a c e  and i s  r e f l e c t e d  i n  t h e  same d i r e c t i o n .  The phase 

d i f f e r e n c e  between t h e  two pa ths  i s  

A $ = -  4sh cos  IJJ X 

where h  i s  t h e  t o t a l  h e i g h t  d i f f e r e n c e  and IJJ i s  t h e  angle 

of inc idence .  I f  A $ = IT, then c a n c e l l a t i o n  occurs  and no  

energy flows i n  t h i s  d i r e c t i o n .  I f  A  $ = 0, it r e f l e c t s  

s p e c u l a r l y  and i s  cons idered  smooth. A va lue  between t h e  

two extremes i s  more o f t e n  used a s  an i n d i c a t i o n  of rough- 

nes s ,  then  f o r  a  smooth s u r f a c e  

h <  8 cos IJJ 

From t h e  s imple  formula t ion  it i s  obvious t h a t  a s  t h e  angle  

approaches n i n e t y  degrees  a  moderately rough s u r f a c e  appears 

smooth. This  e f f e c t  was measured exper imenta l ly  by varying 

t h e  angle  of i nc idence ,  IJJ, f o r  each s u r f a c e ,  and then 
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measuring t h e  r e f l e c t e d  i n t e n s i t y  a t  t h e  angle  of r e f l e c t a n c e  

equa l  t o  t h e  ang le  of  inc idence  (8=$) .  The r e s u l t  i s  given 

i n  F igure  4 .7 .  The rougher s u r f a c e s  r equ i r ed  l a r g e  angles 

of inc idence  be fo re  they began t o  show c h a r a c t e r i s t i c s  of 

a smooth s u r f a c e  a s  p r e d i c t e d  by t h e  Rayleigh c r i t e r i o n ,  



5. WAVEGUIDE THEORY 

5 .1  I n t r o d u c t i o n  

For f i n d i n g  Q-values of r e s o n a t o r s ,  one uses  custom- 

a r i l y  t h e  procedure  of f i r s t  assuming p e r f e c t  conducting 

w a l l s  t o  determine t h e  f i e l d s  and then  us ing  t h e  s u r f  ace 

r e s i s t a n c e  of  t h e  w a l l s  t o  f i n d  t h e  l o s s e s .  The Q-value 

i s  de f ined  a s  

where w i s  t h e  r e sonan t  frequency 

U i s  t h e  s t o r e d  energy 

and PL i s  t h e  power d i s s i p a t e d  i n  t h e  w a l l s .  

For good conductors such a s  s i l v e r ,  go ld ,  and copper, 

t h i s  i s  a u s e f u l  approximation. 

The f i e l d s  w i t h i n  t h e  convent iona l  r e c t a n g u l a r  resona- 

t o r  w i th  p e r f e c t l y  conducting w a l l s  a r e  w e l l  known and are  

given i n  many r e f e r e n c e s  [21] .  The f i e l d s  w i t h i n  t h e  H-guide 

(F igu re  5.1) have been de r ived  by T i sche r  [24,251 , Props t  

[19] de r ived  t h e  f i e l d s  f o r  t h e  H-guide by t h e  method of 

f i e l d  matching f o r  symmetry about an a r t i f i c i a l  d i e l e c t r i c  

s t r i p  ( x - d i r e c t i o n ) .  For l a t e r  development, t h e  f i e l d s  

a r e  given wi th  r e s p e c t  t o  a u n i t  magnitude f o r  t h e  electric 

f i e l d  i n  t h e  x -d i r ec t ion .  The f i e l d s  a r e  based on t h e  

H-guide having i n f i n i t e  w a l l s  i n  t h e  x -d i r ec t ion .  For t h e  

a i r  reg ion :  

- axx EX = e cos (k y)  e - jkzz 
Y I 



b 

Figure 5.1. Upper half of dielectric H-guide 
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t h e  a i r  reg ion  imposes t h e  requirement  

E a  = kx t a n  (kxd) .  r x  

The equa t ion  parameters  a r e  de f ined  a s  fo l lows:  

ky, kZ = wave propaga t ion  c o n s t a n t s ,  

kx = wave propaga t ion  c o n s t a n t  i n  t h e  d i e l e c t r i c  region 

(Ixl-5a 1 

ax = f i e l d  d i s t r i b u t i o n  c o n s t a n t  i n  t h e  a i r  reg ion  ( / x [ gd) , 
k = f r e e  space propaga t ion  cons t an t ,  

0 

E = r e l a t i v e  d i e l e c t r i c  c o n s t a n t  of  t h e  d i e l e c t r i c  strip, r 

and 1-1 = pe rmeab i l i t y .  
0 

These f i e l d s  a r e  needed t o  i n v e s t i g a t e  t h e  p r o p e r t i e s  of the 

H-guide r e sona to r .  F i r s t  d e r i v a t i o n s  a r e  found r e l a t i n g  

a t t e n u a t i o n  and t h e  Q-value of  waveguides. The Q-values and 

r e sonan t  f r equenc ie s  of  t h r e e  types  of  r e s o n a t o r s  a r e  d e t e r -  

mined. The t h r e e  r e s o n a t o r s  a r e  compared and t h e  loss factors 

a r e  d i scussed .  

5 .2  Re la t ion  of a  and Q 

The a t t e n u a t i o n  of a  sho r tqd  s e c t i o n  of waveguide i s  

given by 

(E - X H*) - 



and where C i s  t h e  contour enclos ing  t h e  cross-sec t ional  

a rea  S . 
C 

The Q-value f o r  t h e  shor ted  s e c t i o n  i s  

where 
'E (rnax) = 5 1 E0E* - - d V 

v 

and where S ' i s  t h e  i n t e r n a l  su r face  a rea ,  the  end plates 

a r e  excluded, and where V i s  t h e  enclosed volume. 

For a  shor ted  s e c t i o n  of length d ,  PL and P i  can be 

r e l a t e d  s i n c e  

dS = dR dz. ( 5 , 2 3 1  

The elementary length dz i s  the  d i f f e r e n t i a l  length i n  the  

d i r e c t i o n  of propagation. From t h i s  r e l a t i o n  f o l l o ~ ~ r s  

P; = P, d. (5,241 

By l e t t i n g  U equal  t h e  energy dens i ty  i n  the  shor ted  section 

and vt the  v e l o c i t y  of energy propagation, ( 5 . 1 9 )  can be 

r e w r i t t e n  as  

n  d S ,  P T = j U x t  - C5e2s) 

and (5.21) a s  

The incremental  volume element can be w r i t t e n  as  

dV = dz dS 

and, upon s u i t a b l e  i n t e r g r a t i o n ,  (5.26) becomes 



'E (max) = ~ I u ~ s .  
The produc t  of a and Q i s  now formed, 

S u b s t i t u t i n g  (5.24) , (5.25) , and (5.27) y i e l d s  

I n  t h e  case  o f  a  normal d i s p e r s i v e  medium, t h e  v e l o c i t y  

of  energy propaga t ion  equa l s  t h e  group v e l o c i t y .  The group 

v e l o c i t y  i s  given by 

where kZ i s  t h e  propaga t ion  cons t an t .  For convent iona l  

r e c t a n g u l a r  waveguides t h e  c h a r a c t e r i s t i c  equa t ion  i s  

where kx and k a r e  f i e l d  c o n s t a n t s  s p e c i f i e d  by boundary 
Y 

cond i t i ons .  For a  waveguide f i l l e d  w i t h  a i r ,  (5.31) g ives  

f o r  t h e  g r o u p . v e l o c i t y  

Therefore ,  t h e  r e l a t i o n s h i p  f o r  t h e  convent iona l  guide 

us ing  (5.29) and (5.32) g ives  
#. 

For t h e  H-guide t h e r e  are two c h a r a c t e r i s t i c  equa t ions  

and a  r e l a t i o n s h i p  between f i e l d  cons t an t s  imposed by 



boundary cond i t i ons .  The only c o n s t a n t  f i e l d  parameter i s  

k  . The equa t ions  a r e :  
Y 

i n  a i r  

2 i n  d i e l e c t r i c  kocr = k x + k  2 2  + k Z  2  , 
Y 

boundary cond i t i on  erax = kx tan(kxd)  

where 2d i s  t h e  t h i ckness  of t h e  d i e l e c t r i c  s t r i p ,  

By d i f f e r e n t i a t i o n  and s o l v i n g  t h e  t h r e e  s imul taneous 

equa t ions ,  t h e  group v e l o c i t y  f o r  t h e  H-guide i s  found,  

x  F i r s t ,  from (5.36) - 
dkz 

i s  given as 

and, u s ing  t h e  fo l lowing  i d e n t i t i e s ,  

kx cos (kxd) = - and g  2  = kx 2  + cr 2  2  
g  

a  
X ' 

(5.37) y i e l d s  

D i f f e r e n t i a t i n g  (5.34) and (5 .35)  w i th  r e s p e c t  t o  kZ 

g ives  

dko k  dk - - X - -  - k Z  + - ,  
dkz 'rko dkz 'rko 

and us ing  (5.38) g ives  



The r e l a t i o n s h i p  

41 )  becomes f i n a l l y  

f o r  t h e  H-guide us ing  (5.  and 

5.3 Conventional  Resonator 

I t  has  been shown [ 211  t h a t  t h e  TE mode f i e l d s  of 
mnP 

t h e  r e c t a n g u l a r  c a v i t y  a s  i n  F igu re  5 .2  a r e ,  

E x = O  , 

- mrx H~ - H~ cos (-1 cos  s i n  (y) , b h  

mrx (y) (y) s i n  (T) cos (-1 cos (7) , h 

Ho H = - -  ~ T X  prz (y) cos (T) sin(-) cos (--+ , 
Y h  

j uu n r  mrx 
Ex" k 2  c ) C O S ( ~ )  sin(?) s i n ( y )  , 

j w o H o  
E = -- mrx 

Y cos(=) h  s i n ( y )  , 



< 

Figure  5 .2 .  Conventional  r e c t a n g u l a r  r e s o n a t o r  



where 

The r e sonan t  frequency i s  given by 

The modes of major i n t e r e s t  a r e  f o r  no v a r i a t i o n s  i n  t h e  

y - d i r e c t i o n ,  - i .e.  - n=O. The f i e l d s  then become 

mrx 
H~ = H o cos (T) s i n ( y )  , (5,531 

These modes produce c u r r e n t s  i n  only  one d i r e c t i o n  on t h e  

s i d e  walls of t h e  y-z p lane .  A t  r e sonan t s  t h e  energy 

o s c i l l a t e s  between t h e  e l e c t r i c  and magnetic f i e l d s  , and 

a t  t h e  i n s t a n t  t h e  energy s t o r e d  i n  t h e  e l e c t r i c  f i e l d  i s  

a  maximum, t h e  energy i n  t h e  magnetic f i e l d  i s  zero ,  The 

s t o r e d  energy then  is 



Therefore f o r  the  TE modes 
mtotp 

To obta in  t h e  approximate value of t h e  power l o s s  i n  t h e  

wa l l s ,  t h e  w a l l  cu r ren t  i s  given by the  t a n g e n t i a l  magnetic 

f i e l d  a t  t h e  su r face .  The power l o s s  of each wa l l  i s  

given by 

where H i s  evaluated a t  the  su r face ,  dS i s  t h e  su r face  

a r e a  and R i s  t h e  su r face  r e s i s t i v i t y .  Then t h e  power 
S 

losses  f o r  each set  of wa l l s  i s  

- - - -  Rs H ~ 2  P*) (y) h b , 
'L x-y plane 2 kc4 T g5,6%1 

Therefore the  t o t a l  power l o s s  i s  

The Q of t h e  resonator  i s  given by 

theref  o r e  
3 k- rl 



2 mm 2 . where k = 
C 

Then f o r  the  TEm modes 
r01P 

The f r a c t i o n a l  p a r t  of t h e  t o t a l  los ses  f o r  each set 

of wa l l s  i s  

'L x=y plane - - 2 (Yl2 hb 

p T D I 

mm 2 Pm 2 
'L x-z plane - - ( 1  + bd 

P~ D 
I 

m 2 
'L y-z plane - - 2 ( % )  hb 

p, D I 

Pm 2 where D = ( 1  b ( d + i h ) + ( Y )  d (b+2h) . 
The Q of t h e  resonator  i s  r e l a t e d  t o  each of these  ratios as 

P 
Q = 

P~ * x - ~  plane ' 
J? 

