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I. INTRODUCTION AND SRMARY 

Radio a b s o r p t i v i t y  d a t a  for  p l ane ta ry  atmospheres obtained from space- 

c r a f t  r a d i o  o c c u l t a t i o n  experiments and earth-based r a d i o  astronomical  obser- 

v a t i o n s  can be used t o  i n f e r  abundances of  microwave absorbing atmospheric 

c o n s t i t u e n t s  i n  those  atmospheres,  as long as r e l i a b l e  informat ion  regard ing  

t h e  microwave absorbing p r o p e r t i e s  of p o t e n t i a l  c o n s t i t u e n t s  i s  a v a i l a b l e .  

The use of  t heo re t i ca l ly -de r ived  microwave abso rp t ion  p r o p e r t i e s  f o r  such 

atmospheric c o n s t i t u e n t s ,  o r  l abora to ry  measurements of such p r o p e r t i e s  under 

environmental  cond i t ions  which are s i g n i f i c a n t l y  d i f f e r e n t  than those of  t h e  

p l ane ta ry  atmosphere being s tud ied ,  o f t  e n  l e a d s  t o  s i g n i f i c a n t  m i s i n t e r p r e t  a- 

t i o n  of a v a i l a b l e  opac i ty  da t a .  Resu l t s  ob ta ined  f o r  t he  microwave o p a c i t y  

from gaseous H2S04 under s imulated Venus cond i t ions ,  dur ing  t h e  f i r s t  two 

yea r s  of Grant NAGW-533, showed t h a t  not only was t h e  o p a c i t y  from H2S04 much 

g r e a t e r  than t h e o r e t i c a l l y  p red ic t ed ,  but  t h a t  i t s  frequency (wavelength) 

dependence was f a r  d i f f e r e n t  than t h a t  t h e o r e t i c a l l y  p red ic t ed  ( S t e f f e s ,  1985 

and S t e f f e s ,  1986). Measurements made by S t e f f e s  and Jenkins  (19871, dur ing  

t h e  t h i r d  year o f  Grant NAGW-533, have shown t h a t  t he  microwave opac i ty  o f  

gaseous ammonia ("€I3) under s imulated Jovian  cond i t ions  d i d  indeed agree w i t h  

t h e o r e t i c a l  p r e d i c t i o n s  t o  wi th in  experimental  accuracy a t  wavelengths 

longward of  1.3 cm. Work performed during t h e  fou r th  year  of Grant NAGW-533 

(February 1, 1987 through January 31, 1988) and cont inuing  on i n t o  t h i s  

c u r r e n t  gran t  year  (February 1, 1988 through January 31, 1989) has  shown t h a t  

l a b o r a t o r y  measurements o f  t h e  millimeter-wave o p a c i t y  o f  ammonia between 

7.5 mm and 9.3 rn r e q u i r e s  a d i f f e r e n t  l ineshape  t o  be used i n  t h e  t h e o r e t i c a l  

p r e d i c t i o n  f o r  millimeter-wave ammonia opac i ty  than  had been previous ly  used 

(see J o i n e r  - et  -* a1 ' 1988). The r e c o g n i t i o n  of  t h e  need t o  make such 

1 



l abo ra to ry  measurements o f  s imulated p l ane ta ry  atmospheres over a range of 

temperatures  and pressures  which correspond t o  the  a l t i t u d e s  probed by both 

r a d i o  o c c u l t a t i o n  experiments and r a d i o  astronomical  obse rva t ions ,  and over a 

range of f requencies  which correspond t o  those used i n  both  r a d i o  o c c u l t a t i o n  

experiments  and r a d i o  astronomical  obse rva t ions ,  has  led  t o  the  development of  

a f a c i l i t y  a t  Georgia Tech which i s  capable  of  making such measurements. It 

has  been the  goa l  of  t h i s  i n v e s t i g a t i o n  t o  conduct such measurements and t o  

apply t h e  resul ts  t o  a wide range of  p l ane ta ry  obse rva t ions ,  both spacec ra f t  

and ear th-based,  i n  o rde r  t o  determine the i d e n t i t y  and abundance p r o f i l e s  of  

c o n s t i t u e n t s  i n  those  p l ane ta ry  atmospheres. 