Q = 
P~ Qx-z plane 

Q = 
'L y-z plane 

P~ Qy-z plane * 



5.4 T c  

A shor t ed  s e c t i o n  of H-guide a c t s  a s  a  r e sona to r ,  

Under such condi t ions  t h e  f i e l d  equat ions  wi th in  t h e  reso- 

n a t o r  a r e  a s  fo l lows ,  where t h e  s u p e r s c r i p t  r e f e r s  t o  t h e  

reg ion  ( a  f o r  a i r ,  d  f o r  d i e l e c t r i c )  and t h e  s u b s c r i p t  for 

t h e  vec to r  component: 

a  
Ex = e  - axX cos (k y) s i n  (kZz)  , 

Y 

k -axx 
Ea  = ax y e  

Y 
s i n  (k y )  s i n  ( k , ~ )  , 

Y 

-ax kz -axx 
E: = e cos (kyy) cos ( k Z z ) ,  

k k  2 - axx 
H a = _ i  2 0  e 

Y W o  k c 2  
cos (k  y)  cos(kZz)  , 

Y 

- axd 
d - - e 

Ex E cos (k  d) cos (kxx) cos (k y)  s i n ( k Z z )  , ( 5 . 8 0 )  
r x Y 

- axkxe - axd 
d  - - 

E~ kc2sin(kxd) s in (kxx)  cos (k Y y) cos (kZz)  , ( 5 . 8 2 )  



k ko2e - axd 
Hd,i, Y 

z qo  kc2cos (kxd) cos (kxx) s i n  (k y )  s i n  (kzz)  , (5.851 
Y 

The d e f i n i t i o n s  f o r  t h e  parameters  are given i n  S e c t i o n  5-1, 

The Q-value f o r  t h e  r e s o n a t o r  i s  given by 

The s t o r e d  energy i s  

U = u/2  I/[ ( H*) - dv 

which g ives  

The power d i s s i p a t e d  i n  each w a l l  i s  given by 

Rs 
= I! (K a H_*'at w a l l  S~ 65,89) 

where dSs i s  t h e  d i f f e r e n t i a l  e lement  o f  t h e  w a l l  s u r f a c e  

a r ea .  The l o s s e s  i n  t h e  s i d e  w a l l s  a r e  

and l o s s e s  i n  t h e  s h o r t i n g  p l a t e s  are 

The l o s s e s  i n  t h e  d i e l e c t r i c  a r e  given by 



7'9 

where dVd i s  t h e  d i f f e r e n t i a l  volume element of t h e  dielec- 

t r i c  s t r i p ,  which g ives  

t a n  koco b  R 2 2 2 -2axd Pd= - 1 6  [ k o  g d - (kx -kC21aX] m 
The propagat ion cons tan ts  i n  the  z -d i r ec t ion  and t h e  y- 

d i r e c t i o n  a r e  

- n  .rr kZ - - m .rr 
R and k = - 

Y b  " 

O f  major i n t e r e s t  i s  t h e  modes wi th  one-half per iod  variation 

i n  t h e  y -d i r ec t ion ,  i . e .  m = l .  Then t h e  Q-value of t h e  - - 
s i d e  w a l l s  and t h e  s h o r t i n g  p l a t e s  a r e  r e s p e c t i v e l y  

and 

The Q-value of t h e  d i e l e c t r i c  i s  given by 

The Q-valQe of the  open H-guide i s  

The resonant  frequency i s  determined by t h e  s o l u t i o n  t o  the  

simultaneous equat ions  



and 

5.5 Closed H-guide Resonator 

The s t r u c t u r e  o f  t h e  c lo sed  H-guide i s  i l l u s t r a t e d  i n  

F igure  5.3. The c lo sed  H-guide i s  t h e  convent iona l  H-guide 

wi th  a  conducting p l ane  p laced  equa l  d i s t a n c e  above and 

below t h e  d i e l e c t r i c  s t r i p .  The presence  of  t h e  conducting 

p lane  produces new boundary cond i t i ons  f o r  t h e  s o l u t i o n s  of 

f i e l d s  w i t h i n  such a  s t r u c t u r e .  The H-guide r e q u i r e d  the 

f i e l d s  t o  go t o  zero  a t  i n f i n i t y  i n  t h e  X-direct ion but 

wi th  a  conduct ing p l ane  t h e  s t anda rd  boundary cond i t i on  a t  

t h i s  i n t e r f a c e  must be  s a t i s f i e d .  The r e s u l t i n g  f i e l d  

exp res s ions  a r e  mod i f i ca t ions  of  t h e  open H-guide fields, 

Again t h e  s c r i p t  n o t a t i o n  i s  used a s  given i n  Sec t ion  5,4, 

E:= 2 e - a,h cosh (axx-axh) cos (k  y )  s i n  (kZz)  , (5,100) 
Y 

E := s inh(ax[x-h l  cos (k y)  cos ( k Z z )  (5.102) 
Y 





2 
':= crcos(k  d)  cosh (ax [d-hl ) cos (kxx) 

X 

cos (k y) s i n ( k z z )  , 
Y 

Ed= 2ax ky .-a,h C O S ~  (ax [d-hl ) s i n  (kxd) 
y  kc2sin(kxd) 

2ax kz2  
E ~ =  

z  kc2sin (kxd) emaxh s i n h  (ax [d-hl ) s i n  (kxx) 

c o s ( k  y) cos (kZz)  , 
Y 

j 2 kZ  ko 
2 

d  H = kcrcos (kxd) 
eBaxh 

wlJ.0 
C O S ~  (ax  [d-hl ) 

cos (kxx) s i n ( k  y)  s i n ( k z z )  , (5,180j 
Y 

j 2 k  ko2 
Hd= 

z wy, kc2cos(kxd) e - a ~ h  C O S ~  (ax [d-hl 

cos (kxx) s i n ( k  y)  s i n ( k z z )  . ( 5  , e l l )  
Y 

The c h a r a c t e r i s t i c  equat ions  a r e  t h e  same as  f o r  t h e  open 

H-guide, 

ko2cr = k + k + kZ 2 
X Y (5,1121 

and ko2 =-a 2 2 
X 

' + k  + k Z ,  
Y 

(5,113) 

b u t  f i e l d  matching a t  t h e  i n t e r f a c e  of t h e  d i e l e c t r i c  strip 
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and a i r  g ives  a  modified exp res s ion ,  

a  E = kx t a n  (kxd) co th  (ax [h-d] 1 . x r 
(5,114) 

I n  t h e  same manner a s  i n  Sec t ion  5.4, t h e  s t o r e d  energy i s  

The l o s s e s  i n  t h e  s i d e  w a l l s  a r e  

R E !Lko2k s o [ k  2 { e - 2 a ~ d  -e-2a~(h-d)+4a,  (h-d) e  -2a,hi 
' s=4p a  k  2ki2 x  

O X X  

and t h e  l o s s e s  i n  t h e  s h o r t i n g  p l a t e s  a r e  

The d i e l e c t r i c  l o s s e s  a r e  

tan6 cobLko sFnh2 (ax [h-dl ) 
d = 4  C E i m l P 8 )  Juo'o X 

The presence  of t h e  conducting p l ane  above and below t h e  

d i e l e c t r i c  s t r i p  g i v e s  t h e  a d d i t i o n a l  l o s s e s  
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Then t h e  Q-value of  t h e  s i d e  w a l l s  and t h e  s h o r t i n g  p l a t e s  

a r e  r e s p e c t i v e l y  f o r  t h e  modes o f  i n t e r e s t  

and 

The Q-value of  t h e  d i e l e c t r i c  i s  

Q = N/D 

where N = k 2 { e - 2 a ~ d  -2a~(h-d)+4cy, (h-d) e-2axh}+4axt g2dc" 
X 

-e 
X r X 

e-2axhcosh2 (ax  [h-dl 1 , 

ax and D=4ax tan6 [g2d- - -2a h  2-k 2 ) l e  x  s i n h 2 ( a X [ h - 8 1 ) .  
kA (kx c  

The a d d i t i o n a l  Q-value of t h e  conducting p l ane  i s  

The Q-value of  t h e  c losed  H-guide i s  

The r e sonan t  frequency i s  determined by t h e  s o l u t i o n  t o  t h e  

s imul taneous equa t ions  



and 

5.6 Comparison of Resonators  

A major d i f f e r e n c e  i n  t h e  two types  of r e s o n a t o r  g u i d e s  

i s  t h e  H-f ie ld .  The H-f ie ld  normal t o  t h e  d i e l e c t r i c  strip 

i s  i d e n t i c a l  zero  f o r  t h e  H-guide r e s o n a t o r ,  b u t  f o r  t he  

r e c t a n g u l a r  r e s o n a t o r ,  a  component of t h e  H-f ie ld  i s  only 

zero f o r  modes where m o r  n  i s  zero ,  i .e .  t h e  e igenva lue  i s  - - 
zero.  The impor tan t  r e s u l t  of t h i s  f e a t u r e  of t h e  H-guide 

i s  t h a t  t h e  mating of s e c t i o n s  o r  t h e  s h o r t i n g  p l a t e s  produce 

no c u r r e n t  flow ac ros s  t h e  j o i n t s .  By proper  choice  of 

modes i n  t h e  convent iona l  r e c t a n g u l a r  r e s o n a t o r ,  t h e  same 

cond i t i on  can e x i s t .  

The f i e l d s  w i t h i n  t h e  H-guide r e s o n a t o r  decrease  expo- 

n e n t i a l l y  w i th  d i s t a n c e  from t h e  d i e l e c t r i c  s t r i p .  This i s  

b e n e f i c i a l  f o r  t h e  case  of  t h e  c losed  H-guide r e s o n a t o r  

s i n c e  t h e  f i e l d  s t r e n g t h  a t  t h e  conducting p lanes  above and 

below t h e  d i e l e c t r i c  s t r i p  i s  g r e a t l y  decreased.  I n  terms 

of power, t h e  power l o s s e s  i n  t h e  conduct ing p l ane  i s  small 

compared t o  t h e  o t h e r  l o s s e s  and g r e a t l y  reduces  t h e  power 

l o s s e s  t h a t  could p o s s i b l y  r a d i a t e  through w a l l  j o i n t s  a t  

t h e s e  conduct ing p l anes .  

The r e sonan t  f r equenc ie s  of  t h e  convent iona l  r ec t an -  

g u l a r  r e s o n a t o r  a s  given by (5.51) i s  dependent upon the  
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mode and dimension of t h e  r e s o n a t o r  and obviously  can take  

on an i n f i n i t y  number of va lues .  The r e sonan t  frequency 

of t h e  open H-guide i s  l i m i t e d .  The s o l u t i o n  t o  t h e  transeen- 

d e n t a l  equa t ion  i s  i l l u s t r a t e d  i n  F igure  5 . 4 .  For most 

p r a c t i c a l  usage,  t h e  d i e l e c t r i c  s t r i p  of t h e  H-guide i s  less 

than  one m i l l i m e t e r  i n  t h i c k n e s s ,  o r  f o r  d  less than  one- 

h a l f  of a  m i l l i m e t e r .  For purposes of i l l u s t r a t i o n ,  a 

p r a c t i c a l  va lue  of  d ,  0.025 cm and a  much t h i c k e r  s t r i p  for 

which d  i s  0.2 cm a r e  used t o  show t h e  e f f e c t  of i n c r e a s i n g  

th i ckness  of t h e  d i e l e c t r i c  s t r i p .  The obvious r e s u l t  i s  

t h a t  an i n c r e a s i n g  th i ckness  w i l l  cause  an i n c r e a s i n g  number 

of i n t e r s e c t i o n s .  However, t h e  t h i ckness  of t h e  s t r i p  does 

no a f f e c t  t h e  c h a r a c t e r i s t i c  equa t ion  a s  formulated for t h e  

d i e l e c t r i c  reg ion .  For t h e  p r a c t i c a l  ca se ,  t h e r e  is only 

one va lue  of kx t h a t  s a t i s f i e s  t h e  equa t ions ,  and thus  a 

l i m i t e d  number of kx va lues  a r e  p o s s i b l e  i n  t h e  H-guide 

r e sona to r .  The r e sonan t  frequency of t h e  c lo sed  H-guide has 

s i m i l a r  c h a r a c t e r i s  t i c s  b u t  t h e  i nc reased  complexity of t h e  

s imul taneous equa t ions  makes an i t e r a t i v e  s o l u t i o n  necessary, 

The expres s ions  f o r  t h e  Q-values of  t h e  s i d e  w a l l s  and 

t h e  s h o r t i n g  p l a t e s  are i d e n t i c a l  f o r  bo th  t h e  open and t h e  

c losed  H-guide r e sona to r s .  The presence of t h e  a d d i t i o n a l  

conduct ing p l anes  a f f e c t s  t h e  d i e l e c t r i c  Q-value and creates 

t h e  a d d i t i o n a l  Q-value of t h e s e  conducting p lanes .  A direct 

comparison i s  n o t  p o s s i b l e  s i n c e  t h e  p o s i t i o n  of t h e  





86 

a d d i t i o n a l  p lanes  a f f e c t  a l l  of t h e  f i e l d  parameters ,  Row- 

e v e r ,  i f  h i s  l a r g e  a s  compared t o  d t h e  e f f e c t s  of t h e  

a d d i t i o n a l  p l ane  i s  minimized. I n  t h e  l i m i t  a s  h goes t o  

i n f i n i t y ,  t h e  open and c lo sed  J3-guide parameters  a r e  i n  

complete agreement. 

The e f f e c t  of t h e  p o s i t i o n  of t h e  a d d i t i o n a l  con due&^- 

i n g  p l ane  i s  i l l u s t r a t e d  i n  F igure  5.5. The p o s i t i o n  of 

t h e  conducting p l ane  i s  shown on t h e  f i g u r e .  

5.7 Loss Fac to r s  

The convent iona l  r e c t a n g u l a r  r e s o n a t o r  l o s s  f a c t o r  i s  

t h e  s u r f a c e  r e s i s t i v i t y .  The s u r f a c e  r e s i s t i v i t y  i s  given 

where oc i s  t h e  conduc t iv i ty  of t h e  m a t e r i a l .  For hard 

drawn copper a i s  5.65 x l o 7  mhos p e r  meter and f o r  t h e  
C 

30 t o  40 GHz frequency range,  t h e  s u r f a c e  r e s i s t i v i t y  i s  

0,046 t o  0.053 ohms. Th i s  l o s s  f a c t o r  i s  based on t h e  

frequency and t h e  bu lk  p rope r ty  of t h e  m a t e r i a l .  The skin 

depth f o r  t h i s  frequency range i s  0.387 t o  0.335 microns f o r  

20 t o  40 GHz r e s p e c t i v e l y .  

The l o s s e s  i n  t h e  H-guide r e s o n a t o r  a r e  dependent upon 

bo th  t h e  s u r f a c e  r e s i s t i v i t y  o f  t h e  meta l  w a l l s  and t h e  

d i e l e c t r i c  l o s s  t angent .  I f  t h e  parameter ax i s  normalized 

wi th  r e s p e c t  t o  ko, then t h e  i n d i v i d u a l  Q-values can be 

r e w r i t t e n  as 
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and 

'r -1 l+pdf  + p2+ p 3d' ( e r + l )  
Q t = Q  tan6 = - d  d  P 

(5,129) 

where b t=kob t  t l = k o t r  d f=kod t  and p=ax/ko 

Using t h e s e  no rma l i za t ions ,  t h e  Q of t h e  r e s o n a t o r  can be 

found from t h e  r e l a t i o n s h i p  

Rearranging 

where 

~ h u s ,  B i l l u s t r a t e s  t h e  e f f e c t s  of t h e  l o s s e s  i n  t h e  H-guide 

r e sona to r .  The normalized Q-value f o r  a  m a t e r i a l  having a 

r e l a t i v e  d i e l e c t r i c  c o n s t a n t  of  1 0 . 0  i s  given i n  F igure  5,6, 



~ o r m a l i z e d  d i e l e c t r i c  t h i ckness  d/ho 

F igu re  5.6.  E f f e c t s  of  t h e  normal iza t ion  f a c t o r ,  B ,  on 
t h e  normalized Q of t h e  H-guide r e s o n a t o r  
f o r  cr = 10.0 



6. EXPERIMENTAL SURFACE LOSS MEASUREMENTS 

6 .1  I n t r o d u c t i o n  

With t h e  b a s i c  concepts  in t roduced  i n  Chapters  3 and 

5 ,  t h e  theory  was implemented by exper imenta l  work that was 

c a r r i e d  o u t  by u s e  of h igh  frequency equipment. A resonator 

was cons t ruc t ed  t h a t  could be used i n  i t s  convent iona l  nodes 

a s  w e l l  a s  a c lo sed  H-guide r e sona to r .  

S ince  equipment i s  n o t  r e a d i l y  a v a i l a b l e  f o r  reliable 

measurements of frequency a t  t h e  m i l l i m e t e r  wavelengths,  a 

scheme was developed f o r  u s ing  X-band s i g n a l s  and frequency 

m u l t i p l i c a t i o n  t o  i n d i c a t e  t h e  frequency of  t h e  A-band 

source  t h a t  was used t o  g e n e r a t e  t h e  m i l l i m e t e r  waves, The 

system allowed f o r  an easy method f o r  determining loaded 

Q-values.  A d e r i v a t i o n  i s  shown f o r  conver t ing  t h e  loaded 

Q t o  t h e  unloaded Q by an e v a l u a t i o n  of t h e  i n s e r t i o n  loss, 

The b a s i c  cons ide ra t ions  of  t h e  r e s o n a t o r  needed far a 

d e t a i l e d  s t u d y  of t h e  s u r f a c e  l o s s e s  a r e  d i scus sed  i n  

S e c t i o n s  6.6 and 6.7. The r e s u l t s  of measurements of t h e  

e f f e c t s  o f  s u r f a c e  roughness f o r  bo th  mechanical and chemical 

p o l i s h i n g  a r e  shown subsequent ly .  

6 . 2  Desc r ip t ion  of t h e  Resonator 

The r e c t a n g u l a r  r e s o n a t o r  of  t h e  t r ansmis s ion  t y p e  

coupled by c i r c u l a r  i r ises between two s e c t i o n s  of  rectan- 

g u l a r  waveguide was used throughout  t h e  exper iments ,  
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The i n s i d e  width  o f  t h e  r e s o n a t o r  was made equa l  to t h e  

i n s i d e  width of t h e  s t anda rd  A-band waveguide (RG 96/U) t o  

i n s u r e  t h a t  on ly  modes of one-half  p e r i o d  s i n u s o i d a l  varia- 

t i o n  i n  t h a t  d i r e c t i o n  would be p r e s e n t .  The i n s i d e  height 

was 3.12 cm and t h e  l o n g i t u d i n a l  l eng th  was 4.78 cm, 

Coupling t o  t h e  waveguide was accomplished by circular 

h o l e s  cen te red  i n  t h e  r e s o n a t o r  end p l a t e s .  During all af 

t h e  measurements, i r i s e s  of 1.854 mrn d iameter  were used s ince  

sma l l e r  d iameters  i nc reased  t h e  i n s e r t i o n  l o s s  t o  an extent 

t h a t  t h e  s i g n a l  ampli tude has  approximately t h e  ampli tude 

of t h e  n o i s e  l e v e l .  

The r e s o n a t o r  was cons t ruc t ed  of 0.635 c m  t h i c k  side 

w a l l s  and 1.435 cm t h i c k  upper and lower w a l l s .  The 0 , 6 8 3  e m  

t h i c k  end p l a t e s  a r e  permanently a t t ached  t o  t h e  upper and 

lower w a l l s .  A l l  w a l l s  a r e  made of copper. The end plates 

have t h e  coupl ing h o l e  i n  an i n s e r t  which has  a  0 . 0 6 8  crn 

th i ckness .  A d e t a i l e d  view of one end can be seen i n  

F igure  6.1, t h e  o t h e r  end be ing  i d e n t i c a l .  

This  des ign  allowed f o r  t h e  removal of t h e  s i d e  w a l l s  

w i thou t  d i s t u r b i n g  t h e  remainder of  t h e  appa ra tus .  A 

photograph of t h e  r e s o n a t o r  wi th  a  d i e l e c t r i c  s t r i p  i s  

shown i n  F igure  6.2. For changes made on t h e  s i d e  w a l l  

s u r f a c e s ,  t h e  s i d e  w a l l s  were removed and ground t o  have 

va r ious  degrees  of s u r f a c e  roughness. To a s s u r e  t h a t  the 

s i d e  w a l l s  r e t u r n  t o  t h e  same p o s i t i o n  a t  t h e  replacement ,  

a  f l a t  p l a t e  was forced  a g a i n s t  t h e  bottom of t h e  r e sona to r  





Figure  6 . 2  Closed H-guide r e s o n a t o r  w i t h  a s ide  
w a l l  removed 
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caus ing  t h e  bottom s u r f a c e s  of t h e  s i d e  w a l l s  t o  l i e  i n  t h e  

same common p lane .  The p r e s s u r e  of t h e  screws on t h e  side 

w a l l s  was h e l d  c o n s t a n t  by to rqu ing  t h e  screws t o  fifteen 

i nch  pounds a t  each assembly and subsequent  measurement, 

6.3 Roughness of t h e  Walls 

For t h e  p r e p a r a t i o n  of t h e  s i d e  w a l l s ,  t h e  procedure 

desc r ibed  i n  Sec t ion  4 . 2  was used.  The roughness of t h e  

end s u r f a c e s ,  upper and lower w a l l s ,  a l l  of which were 

po l i shed  t o  t h e  600 g r i t  a b r a s i v e  paper ,  was he ld  c o n s t a n t  

throughout  t h e  measurements. The s i d e  w a l l s  were ground t o  

t h e  va r ious  a b r a s i v e  paper  l e v e l s  and then t h e i r  roughness 

was determined o p t i c a l l y .  The f i n a l  g r i n d i n g  of each s i d e  

w a l l  l e f t  t h e  grooves c r e a t e d  by t h e  g r a i n s  of t h e  a b r a s i v e  

i n  p a r a l l e l  w i th  t h e  long dimension of t h e  r e s o n a t o r  o r  t h e  

z -d i r ec t ion .  The grooves w e r e  s o  o r i e n t e d  s o  t h a t  t h e  

c u r r e n t  p r e s e n t  on t h e  s i d e  w a l l  would f low t r a n s v e r s e  t o  

t h e  grooves. The technique f o r  t h e  o p t i c a l  measurements 

was desc r ibed  i n  Chapter  4 .  The w a l l s  w e r e  then i n s e r t e d  

and f a s t e n e d  i n  t h e  r e s o n a t o r  f o r  t h e  Q-value measurements, 

When n o t  i n  u se  t h e  r e s o n a t o r  and t h e  w a l l s  were s t o r e d  i n  

a d e s s i c a t o r  j a r  f i l l e d  w i th  dry  n i t rogen .  The s t o r a g e  

prevented o x i d a t i o n  of t h e  s u r f a c e s  and changing t h e  chemical 

composition of t h e  s u r f a c e s  by chemical  r e a c t i o n s .  

6.4 T e s t  Bench f o r  Q Measurements 

The bench se t -up  a s  shown i n  F igure  6 . 3  has a 35 G H z  

A-band k l y s t r o n  a s  t h e  s i g n a l  source .  Power i s  supp l i ed  to 
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t h e  A-band s i g n a l  source  by a  Narda 62A1 power supply ,  The 

k l y s t r o n  s i g n a l  i s  f e d  through an i s o l a t o r ,  an a d j u s t a b l e  

a t t e n u a t o r  and a  10 dB d i r e c t i o n a l  couple r .  From t h e  main 

guide of t h e  couple r ,  t h e  s i g n a l  t r a v e l s  through an i s o l a t o r  

t o  a  p r e c i s i o n  a t t e n u a t o r  and then i n t o  t h e  r e s o n a t o r  under 

i n v e s t i g a t i o n .  The secondary guide of t h e  1 0  dB d i r e c t i o n a l  

couple r  i s  f e d  i n t o  a  3 dB d i r e c t i o n a l  couple r  which s e r v e s  

as a  power d i v i d e r .  The s i g n a l  of t h e  secondary arm of t h e  

3 dB couple r  i s  f e d  through an a d j u s t a b l e  a t t e n u a t o r  and a 

cav i ty -  type  frequency meter t o  a  t unab le  d e t e c t o r  mount, 

The main arm of t h e  3 dB couple r  i s  connected t o  a  waveguide 

switch.  The s i g n a l  from one of t h e  swi tch  p o s i t i o n s  i s  fed 

through an a d j u s t a b l e  a t t e n u a t o r  i n t o  a  waveguide mixer,  

The o t h e r  swi tch  p o s i t i o n  may be used f o r  o t h e r  exper iments ,  

S ince  no frequency measurement equipment i s  p r e s e n t l y  

a v a i l a b l e  f o r  f r equenc ie s  up t o  1 0 0  GHz, a  s p e c i a l  se t -up  

was developed f o r  t h e s e  measurements. 