The key a c t i v i t y  f o r  t h i s  g ran t  year has  cont inued t o  be l abora to ry  

measurements o f  t he  microwave and millimeter-wave p r o p e r t i e s  o f  t he  simulated 

atmospheres o f  t h e  o u t e r  p l a n e t s  and t h e i r  s a t e l l i t e s .  A s  descr ibed  i n  the  

previous Annual S t a t u s  Report f o r  Grant NAGW-533 (February 1, 1987 through 

January 31, 19881, i n i t i a l  l abo ra to ry  measurements of  t h e  millimeter-wave 

o p a c i t y  of  gaseous ammonia (NH3) i n  a hydrogedhel ium (H2/He) atmosphere, 

under s imulated cond i t ions  f o r  the  ou te r  p l a n e t s  were begun i n  1987. These 

measurements were conducted a t  f requencies  from 32 t o  40 GHz (wavelengths from 

7.5 t o  9.3 mm). It has  been found by some (e.g., de  P a t e r  and Massie, 1985) 

t h a t  t h e  observed millimeter-wave emission from J u p i t e r  i s  i n c o n s i s t e n t  w i th  

t h e  millimeter-wave abso rp t ion  spectrum p red ic t ed  using t h e  modified Ben- 

Reuven l ineshape  fo r  ammonia. In order  t o  i n v e s t i g a t e  t h i s ,  we developed a 

Fabry-Perot spectrometer  system capable  of  ope ra t ion  from 32 t o  41 GHz. This  

system has been used a t  p re s su res  up t o  2 Bars and temperatures  as low as 

150 K, which corresponds c l o s e l y  t o  the  cond i t ions  a t  a l t i t u d e s  i n  t h e  Jovian  

atmosphere most r e spons ib l e  f o r  t h e  observed mil l imeter-wave absorp t ion .  
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A complete d e s c r i p t i o n  of  t h e  millimeter-wave spec t rometer  i s  g iven  i n  

Sec t ion  11. 

I n i t i a l l y ,  we used t h i s  spectrometer  t o  complete l a b o r a t o r y  measurements 

o f  t h e  7.5  t o  9.3  mm absorp t ion  spectrum of  ammonia. The resu l t s  o f  t h e s e  

measurements were subs t an t ive  i n  t h a t  they suggested t h e  p o s s i b i l i t y  t h a t  

n e i t h e r  t h e  modified Ben-Reuven l ineshape  nor t h e  Van Vleck-Weisskopf 

l ineshape  b e s t  descr ibed  the  7.5 t o  9.3 am ( 3 2  t o  40 GHz) abso rp t ion  from 

gaseous NH3 under s imulated Jovian condi t ions .  However, because of t h e  l a r g e  

e r r o r  b a r s  f o r  t hese  i n i t i a l  measurements, i t  was not p o s s i b l e  t o  determine 

t h e  s p e c i f i c  abso rp t ion  spectrum. I n  order  t o  r e s o l v e  t h i s  u n c e r t a i n t y ,  we 

have found t h a t  i t  i s  d e s i r a b l e  t o  c h a r a c t e r i z e  the  o p a c i t y  of  ammonia t o  an 

accuracy o f  &20%. For our i n i t i a l  measurements, accu rac i e s  of no b e t t e r  than 

&60% were achieved (see  J o i n e r  e t  al . ,  1987) .  Thus, we devoted a g r e a t  dea l  

o f  e f f o r t  dur ing  the  f i r s t  h a l f  of  t h i s  c u r r e n t  g ran t  year  t o  improve t h e  

s e n s i t i v i t y  of our 7 . 5  t o  9 . 3  mm spectrometer  system, as descr ibed  i n  

Sec t ion  11. The e f f e c t  of  t h i s  improvement can be seen i n  t h e  l a b o r a t o r y  

r e s u l t s  descr ibed  i n  Sec t ion  I V .  

S ince  l a r g e r  v a r i a t i o n s  from theore t i ca l ly -de r ived  opac i ty  va lues  were 

expected at s h o r t e r  m i l l i m e t e r r a v e l e n g t h s  ( see  de Pa te r  and Massie, 1985) , 
we began ( i n  the  second h a l f  of t h i s  g ran t  year )  l abo ra to ry  measurements a t  

wavelengths nea r  3.2  mm (94  GHz), where a l a r g e  number of  obse rva t ions  of  t h e  

emiss ion  from the  ou te r  p l a n e t s  have been made. A d e s c r i p t i o n  o f  t h i s  new 

system i s  presented i n  Sec t ion  11. A b e t t e r  knowledge of  t h e  millimeter-wave 

abso rp t ion  p r o p e r t i e s  o f  NH3 i s  e s s e n t i a l ,  not  on ly  t o  h e l p  b e t t e r  

c h a r a c t e r i z e  t h e  d i s t r i b u t i o n  and abundance o f  ammonia a t  high l e v e l s  i n  

Jov ian  atmospheres, but t o  make it poss ib l e  t o  r e so lve  the  c o n t r i b u t i o n s  from 

o the r  absorbing c o n s t i t u e n t s  such as H2S ( see  