For swept frequency ope ra t ion  t h e  r e p e l l e r  p l a t e  of t h e  

A-band k l y s t r o n  i s  modulated wi th  a  60 Hz sawtooth waveform 

genera ted  by a  Model 540 A func t ion  g e n e r a t o r  by Exact  Elee- 

t r o n i c s .  This  makes t h e  k l y s t r o n  s i g n a l  vary  i n  frequency 

i n  p ropor t ion  t o  t h e  ampli tude of t h e  sawtooth v o l t a g e ,  The 

sawtooth v o l t a g e  i s  a l s o  used a s  t h e  i n p u t  t o  t h e  h o r i z o n t a l  

d e f l e c t i o n  p l a t e  of t h e  HP 1200B o s c i l l o s c o p e .  This a l lows 

t h e  h o r i z o n t a l  d e f l e c t i o n  of t h e  o s c i l l o s c o p e  t o  be ,  as an 

approximation,  p r o p o r t i o n a l  t o  frequency.  When t h e  klystron 
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s i g n a l  i s  d i sp l ayed  on t h e  o s c i l l o s c o p e  ( a s  a  func t ion  cf 

t h e  r e p e l l e r  v o l t a g e ) ,  each p o s i t i o n  of t h e  t r a c e  r e p r e s e n t s  

a  frequency.  By one of t h e  t r a c e s  t h e  mode p a t t e r n  i s  

monitored and compensated f o r  nonsyrnmetry and n o n l i n e a r i t y  

i n  t h e  wave mode a t  t h e  Q-value measurements. 

I n  o r d e r  t o  know t h e  frequency which corresponds t o  

each h o r i z o n t a l  p o s i t i o n  of t h e  d e f l e c t e d  beam t h e  betro- 

dyne p r i n c i p l e  i s  used.  A c o n s t a n t  C l V  s i g n a l  of known fre- 

quency (wi th in  t h e  range of t h e  d i s p l a y ,  and wi th  t h e  

frequency found by use  of a  cav i ty - type  frequency meter) i s  

mixed wi th  t h e  o p e r a t i o n a l  A-band s i g n a l .  The o p e r a t i o n a l  

A-band s i g n a l  changes l i n e a r l y  i n  frequency i f  t h e  amplitude 

of t h e  modulating sawtooth i s  k e p t  r e l a t i v e l y  sma l l .  The 

c o n s t a n t  CW s i g n a l  i s  t h e  r e s u l t  of  frequency m u l t i p l i c a t i o n  

w i t h i n  t h e  mixer and o r i g i n a t e s  i n  an X-band source  t h a t  

can be a d j u s t e d  t o  have i t s  harmonic frequency wi th in  t h e  

range of t h a t  of t h e  swept A-band s i g n a l .  A Varian X - 1 3  

X-band k l y s t r o n  i s  used a s  t h e  X-band source  and i t s  s i g n a l  

f e d  i n t o  a  Demornay Bonardi DBGD-350 c r y s t a l  mu l t i p l i e r - .  

mixer. The frequency of t h e  X-band source  i s  monitored by 

an HP 5245 A frequency counte r .  The o t h e r  i n p u t  s i g n a l  to 

t h e  c r y s t a l  mixer i s  t h e  sawtooth-modulated A-band s i g n a l ,  

Va r i ab l e  s h o r t s  on t h e  c r y s t a l  mixer pe rmi t  adjustments  for 

optimum frequency m u l t i p l i c a t i o n  and mixing. The c r y s t a l  

c u r r e n t  i s  l i m i t e d  t o  a  maximum of  50 yA.  
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The o u t p u t  s i g n a l  of t h e  c r y s t a l  mixer is  ampl i f ied  i n  

an a c  a m p l i f i e r  (10 Hz t o  1 . 4  MHz) and f e d  i n t o  a  R e - - f i l t e r ,  

The o u t p u t  i s  capacd t ive ly  coupled t o  t h e  l i n e  connect ing 

t h e  c r y s t a l  d e t e c t o r  t o  channel  B of t h e  o s c i l l o s c o p e  f o r  

moni tor ing t h e  k l y s t r o n  mode. On t h e  s c reen  of t h e  o s e i l l o -  

scope,  t h e  mode p a t t e r n  i s  then d i sp l ayed  wi th  an i n t e r f e r e n c e  

s i g n a l  superimposed on it. The i n t e r f e r e n c e  s i g n a l  i s  a s i n e  

wave wi th  a  frequency equa l  t o  t h e  d i f f e r e n c e  between t h e  

i n s t an t aneous  A-band frequency which i s  swept l i n e a r l y  by 

t h e  sawtooth v o l t a g e  and t h e  cons t an t - f  requency harmonic of 

t h e  X-band s i g n a l  frequency.  A ze ro  b e a t  occu r s  a t  a s p e c i f i c  

p o s i t i o n  of t h e  swept beam when t h e  known harmonic of t h e  X- 

band s i g n a l  i s  e q u a l  t o  t h e  unknown A-band s i g n a l .  The 

frequency o f  t h e  swept o p e r a t i o n a l  A-band gene ra to r  a t  this 

s p e c i f i c  p o s i t i o n  of t h e  beam i s  then known a l s o .  

I f  t h e  r e f l e c t o r  v o l t a g e  o f  t h e  X-band source  i s  mod- 

u l a t e d  by an HP S i g n a l  Generator  606A wi th  a  s i n e  wave, the 

X-band-signal w i l l  c o n s i s t  of t h e  c a r r i e r  and two o r  more 

s ide - f r equenc ie s  AF a p a r t ,  where AF i s  t h e  modulation f r e -  

quency. The i n d i c a t i o n  of  t h e  scope has  then t h e  form as 

shown i n  F igure  6.4.  Because t h e  f o u r t h  harmonic i s  used,  

t h e  f i r s t  s ideband i n d i c a t i o n  on t h e  scope i s  one fourth of 

t h e  frequency on t h e  scope.  The beat-frequency spectrum d i s -  

p layed on t h e  o s c i l l o s c o p e  i s  then used t o  measure t h e  d i f f e r -  

ence f r equenc ie s  between p o i n t s  on t h e  t r a c e  of t h e  scope, 





To measure t h e  Q-value,  t h e  tes t  r e s o n a t o r  i s  i n s e r t e d  

i n t o  t h e  exper imenta l  branch of t h e  g e n e r a l  se t -up.  The 

s i g n a l  from t h e  A-band k l y s t r o n  i s  t r a n s m i t t e d  through t h e  

r e s o n a t o r  and t h e  resonance curve of t h e  ou tpu t  i s  displayed 

on channel  B of t h e  o s c i l l o s c o p e .  On channel  A t h e  mode 

p a t t e r n  of t h e  k l y s t r o n  i s  d i sp l ayed .  The two d i s p l a y s  are 

f i r s t  a l i gned  wi thou t  t h e  r e sona to r  t o  co inc ide .  This 1s 

accomplished by adjustments  of  t h e  a t t e n u a t o r s  and tunable  

d e t e c t o r  mounts. The read ing  of t h e  p r e c i s i o n  a t t e n u a t o r  i s  

r e g i s t e r e d .  With t h e  t es t  r e s o n a t o r  r e i n s e r t e d  i n t o  the 

c i r c u i t ,  t h e  mode s i g n a l  i s  p laced  on t o p  of  t h e  resonance 

curve s o  t h a t  t h e  peak of  t h e  r e sonan t  curve co inc ides  with 

t h e  k l y s t r o n  mode curve (as i n d i c a t e d  i n  Figure  6 . 5 )  by 

a d j u s t i n g  t h e  p r e c i s i o n  a t t e n u a t o r .  The d i f f e r e n c e  between 

t h e  two read ings  of  t h e  p r e c i s i o n  a t t e n u a t o r  i s  t h e  insertion 

l o s s  i n  dB. The power i n t o  t h e  r e s o n a t o r  i s  then inc reased  

by removing 3 dB of  a t t e n u a t i o n  making t h e  i n t e r s e c t i o n  of 

t h e  two curves  t o  be a t  t h e  half-power p o i n t s  of the resonant 

curve.  Turning on n e x t  t h e  beat-frequency spectrum caused 

by t h e  modulation of t h e  r e f l e c t o r  v o l t a g e  of t h e  X-band 

k l y s t r o n  and a l i g n i n g  t h e  f i r s t  s idebands wi th  t h e  i n t e r s e e -  

t i o n s  of  bo th  curves  a s  shown i n  Figure  6 . 6 ,  t h e  difference 

of  t h e  half-power f r equenc ie s  i s  found. An a l t e r n a t e  method 

c o n s i s t s  of  measuring t h e  frequency o f  each i n t e r s e c t i o n  and 

t ak ing  t h e  d i f f e r e n c e  between t h e  two f r equenc ie s .  T h i s  

method i s  less a c c u r a t e ,  however, due t o  t h e  t ime l a g  between 







t h e  two frequency measurements. S ince  t h e  c a r r i e r  frequency 

a s  d i sp l ayed  on t h e  o s c i l l o s c o p e  i s  t h a t  of  t h e  X-band 

source ,  t h e  c o r r e c t  frequency (because t h e  f o u r t h  harmonic 

i s  used) i s  f o u r  t imes t h a t  of  t h e  X-band s i g n a l .  The f i r s t  

s ideband frequency i s  doubled t o  g e t  t h e  t o t a l  frequency 

d i f f e r e n c e  ( n o t e  t h a t  t h e  f i r s t  s ideband frequency displayed 

on t h e  scope i s  one-four th  t h e  frequency of t h e  modulating 

s i g n a l ) .  With p o i n t s  F1 and F2 corresponding t o  t h e  half- 

power f requenqies ,  t h e  loaded Q i s  Fo/(F2-F1) The unloaded 

Q can be  determined from t h e  loaded Q and t h e  i n s e r t i o n  l o s s ,  

6.5 T h e o r e t i c a l  Amroach f o r  Determination of t h e  
Unloaded Q-values 

Montgomery [16] cons idered  t h e  t r ansmis s ion  resonator 

i n  terms of  lumped c i r c u i t  parameters ;  an e q u i v a l e n t  c i r c u i t  

f o r  t h e  r e s o n a t o r  i s  shown i n  F igure  6 . 7 .  I n  t h e  general 

case ,  t h e  i n p u t  and o u t p u t  would be d i f f e r e n t  b u t  t h e  sym- 

m e t r i c a l  ca se  i s  cons idered  s i n c e  t h e  i n p u t  and o u t p u t  irises 

a r e  i d e n t i c a l .  I d e a l  t rans formers  r e p r e s e n t  t h e  i r i s e s  with 

t u r n  r a t i o  n: 1. I f  t h e  e q u i v a l e n t  c i r c u i t s  o f  t h e  t r a n s f o r -  

m e r  a r e  u t i l i z e d ,  F igure  6.7 becomes F igure  6.8. 

The loaded Q ,  QLl f o r  t h e  c i r c u i t  i n  F igure  6 . 7  i s  

given by 

where wo i s  t h e  r e sonan t  frequency under considerati-on.  Then 

(6..1) can be  w r i t t e n  i n  t e r m s  of t h e  unloaded Q ,  Q U r  as 







I f  the  system i s  matched (RG=%) , which can be accomplished 

by making the  vo l t age  s tanding  wave r a t i o ,  VSWR, small  i n  

both d i r e c t i o n s ,  then (6.2) becomes 

QuZQL(l + 26)  t ( 6 - 3 )  

where t h e  coupling parameter, 6 ,  has been defined as  

and Zo=%=RG. The c u r r e n t  f o r  t h e  loop i n  Figure 6 . 8  can 

be w r i t t e n  i n  t h e  form 

s i n c e  

The r e a l  power de l ive rd  t o  t h e  load impedance i s  given by 

o r  i n  terms of f3 a s  

PL = 1112 !3 R . 
S u b s t i t u t i n g  from (6 .5 )  i n t o  ( 6 . 8 )  t h e  power becomes 

I f  t h e  generator  were t o  s e e  a  matched load ,  a s  i n  F i g u r e  

6 . 9 ,  t h e  power de l ive red  t o  t h e  load would be given by 
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A t r ansmis s ion  func t ion ,  T (w) ,  de f ined  a s  PL/P, can be found 

from (6.9) and (6 .10 ) ,  t h a t  i s  

which becomes a t  resonance 

o r  f o r  B i n  t e r m s  of T ( w o )  a s  

Upon measuring T ( w o )  ( i n s e r t i o n  l o s s  i n  dB can be transformed 

t o  i t s  decimal  equ iva l en t )  , (6.13) y i e l d s  8 ,  and then ( 6 . 3 )  

s p e c i f i e s  Q a f t e r  QL i s  measured. u  

6.6 Bas i c  Cons idera t ions  f o r  t h e  Resonators 

T h e o r e t i c a l  p r e d i c t i o n s  of  Sec t ion  5.3 i n d i c a t e d  that 

t h e  convent iona l  r e s o n a t o r  has  a  r e sonan t  frequency of 3 5 , 2  

GHz f o r  t h e  TElO9 mode. This mode has  s t r o n g  coupl ing when 

t h e  waveguide i s  e x c i t e d  i n  t h e  TEIO mode. This  mode also 

g ives  t h e  d e s i r e d  e f f e c t s ,  t h a t  i s ,  c u r r e n t  flow on t h e  s ide  

w a l l s  a r e  on ly  i n  one d i r e c t i o n .  The c lo sed  H-guide resona- 

t o r  has  a  r e sonan t  frequency of 34.7 GHz when a  s t r i p  of 

d i e l e c t r i c  (Lucalox, General  E l e c t r i c  Company) having a 

t h i ckness  of 0.05 c m  and a  p e r m i t t i v i t y  of  9.9 i s  used,  The 

modes of t h e  c lo sed  H-guide r e s o n a t o r  are hybr id  and t h i s  i s  

t h e  q u a s i  TEllg mode. The va lues  o f  t h e  f i e l d  d i s t r i b u t i o n  

c o n s t a n t  of  t h e  a i r  r eg ion  (ax) and t h e  wave propaga.tion 
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c o n s t a n t  i n  t h e  d i e l e c t r i c  reg ion  (kx) a r e  1.36 p e r  crn and 

21.7 p e r  cm r e s p e c t i v e l y .  This  g ives  a  va lue  of  t h e  f i e l d  

s t r e n g t h  a t  t h e  upper and lower w a l l s  of  0.133 o f  t h e  va lue  

a t  t h e  c e n t e r  of  t h e . r e s o n a t o r  o r  t h e  power f low has  de- 

c r eased  t o  1 .8  p e r  cen t .  Therefore  l o s s e s  on t h e s e  w a l l s  

a r e  n e g l i g i b l e .  Also, l o s s e s  and u n c e r t a i n  connect ions  

a t  t h e  i n t e r s e c t i o n s  of t h e  upper and lower s u r f a c e s  w i t h  

t h e  s i d e  w a l l  a r e  p r a c t i c a l l y  e l imina t ed .  

The w a l l s  of t h e  r e s o n a t o r  were ground t o  t h e  smoothest 

f i n i s h  p o s s i b l e  by t h e  t e s t  a b r a s i v e  papers .  The procedure  

o u t l i n e d  i n  Sec t ion  4.2 was used,  and a s  a  f i n a l  s t e p  t h e  

600 g r i t  a b r a s i v e  paper  was used. The convent iona l  resona- 

t o r  under t h e s e  cond i t i ons  had a  measured unloaded Q-value of 

11,700. The t h e o r e t i c a l  Q-value of t h e  TEIOg mode i s  17,800 

and t h e  s u r f a c e  l o s s  parameter based on t h e  d c  conduc t iv i ty  

i s  0.049 ohms. Based on t h e  exper imenta l  Q-value t h e  s u r f a c e  

l o s s  parameter was 0.072 ohms. The handbook [ 2 2 ]  va lue  of 

t h e  d c  conduc t iv i ty  i s  given a s  5 . 6 5 ~ 1 0 ~  mhos p e r  meter f o r  

hard drawn copper. A sma l l  s t r i p  (1.05 mm by 6.16 mm by 47,O 

mm) was then c u t  from one of t h e  s i d e  w a l l s  and t h e  d c  esn- 

d u c t i v i t y  was measured. The exper imenta l  va lue  of dc con- 

d u c t i v i t y  was 5 . 5 2 ~ 1 0  mhos p e r  meter. Based on t h e  exper- 

imen ta l  va lue  of  d c  c o n d u c t i v i t y  t h e  s u r f a c e  l o s s  parameter 

was 0.050 ohms. An excess - loss  f a c t o r  of  1 . 4 4  was thus  

measured under t h e s e  cond i t i ons .  
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To determine t h e  e f f e c t s  of  chemical  f i l m s  on t h e  loss, 

t h e  s i d e  w a l l s  of  t h e  convent iona l  r e s o n a t o r  were po l i shed  

wi th  t h e  600 g r i t  a b r a s i v e  paper  and then dipped i n t o  s e v e r a l  

chemical s o l u t i o n s .  A f t e r  t h e  s i d e  w a l l s  were d r y ,  t h e  walls 

were assembled on t h e  r e s o n a t o r  s t r u c t u r e  and Q measurements 

made. The s t anda rd  cond i t i on  used throughout  t h e  experiments 

was t o  wash t h e  w a l l s  w i t h  r a p i d l y  f lowing wa te r ,  fol lowed 

by blowing a s t ream of a i r  w i th  s u f f i c i e n t  f o r c e  t o  remove 

r e s i d u a l  wate r  l e f t  on t h e  s u r f a c e .  The Q-values,  measured 

a f t e r  d ipp ing  t h e  s i d e  w a l l s  i n  t h e  d i f f e r e n t  chemical sslu- 

t i o n s ,  were compared t o  t h e  water-washed w a l l s .  The f o l -  

lowing s o l u t i o n s  gave Q-values which were w i t h i n  f i v e  pe r  

c e n t  of t h e  Q-value (10,550) of t h e  water-washed w a l l s :  

t r i c h l o r o e t h y l e n e ;  Oaki te  131, a commercial c l e a n e r  manu- 

f a c t u r e d  by Oaki te  Produc ts ,  Incorpora ted ;  an e l e c t r o l y t i c  

p o l i s h i n g  s o l u t i o n  (Orthophosphoric a c i d  w i th  s p e c i f i c  grav- 

i t y  of  1 .3  t o  1 . 4 )  ; an a c i d  d i p  (by volume, 30% phosphoric  

a c i d ,  65% g l a c i a l  a c e t i c  a c i d ,  5% concent ra ted  n i t r i c  acid); 

a chemical  p o l i s h i n g  s o l u t i o n  (by volume, 50% concent ra ted  

n i t r i c  a c i d ,  25% g l a c i a l  a c e t i c  a c i d ,  25% concent ra ted  o r t h o -  

phosphoric  a c i d ;  0.625 gm p e r  l i t e r  sodium n i t r a t e ,  3 . 6 2 5  gm 

p e r  l i t e r  ammonium c h l o r i d e )  . Methanol, however, reduced 

t h e  Q-value by 11.5 p e r  c e n t  and ace tone  by 32 p e r  cent, 

Methanol and ace tone  a r e  commonly used a s  c l ean ing  agents  of 

s u r f a c e s  b u t  were avoided when t h e  e f f e c t s  o f  i nc reased  

l o s s e s  were observed.  
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A dimensional  a n a l y s i s  of t h e  two r e s o n a t o r s  f o r  t h e  

modes i n v e s t i g a t e d  was made, Replacement of t h e  s i d e  w a i l s  

may have been t h e  only  p o s s i b l e  cause o f  a  d imensional  change 

s i n c e  t h e  o t h e r  w a l l s  w e r e  permanently a t t a c h e d  du r ing  all .  

of t h e  experiments.  However, by apply ing  a  to rque  t o  t h e  

screws of t h e  s i d e  w a l l s  a t  each assembly, t h e  same force 

was placed on t h e  w a l l s  each t i m e ,  and was b e l i e v e d  t o  have 

k e p t  d imensional  changes t o  a  minimum. I f  a  d imensional  

change occur red ,  it c e r t a i n l y  was l e s s  than  0 . 1  mm. For the 

convent iona l  r e sona to r  a  0 . 1  mm change i n  displacement  of 

t h e  s i d e  w a l l s  from each o t h e r  would g i v e  a  1 . 7  p e r  cent 

change i n  t h e  Q-value.  A 1.2 p e r  c e n t  change i n  t h e  Q-value 

and 0.5 p e r  c e n t  change i n  r e sonan t  frequency would r e s u l t  

f o r  t h e  same dimensional  change i n  t h e  c lo sed  H-guide resonator, 

6.7 Bas i c  Loss Fac to r s  

A s  i n d i c a t e d  i n  S e c t i o n  6.6 t h e  exper imenta l  va lue  of 

t h e  s u r f a c e  l o s s  parameter was l a r g e r  than p r e d i c t e d  by 

theory  f o r  t h e  convent iona l  r e sona to r .  Using t h e  va lue  found 

exper imenta l ly  (0.072 ohms) and exper imenta l ly  measuring t h e  

Q-value of t h e  c lo sed  H-guide r e s o n a t o r  w i th  a  Lucalsx d i e l e c -  

t r i c  s t r i p  (0.05 cm t h i c k )  , t h e  l o s s  t angen t  f o r  t h e  dielec- 

t r i c  was found t o  be  1 . 9 x 1 0 - ~  a t  34.6 GHz. This va lue  Xs 

much i n  excess  of t h e  manufac ture rs '  s p e c i f i c a t i o n s  a t  1 G N z  

( l o s s  t angen t  equa l  t o  0.25x10-') . A second d i e l e c t r i c  (1422 

Rexo l i t e ,  American Enka Corporat ion)  s t r i p  w a s  used which 

had a  t h i ckness  o f  0.084 cm and a  p e r m i t t i v i t y  of 2 . 5 4 ,  



The measured va lue  of t h e  l o s s  t angen t  was 1 . 4 x 1 0 - ~  a t  3 4 . 6  

GHz (manufacturers  ' va lue  was 0 . 7 ~ 1 0 - ~ )  . A s o l i d  block of 

Rexo l i t e  was p laced  i n  t h e  convent iona l  r e s o n a t o r  and again 

t h e  l o s s  t angen t  w a s  determined.  The l o s s  t angen t  s f  t h e  

s o l i d  block was 1 . 1 ~ 1 0 -  3 .  Although t h e r e  e x i s t s  a  d i f f e r -  

ence,  s u r f a c e  f i l m s  on t h e  s t r i p  can c o n t r i b u t e  t o  the 

l o s s e s  and thus  i n c r e a s e  t h e  l o s s  t angent .  Other experimen- 

ters' have found t h e  l o s s  t angen t  of Rexo l i t e  t o  be i n  t h e  

neighborhood of 1 . 2 ~ 1 0 -  3 .  There were no s o l i d  b locks  of 

Lucalox a v a i l a b l e  f o r  making l o s s  t angen t  measurements, there- 

f o r e  t h e  l o s s  t angen t  of  Lucalox was accepted a s  1.9~10- 

The p o s s i b i l i t y  of  a d d i t i o n a l  l o s s e s  i n  t h e  coupling 

h o l e s  was cons idered  a l s o .  The l o s s e s  r e l a t e d  t o  the 

coupl ing  h o l e s  were s o  sma l l  t h a t  i t  was n o t  f e a s i b l e  to 

measure t h e  c o n t r i b u t i o n  q u a n t i t a t i v e l y .  

The Q o f  t h e  c lo sed  H-guide r e s o n a t o r  can be r e w r i t t e n  

a s  

where Qs = s i d e  w a l l  Q-value,  

Qt = upper and lower w a l l  Q-value,  

Qe = end p l a t e s  Q-value,  

ad = d i e l e c t r i c  s t r i p  Q-value.  

' pe r sona l  communication wi th  Ray Johnson. 



Based on t h e  fol lowing va lues  (Lucalox s t r i p )  

2d = 0.05 cm, 

tan6 = 1 . 9 ~ 1 0 -  3; 

s u r f a c e  l o s s  parameter = 0.072 ohms, 

t h e  fol lowing Q-values w e r e  found f o r  t h e  q u a s i  TEl19 made : 

Qt = 269,900 , ( 6 , 1 5 )  

Qe = 7 2 , 1 8 0 ,  (6,161 

Qd = 37,320 , (6,171 

Qs = 17,630 , (6*28) 

Q t o t a l  = 9,895 . 
From t h i s  i t  i s  e v i d e n t  t h a t  t h e  major c o n t r i b u t i o n  t o  t h e  

l o s s e s  r e s u l t s  from t h e  s i d e  wa l l s .  

I f  t h e  s u r f a c e  of t h e  s i d e  w a l l s  i s  a l t e r e d ,  then t h e  

only i n d i v i d u a l  Q-value t o  change would be t h a t  of the side 

wa l l s .  Then from an experimental ly  measured Qtotal of t h e  

c losed  H-guide r e sona to r  t h e  change of the  Qs of the side 

w a l l s  can be found. The fol lowing r e l a t i o n  was employed f o r  

determining Qs of t h e  s i d e  wa l l s :  

1 1 1 1 1 
-I)---- 

Q t o t a l  Qt % = -  Qe Qd ' 

When (6.15) through (6.17) a r e  used i n  ( 6 . 2 0 )  t h e  equation 

becomes f o r  t h e  q u a s i  TEllg mode 



where ' t o t a l  i s  t h e  measured Q-value. The same procedure 

was followed f o r  t h e  convent iona l  r e s o n a t o r  and f o r  t h e  

TE119 mode 

6.8 Data Eva lua t ion  and Represen ta t ion  

S p e c i f i c  methods of  d a t a  e v a l u a t i o n  and r e p r e s e n t a t i o n  

were developed t a i l o r e d  t o  t h e  p r o j e c t .  The e v a l u a t i o n  was 

c a r r i e d  o u t  t o  d e r i v e  t h e  most impor tan t  d a t a  r e l e v a n t  t o  

those  measured i n  t h e  o t h e r  phases of  t h e  s tudy .  The repre- 

s e n t a t i o n  of the r e s u l t s  was done i n  a  form most u s e f u l  t o  

t h e  r eade r .  For example, t h e  r e p r e s e n t a t i o n  permi t s  com- 

p a r i s o n  of d a t a  f o r  w a l l s  prepared i n  d i f f e r e n t  ways as well 

a s  f o r  s l i g h t  m a t e r i a l  d i f f e r e n c e s .  O p t i c a l  r e f l e c t a n c e  

measurements w e r e  used t o  determine t h e  s t a t i s t i c a l  parameters 

of  t h e  rough s u r f a c e s .  The r e f l e c t e d  i n t e n s i t y  normalized 

w i t h  r e s p e c t  t o  t h e  i n t e n s i t y  w i th  t h e  ang le  of  r e f l e c t a n c e  

equa l  t o  t h e  angle  of i nc idence  was considered an a p p r o p r i a t e  

measure of "roughness" when p l o t t e d  a s  a  func t ion  of the 

angle  of r e f l e c t a n c e .  From a p l o t  o f  t h e  normalized reflee- 

t e d  i n t e n s i t y  ve r sus  ang le  of r e f l e c t a n c e ,  t h e  angula r  spread  

was measured as t h e  angula r  d i f f e r e n c e  between p o i n t s  for t h e  

magnitude of t h e  r e f l e c t a n c e  of 0.6 o f  t h e  maximum value, 

This  i s  i l l u s t r a t e d  i n  F igure  6.10. I t  was shown theoret- 

i c a l l y  i n  Sec t ion  3 . 3  t h a t  such normal iza t ion  would g ive  a 
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r e f l e c t a n c e  formula dependent on only  one of t h e  s t a t i s t i c a l  

parameters  of t h e  s u r f a c e ,  namely t h e  c o r r e l a t i o n  f a c t o r  6, 

Therefore  u s ing  (3.24) , t h e  va lue  of  B could be determined 

from t h e  angula r  spread .  Also by use  of t h e  curve i n  F igure  

4.26, and use  of t h e  r e f l e c t e d  i n t e n s i t y  d a t a ,  a r m s  h e i g h t  

v a r i a t i o n  could be  determined.  

The r e l a t i v e  changes i n  s u r f a c e  l o s s e s  w e r e  determined 

by Q-value measurements of t h e  r e sona to r s .  To improve t h e  

r e p e a t a b i l i t y  of t h e  Q-value measurements, t h e  s t r u c t u r e  

desc r ibed  i n  Sec t ion  6.2 was designed.  This arrangement 

al lowed f o r  easy  removal and r e l i a b l e  reassembly of t h e  s i d e  

w a l l s .  Thus t h e  Q-value measurements (Qtotal 1 took i n t o  

c o n s i d e r a t i o n  on ly  changes i n  t h e  Q of t h e  s i d e  w a l l s .  T h i s  

Q of t h e  s i d e  w a l l s  denoted by Qs was found from t h e  Qtotal 

by use  of (6.21) o r  (6 .22 ) ;  t h e  choice  was governed by the 

type  of t h e  r e s o n a t o r  used. The c lo sed  H-guide r e sona to r  was 

used because of  t h e  r educ t ion  of  p o s s i b l e  l o s s e s  a t  t h e  i n -  

t e r f a c e  of t h e  upper a lower w a l l s  w i th  t h e  s i d e  w a l l s ,  

The convent iona l  r e s o n a t o r  was then used a s  a check t o  v e r i f y  

t h e  i n d i c a t i o n s  of l o s s  v a r i a t i o n s  w i th  "roughness" a s  deter- 

mined by t h e  c lo sed  H-guide r e sona to r .  Two sets of w a l l s  

could  have s l i g h t  m a t e r i a l  d i f f e r e n c e ,  t h e r e f o r e ,  a normal- 

i z a t i o n  process  was used i n  o r d e r  t h a t  t h e  two sets of d a t a  

could be  compared. The no rma l i za t ion  process  had t h e  

a d d i t i o n a l  f e a t u r e  t h a t  it gave a r e l a t i v e  change of Qs t o  

t h e  maximum Qs-value. Reca l l i ng  t h a t  t h e  Qs-value was 



i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s u r f a c e  l o s s e s  and us ing  the 

assumption t h a t  t h e  s t o r e d  energy remains cons t an t ,  t h e  re- 

c i p r o c a l  of t h e  va lues  of t h e  normal iza t ion  g ives  t h e  

r e l a t i v e  change i n  t h e  s u r f a c e  l o s s  t o  t h e  minimum s u r f a c e  

l o s s .  To i l l u s t r a t e  t h e  normal iza t ion  p roces s ,  a r b i t r a r y  

p o i n t s  a s  would be t y p i c a l  of measured va lues  on t w o  s e t s  

of  s u r f a c e s  a r e  shown i n  F igure  6.11 f o r  t h e  Qs-values as 

a  func t ion  of t h e  angula r  spread .  Once t h e  d a t a  p o i n t s  were 

p l o t t e d ,  a  curve was drawn through t h e  p o i n t s  of  each d a t a  

s e t  (one s i d e  w a l l  s e t )  and extended t o  i n t e r s e c t  t h e  

v e r t i c a l  a x i s  (cor responds  t o  Af3=0).  This  i n t e r s e c t  was 

then used a s  t h e  maximum Qs-value and a l l  d a t a  used f o r  t h a t  

curve  was normalized w i t h  r e s p e c t  t o  t h a t  maximum Q -va lue ,  
S 

Therefore  two d i f f e r e n t  s e t s  of s i d e  w a l l s  could be compared 

by t h i s  technique.  The r e s u l t  of t h e  normal iza t ion  i s  

i l l u s t r a t e d  i n  F igu re  6.12 and t h u s  shows how t h e  d a t a  

then  compare. 

6.9 Q Measurements of t h e  S i d e  Walls 

A s e r i e s  of  experiments was made u s i n g  bo th  t h e  conven- 

t i o n a l  and t h e  c losed  H-guide r e sona to r  c o n f i g u r a t i o n s ,  The 

r e s u l t s  f o r  va r ious  s u r f a c e  f i n i s h e s  a r e  given i n  Table 6 , E  

and 6.2. The va lues  of Qtotal were measured a s  desc r ibed  i n  

Sec t ions  6 . 4  and 6 . 5 .  The va lues  of Q w e r e  c a l c u l a t e d  by s 

use  of (6.21) and (6.22) . The angula r  spread  was taken from 

t h e  o p t i c a l  measurements and was t h e  angula r  d isplacement  



Angular spread  (degrees )  

F igu re  6.11. Typica l  Q-values of t h e  s i d e  walls plot- 
t e d  f o r  corresponding angu la r  spread  

Angular sp read  (degrees )  

F igu re  6.12. Normalized Q-values of  t h e  side walls 
ve r sus  angula r  spread  



Table  6 . 1  Tabulated exper imenta l  r e s u l t s  of t h e  conven- 
t i o n a l  r e s o n a t o r  



T a b l e  6 . 2  T a b u l a t e d  e x p e r i m e n t a l  r e s u l t s  of t h e  closed 
H - g u i d e  resonator 

W a l l  D a t a  
se t  p o i n t  

2  H - 1  
2 H-2 
2  H-3 
2  H-4  
2 H-5  
2  H-6 
2 H-7 
2 H- 8 
2  H-9 
2  H- 1 0  
2  H - 1 1  
2  H - 1 2  
2  H- 13  
2 H - 1 4  
1 H - 1 5  

H - 1 6  
H - 1 7  
H - 1 8  
H-19, 
H-20, 
H-21,  
H-22, 
H-23,  
H - 2 4  

a D a t a  p o i n t s  of the  closed H - g u i d e  resonator  with a 
R e x o l i t e  s t r i p ,  a l l  others w i t h  L u c a l o x  s t r i p  



1 2  1 

between t h e  0.6 p o i n t s  of  t h e  normalized r e f l e c t e d  i n t e n -  

s i t y  curves .  

I n  Table  6.1 t h e  r e s u l t s  of  t h e  convent iona l  r e sona to r  

a r e  given f o r  two d i f f e r e n t  sets o f  s i d e  w a l l s .  Two sets s f  

w a l l s  were used t o  check t h e  cons i s tency  of t h e  d a t a ,  The 

c h a r a c t e r i s t i c s  o f  t h e  two sets a r e  s l i g h t l y  d i f f e r e n t  as 

shown i n  F igure  6.13. The normal iza t ion  a s  shown i n  F igure  

6.14 was t h e  r e s u l t  of t a k i n g  t h e  p r o j e c t e d  average Q f o r  
S 

each s e t  of w a l l s  a t  t h e  zero  s c a t t e r i n g  ang le ,  A e = O ,  and 

d i v i d i n g  t h e  va lue  i n t o  each Qs ( p r o j e c t e d  Q f o r  f i r s t  set 
S 

o f  w a l l s  was 14,300 and 18,000 f o r  t h e  second s e t )  . 
The r e s u l t s  of Table 6.2 a r e  based on two d i f f e r e n t  

c lo sed  H-guide r e s o n a t o r s ,  one wi th  a  Lucalox s t r i p  and t h e  

second wi th  a  Rexo l i t e  s t r i p .  Each have t h e  same r e sonan t  

frequency wi th  s l i g h t l y  d i f f e r e n t  f i e l d  c o n s t a n t s  (LueaLox 

ax=1.36 p e r  cm, kx=21.7 p e r  cm: Rexo l i t e  ax=1.42 p e r  ern, 

kx=8.85 p e r  c m ) .  The r e s o n a t o r  w i th  t h e  Lucalox strip was 

used wi th  two d i f f e r e n t  sets of  wa l l s .  Again t h e  d i f f e r e n c e  

i n  w a l l s  w a s  observed a s  shown i n  F igure  6.15. Also shown 

on F igu re  6.15 a r e  t h e  r e s u l t s  of  t h e  Rexo l i t e  s t r i p ,  The 

normal iza t ion  of Q a s  shown i n  F igure  6.16 was c a r r i e d  o u t  
S 

a s  f o r  t h e  convent iona l  r e s o n a t o r  ( t h e  averaged p r o j e c t e d  Qs 

of t h e  Lucalox r e s o n a t o r  was 14,200 f o r  t h e  f i r s t  w a l l  s e t  

and 17,250 f o r  t h e  second w a l l  s e t  and f o r  t h e  RexoEite 

r e s o n a t o r ,  16,800) . 





s t  a lnd w a l l  s e t  
0 2 w a l l  s e t  

O p t i c a l  angu la r  spread  i n  degrees  (measure of 
s u r f a c e  roughness)  

F igu re  6.14. Normalized Q,-values of the convent iona l  
r e s o n a t o r  a s  a  func t ion  of t h e  angular 
spread  



Lucalox 

o - St  w a l l  set 
- mal l  s e t  

O p t i c a l  angula r  spread  i n  degrees  (measure of 
s u r f a c e  roughness)  

F igu re  6 .15 .  Q,-values of t h e  c losed  H-guide resonator 
a s  a func t ion  of t h e  angula r  spread  
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The normalized r e s u l t s  of  F igu re  6.14 and 6.16 shows 

t h e  f r a c t i o n a l  dec reases  of Qs f o r  i n c r e a s i n g  s u r f a c e  rough- 

ness .  Reca l l i ng  t h a t  t h e  Q-value i s  i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  s u r f a c e  l o s s e s ,  t h e  t r e n d  of F igures  6.14 and 6-16 

i n d i c a t e  i n c r e a s i n g  s u r f a c e  l o s s e s  w i th  i n c r e a s i n g  s u r f a c e  

roughness. The angu la r  spread  convers ion t o  t h e  c o r r e l a t i o n  

f a c t o r  B i s  ob ta ined  through use  of (3 .24 ) .  The normalized 

Qs a s  a  func t ion  o f  $ i s  shown i n  F igures  6.17 and 6,L8, 

From t h e  normalized r e f l e c t e d  i n t e n s i t y  curves of 

Chapter  4 ,  t h e  c o r r e l a t i o n  f a c t o r  was found from t h e  exper i -  

mental  d a t a  of t h e  s i d e  w a l l s .  The graph of F igu re  4,24 g ives  

t h e  r e f l e c t e d  i n t e n s i t y  ( i n  v o l t s  and a t  t h e  p o s i t i o n  @=$I 

a s  a  f u n c t i o n  of  a26; t h e r e f o r e ,  by knowing t h e  magnitude of 

t h e  r e f l e c t e d  i n t e n s i t y  t h e  r m s  roughness,  a ,  can be deter- 

mined. The r e s u l t s  of t h e  d a t a  r educ t ion  i s  given i n  Table 

6.3. The t a b u l a t e d  d a t a  were p u t  i n  g r a p h i c a l  form t o  i l l u s -  

t r a t e  t h e  e f f e c t s  of  each f a c t o r ,  F igures  6.13 through 6 - 2 2 ,  

6.10 Mathematical Models 

From Figures  6.14 and 6.16, t h e  normalized Q showed s 

a  dec rease  w i t h  i n c r e a s i n g  angula r  spread.  Mathematical 

models were proposed t o  i l l u s t r a t e  t h e  t r e n d  and t o  give t h e  

magnitude of t h e  d a t a  s c a t t e r i n g .  Two models w e r e  cons idered ,  

l i n e a r  and exponent ia l .  The f i rs t  model was t h e  exponen t i a l  







Table 6 . 3  Tabulated s u r f a c e  f a c t o r s  f o r  t h e  s i d e  walls 
of Tables 6 . 1  and 6 .2  



13 0 

Table 6 . 3  (continued) 



F34S roughness (0x10 %) 

Figure  6,19.  Normalized Qs-values of t h e  conven- 
t i o n a l  r e s o n a t o r  a s  a func t ion  of t h e  
r m s  h e i g h t  v a r i a t i o n ,  a 









and t h e  second was l i n e a r  

where y and m a r e  a r b i t r a r y  c o n s t a n t s  used t o  match t h e  data, 

The procedure  used t o  match t h e  a r b i t r a r y  cons t an t s  t o  

t h e  d a t a  was t o  minimize t h e  r m s  d e v i a t i o n .  The form of t h e  

r m s  e r r o r  d e v i a t i o n  was 

N 
r m s  e r r o r  = 

44 [i {Jli - Q (doi) j2] ( 6 . 2 5 )  
i=l s n  

where N i s  t h e  number of d a t a  p o i n t s  

M .  i s  t h e  normalized Q a t  A B i  
1 S 

A 0 .  i s  t h e  angu la r  spread  of t h e  i - t h  datum p o i n t  
1 

Qsn i s  t h e  mathematical  va lue  f o r  e i t h e r  t h e  l i n e a r  o r  

t h e  exponen t i a l  func t ion .  

D i f f e r e n t  va lues  of  y and m were s u b s t i t u t e d  i n t o  ( 6 . 2 5 )  

u n t i l  t h e  r m s  e r r o r  w a s  minimized, and then  t h i s  va lue  o f  

y o r  m was considered t h e  b e s t  c o n s t a n t  f o r  t h e  d a t a ,  

Using t h i s  t echnique  f o r  determining t h e  minimum Ems 

d e v i a t i o n ,  t h e  a r b i t r a r y  c o n s t a n t s  f o r  t h e  convent iona l  

r e s o n a t o r  w e r e  : 

y = 0 . 9 2 x 1 0 - ~  p e r  square  degree  wi th  a  s t anda rd  

d e v i a t i o n  of 0.043, and 

m = 0.0031 p e r  degree  w i th  a  s t a n d a r d  d e v i a t i o n  of 0,839, 

For t h e  c losed  H-guide, t h e  r e s u l t s  w e r e :  

y = 1 . 3 4 ~ 1 0 ~ ~  p e r  squa re  degree  w i th  a  s t anda rd  

d e v i a t i o n  of 0.039, and 



m = 0.0039 p e r  degree  w i th  a  s t anda rd  d e v i a t i o n  of 0,036, 

A s  expected t h e  c lo sed  H-guide r e s o n a t o r  gave less scatter, 

The b e s t  mathematical  r e p r e s e n t a t i o n  f o r  t h e  d a t a  was t h e  

l i n e a r  model f o r  t h i s  range of angu la r  spread .  

From Figures  6.17 and 6.18 t h e  normalized Qs-values 

showed a  dec rease  w i th  dec reas ing  va lues  of  t h e  c o r r e l a t i o n  

f a c t o r  B .  A mathematical  model was proposed t o  i l l u s t r a t e  

t h e  t r e n d  and t o  g i v e  t h e  magnitude of t h e  d a t a  scattering, 

The model was 
1/2 

where A was an a r b i t r a r y  c o n s t a n t  used t o  match t h e  data, 

The procedure of minimizing t h e  r m s  d e v i a t i o n  was again 

used by t h e  v a r i a b l e  A B i  i n  (6.25) was r ep l aced  by f i i .  

D i f f e r e n t  va lues  of A were s u b s t i t u t e d  i n t o  t h e  new expres- 

s i o n  f o r  (6.25) u n t i l  t h e  r m s  e r r o r  was minimized, and t h e n  

t h i s  va lue  of A was considered t h e  b e s t  c o n s t a n t  f o r  t h e  data, 

Using t h i s  t echnique  f o r  determining t h e  minimum rrns 

d e v i a t i o n ,  t h e  a r b i t r a r y  c o n s t a n t s  were: 

f o r  t h e  convent iona l  r e sona to r  

3  
A = 3.88 x  10 p e r  m112 

e r r o r  = 0.036 

f o r  t h e  c losed  H-guide r e s o n a t o r  

3  
A = 4.62 x 10 p e r  m1I2 

e r r o r  = 0 . 0 4 4  

However i f  s e v e r a l  p o i n t s  which appear t o  be separated 

from t h e  t r e n d  of  t h e  d a t a  are-removed t h e  r e s u l t i n g  t r end  



f o r  t h e  two r e s o n a t o r s  a r e  i n  b e t t e r  agreement. The fallow- 

i n g  d a t a  p o i n t s  were d i sca rded :  C-3, C-5, C-9, C-18, W-6, 

H-7, and H-9. The minimizat ion of  t h e  r m s  e r r o r  procedure  

w a s  r epea t ed  wi th  t h e  fo l lowing  r e s u l t s :  

f o r  t h e  convent iona l  r e s o n a t o r  

3 
A = 4 . 1 1  x 10 p e r  m112 

e r r o r  = 0.033 

f o r  t h e  c lo sed  H-guide r e s o n a t o r  

3 
A = 4.06 x 1 0  p e r  m112 

e r r o r  = 0.022 

The d i f f e r e n c e  between t h e  two mathematical  models 

f o r  t h i s  r e l a t i o n s h i p  of  Qs and t h e  c o r r e l a t i o n  f a c t o r  i s  

i n s i g n i f i c a n t  and t h e  r e s u l t s  can be  considered t h e  same i f  

t h e  above mentioned d a t a  p o i n t s  a r e  removed. 

6 .11 E f f e c t s  of  E l e c t r o l y t i c  and Chemical P o l i s h i n g  

There a r e  many methods and chemical s o l u t i o n s  used f o r  

e l e c t r o l y t i c  p o l i s h i n g .  The s o l u t i o n  used i n  t h i s  investi- 

g a t i o n  was or thophosphoric  a c i d  d i l u t e d  w i t h  wate r  u n t i l  

a s p e c i f i c  g r a v i t y  o f  1 .35  was ob ta ined .  The displacement  

between t h e  cathode and anode ( s u r f a c e  t o  be  po l i shed )  was 

approximately 2.5 cm. The p o l i s h i n g  d u r a t i o n  was two minutes 

a t  f i v e  v o l t s  and one-half of  an ampere. This cond i t i on  

r e s u l t e d  i n  exces s ive  p i t t i n g  of t h e  s u r f a c e  ( r e f e r r e d  t o  as 

"orange pee l "  i n  t h e  l i t e r a t u r e ) .  A copper s h e e t  perforated 

w i t h  5 nm diameter  ho l e s  was p laced  one cen t ime te r  i n  f r o n t  



$3 8 

of t h e  s u r f a c e  t o  be  po l i shed  and w i t h  t h i s  arrangement 

t h e  "orange pee l "  d i sappeared .  Using t h i s  arrangement for 

e l e c t r o l y t i c  p o l i s h i n g ,  t h e  fo l lowing  procedure  was used ,  

F i r s t  t h e  s u r f a c e  of t h e  s i d e  w a l l s  were po l i shed  w i t h  t h e  

a b r a s i v e  papers  a s  desc r ibed  i n  Sec t ion  4.2. The Q of t h e  

r e s o n a t o r  w i th  t h e  s i d e  w a l l s  i n  p l a c e  was measured; then 

t h e  s i d e  w a l l s  w e r e  e l e c t r o l y t i c a l l y  po l i shed ,  and t h e  

Q-value measurement repea ted .  The r e s u l t s  f o r  s e v e r a l  cases  

a r e  given i n  Table  6.4. The normalized r e s u l t s  a r e  superim- 

posed on t h e  accumulated r e s u l t s  of Sec t ion  6.9 where t h e  

s o l i d  l i n e  connects  t h e  r e s u l t s  b e f o r e  and a f t e r  e l e c t r o l y t i c  

p o l i s h i n g  (F igu re  6.23 and 6 .24) .  

The o p t i c a l  measurements o f  t h e  s u r f  ace  parameters  

a f t e r  e l e c t r o l y t i c  p o l i s h i n g  cannot be considered as  r e l i a b l e  

(a l though  t h e  r e s u l t s  appear t o  be  very good) a s  t h a t  obtained 

a f t e r  mechanical  p l i s h i n g .  Although t h e  e l e c t r o l y t i c  p o l i s h -  

i n g  l eaves  v i s i b l e  p a r a l l e l  grooves,  t h e  chemical r e a c t i o n  

a t  t h e  boundar ies  of  t h e  copper g r a i n s  c r e a t e  v a r i a t i o n s  or 

grooves t r a n s v e r s e  t o  t h e  mechanical ly  c r e a t e d  grooves,  

Thus, a  p o r t i o n  of  t h e  r e f l e c t e d  l i g h t  i s  s c a t t e r e d  i n  a , l E  

d i r e c t i o n s  b u t  t h e  ma jo r i t y  i s  s t i l l  r e f l e c t e d  i n  t h e  same 

d i r e c t i o n  a s  i n  t h e  ca se  of t h e  mechanical  p o l i s h i n g ,  

Attempts a t  chemical p o l i s h i n g  were n o t  success fub ,  

Chemical r e a c t i o n  w i t h  t h e  s u r f a c e  was very  r a p i d  and d i f f i -  

c u l t  t o  c o n t r o l .  The r e s u l t s  gave a  p i t t e d  s u r f a c e  s i m i l a r  



Table 6 . 4  Tabulated r e s u l t s  of Q-value measurements 
i l l u s t r a t i n g  e f f e c t s  of e l e c t r o l y t i c  p o l i s h i n g  



A-After p o l i s h i n g  
B-Before p o l i s h i n g  

O p t i c a l  angula r  spread  i n  degrees  (measure of 
s u r f a c e  roughness)  

F igu re  6 . 2 3 .  E f f e c t s  of e l e c t r o l y t i c  p o l i s h i n g  on 
t h e  normalized Qs-values f o r  t h e  
convent iona l  r e s o n a t o r  



A-After p o l i s h i n g  
B-Sefore p o l i s h i n g  

O p t i c a l  angu la r  sp read  i n  degrees  (measure 
of s u r f a c e  roughness)  

F igure  6 .24 .  E f f e c t s  of  e l e c t r o l y t i c  p o l i s h i n g  on 
t h e  normalized Qs-values f o r  t h e  
c losed  H-guide r e s o n a t o r  





7 .  CONCLUSION 

7 . 1  Discuss ion 

The technique  developed f o r  o p t i c a l  measurements gives 

an e x c e l l e n t  scheme f o r  determining t h e  s t a t i s t i c a l  parame- 

t e r s  o f  a  rough s u r f a c e .  When t h e  parameters  were taken from 

a  rough copper s u r f a c e  and used i n  t h e  t h e o r e t i c a l  de r iva -  

t i o n ,  t h e  agreement w i th  t h e  measured r e f l e c t e d  i n t e n s i t y  

was very good. The q u a l i t y  o f  t h e  model f o r  p r e d i c t i n g  

r e f l e c t a n c e  dec reases  a s  t h e  r m s  h e i g h t  v a r i a t i o n  in ,creases  

( n o t e  F igu re  4 . 2 0 ) .  Therefore  t h e  r e s u l t s  g iven f o r  smal l  

va lues  of t h e  c o r r e l a t i ~ n  f a c t o r  6 a r e  n o t  a s  a c c u r a t e  as 

f o r  t h e  l a r g e r  va lues .  

The t h e o r e t i c a l  s u r f a c e  model was a  f l a t ,  one-dirnen- 

s i o n a l  rough s u r f a c e  and t h e  d e r i v a t i o n  of t h e  r e f l e c t e d  

i n t e n s i t y  was l i m i t e d  t o  sma l l  h e i g h t  v a r i a t i o n s .  Although 

t h i s  may seem of  r a t h e r  l i m i t e d  use ,  most p r a c t i c a l  wave- 

guides  o r  o t h e r  machined s u r f a c e s  po l i shed  by a b r a s i v e  

paper t echniques  l eave  t h e  s u r f a c e  w i t h  sma l l ,  p a r a l l e l  

grooves.  Therefore  f o r  such s u r f a c e s ,  t h i s  technique g ives  

an easy ,  nondes t ruc t ive  method f o r  r e l i a b l y  measuring the 

parameters  of  s u r f a c e  roughness. 

Although n o t  t h e  p r i n c i p l e  i n t e n t  of t h i s  i n v e s t i g a + "  ~3-oi-1, 

s e v e r a l  a r e a s  gave new and i n t e r e s t i n g  r e s u l t s .  The H-guide 

r e s o n a t o r  was shown t o  have a  lesser number of e x c i t e d  modes 

than  t h e  convent iona l  r e s o n a t o r .  The r educ t ion  of modes i s  
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d i r e c t l y  r e l a t e d  t o  t h e  t h i ckness  of t h e  d i e l e c t r i c  s t r i p  

p r e s e n t  i n  t h e  H-guide r e sona to r .  The H-guide r e sona to r  had 

t h e  a d d i t i o n a l  f e a t u r e  t h a t  t h e  magnetic f i e l d  i n t e n s i t y  nor- 

mal t o  t h e  d i e l e c t r i c  s t r i p  i s  i d e n t i c a l l y  zero ;  thus  no 

c u r r e n t  f lows a c r o s s  t h e  mating s e c t i o n s .  The u n c e r t a i n t y  of 

t h e  measurements i s  t h e r e f o r e  reduced. The exponen t i a l  de- 

c r e a s e  of  f i e l d  s t r e n g t h  wi th  t h e  normal d i s t a n c e  from the 

d i e l e c t r i c  s t r i p  gave a  l a r g e  r educ t ion  of  power flow a t  

t h e  upper and lower w a l l s  of t h e  c lo sed  H-guide r e s o n a t o r ,  

The power f low reduc t ion  gave a  l e s s e r  p o s s i b i l i t y  of leakage 

and d i s t u r b a n c e  a t  t h e s e  w a l l s .  

The d a t a  from t h e  c lo sed  H-guide had less s c a t t e r ,  

i n d i c a t i n g  t h a t  removal and replacement of t h e  s i d e  w a l l s  

produced l e s s  e f f e c t s  t han  f o r  t h e  convent iona l  r e s o n a t o r ,  

Another p o s s i b i l i t y  f o r  d a t a  s c a t t e r  was t h e  v a r i a t i o n  of 

s i d e  w a l l  p o s i t i o n i n g  b u t  t h i s  was minimized by t h e  procedure  

o u t l i n e d  i n  Sec t ion  6 . 2 .  Chemical f i l m s  w e r e  a l s o  known t o  

a f f e c t  t h e  s u r f a c e  l o s s e s  b u t  t h e  same c l ean ing  procedure  

was followed f o r  each experiment s o  t h a t  t h e  e f f e c t s  of the 

chemical  f i l m s  remained cons t an t .  F i l l i n g  t h e  c a v i t y  with 

dry  n i t r o g e n  e l imina t ed  a tmospher ic  e f f e c t s  and t h e  e f f e c t s  

of wate r  vapor.  Resu l t s  of e l e c t r o l y t i c  p o l i s h i n g  showed 

t h a t  t h e  normalized Qs-values w i th  an e l e c t r o l y t i c  p o l i s h i n g  

f i l m  p r e s e n t  on t h e  s i d e  w a l l s  were l a r g e r  than those  of 

wate r  washed w a l l s  w i th  s i m i l a r  s u r f a c e  roughness. This w a s  
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expected s i n c e  t h e  w a l l s  dipped i n  t h e  e l e c t r o l y t i c  solu- 

t i o n  gave Q-values of  approximately f i v e  p e r  c e n t  h i g h e r  

than  t h e  wate r  washed w a l l s .  This  i s  i n  agreement w i t h  t h e  

r e s u l t s  shown i n  F igures  6.23 and 6.24. 

The r e s u l t s  of t h e  c losed  H-guide r e s o n a t o r  measure- 

ments gave t h e  c l e a r e r  i n d i c a t i o n  of  t h e  e f f e c t s  of t h e  sur- 

f a c e  parameters .  A s  a  r e s u l t  of t h i s  i n v e s t i g a t i o n ,  t h e  

s u r f a c e  l o s s e s  appear t o  be h igh ly  dependent on t h e  correla- 

t i o n  f a c t o r  6 .  The F igures  6.19 and 6.20 show t o o  much 

s c a t t e r  t o  g i v e  any conc lus ive  i n d i c a t i o n  of dependence o f  

s u r f a c e  l o s s e s  on t h e  r m s  h e i g h t  v a r i a t i o n s .  

A s  f o r  f u r t h e r  s t u d i e s  it i s  recommended t h a t  investi- 

g a t i o n s  be  c a r r i e d  o u t  t o  determine t h e  e f f e c t s  a t  higher 

f r equenc ie s .  Also of i n t e r e s t  would be t h e  e f f e c t s  of 

frequency on l o s s e s  f o r  a  g iven roughness. The i n v e s t i g a t i o n  

presen ted  was l i m i t e d  t o  f r equenc ie s  n e a r  35 G H z .  Another 

a r e a  of  extreme importance i s  t h e  e f f e c t  of chemical f i l m s  

on t h e  s u r f a c e  p r o p e r t i e s .  I t  would be  of i n t e r e s t  t o  

determine i f  t h e  power l o s s e s  due t o  chemical f i l m s  change 

w i t h  e i t h e r  i n c r e a s i n g  frequency o r  t ime.  

7 . 2  Summary 

I n  t h e  s tudy  of  s u r f a c e  e f f e c t s  on t h e  l o s s e s  i n  wave- 

gu ides ,  r e l i a b l e  methods of measuring bo th  s u r f a c e  roughness 

and l o s s e s  a r e  needed. Previous  mechanical methods could n o t  

r e l i a b l y  measure rms h e i g h t  v a r i a t i o n s  of t h e  o r d e r  of a 
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few microns. By use  of a s c a t t e r i n g  theory ,  it was shown 

t h a t  l i g h t  r e f l e c t e d  from rough s u r f a c e s  con ta ins  informa- 

t i o n  t h a t  could be used t o  determine t h e  s t a t i s t i c a l  

parameters  of t h e  s u r f a c e .  By t h e  use  of a l a s e r  beam and a 

l i g h t  d e t e c t o r ,  a  scheme was used t o  measure t h e  r e f l e c t e d  

i n t e n s i t y  of one dimensional ly  rough s u r f a c e s .  I t  was shewn 

by a microscopic  examination of t h e  s u r f a c e  t h a t  t h e  s t a t i s t i -  

c a l  parameters  could be  r e l i a b l y  measured by t h e  r e f l e c t a n c e  

technique and were i n  agreement w i th  a t h e o r e t i c a l  model 

based on t h e  use  of a Laplace c o r r e l a t i o n  func t ion .  

The Q-values of  r e s o n a t o r s  were measured t o  determine 

t h e  change i n  l o s s e s  f o r  va r ious  s u r f a c e  roughnesses ,  A 

c losed  H-guide r e s o n a t o r  was shown t o  have advantages ,  for a 

demountable r e s o n a t o r ,  over  t h e  convent iona l  r e c t a n g u l a r  

r e sona to r .  The s u r f a c e  i r r e g u l a r i t i e s  w e r e  shown by Q-value 

measurements t o  have a g r e a t  e f f e c t  on s u r f a c e  l o s s e s ,  The 

r m s  h e i g h t  v a r i a t i o n  i n  t h e  way of t h i s  e v a l u a t i o n  d i d  n o t  

show a d i s t i n c t  r e l a t i o n s h i p  t o  t h e  Q-values.  The correla- 

t i o n  f a c t o r  6 on t h e  o t h e r  hand, produced a s t r o n g  effect on 

t h e  l o s s e s .  Changes of 2 0  p e r  c e n t  i n  Q-values were noted 

f o r  t h e  " roughes t"  s u r f a c e s .  The Q-value measurements w e r e  

made f o r  bo th  types  of r e s o n a t o r s  whose s i d e  w a l l s  were 

e i t h e r  mechanically o r  e l e c t r o l y t i c a l l y  po l i shed .  
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A P P E N D I X  



9. APPENDIX 

A set of copper samples similar to those used in 

Section 4.4 were measured for rms height variations with 

a Profilometer (Bendix Corporation Type QB Amplimeter and 

Type LK Tracer). The samples were also measured by the 

optical technique. The results are tabulated below where 

6 is the correlation factor and a is the rms height variation, 

Table 9.1. Comparison of Profilometer and optical results 
*. 

abrasive 

600 

rms I 
values 1 
22-24 p in. 
17-19 p in. 
13-16 1-1 in. 
13-16 p in. 
4-5 1-1 in. 
4-5 p in. 

13.0 1-1 in, 

The Profilometer results indicate smoother surfaces than 

those obtained optically. This is expected since the 

Profilometer's needle, of which the up and down motion is 

used for measuring the rms value, would not be able to follow 

the surface profile at every point on the surface, The 

needle has a radius of 500 1-1 in. and for very rapid varying 

surfaces the needle could not reach the bottom of the grooves, 

A comparison of two surfaces which were observed and measured 

microscopically (data reduction from photographic enlarge- 

ments) are as follows: 



Table  9.2. 'Comparison of P ro f i l ome te r  and measured 
s u r f a c e  parameters  

The o p t i c a l  t echnique  was known ( s e e  Chapters 3 and 4) t o  

l o s e  accuracy f o r  very  rough s u r f a c e s  such a s  G - 1  b u t  t h e  

range i s  s t i l l  good, For smoother s u r f a c e s  such a s  2 4 0  t h e  

r e s u l t s  i l l u s t r a t e  t h a t  t h e  o p t i c a l  t echnique  i s  very  goad, 

This  r e s u l t .  a l s o  i n d i c a t e s  t h a t  t h e  P ro f i l ome te r  does gi.ve 

s m a l l e r  r m s  va lues  than t h e  a c t u a l  va lues  ob ta ined  from t h e  

s u r f a c e  measured microscopica l ly .  From t h e s e  r e s u l t s  it i s  

e v i d e n t  t h a t  t h e  o p t i c a l  t echnique  developed f o r  measuring 

s u r f a c e  parameters  f o r  t h e  range of t h i s  s tudy  i s  an improve- 

ment over  such dev ices  a s  t h e  P ro f i l ome te r .  




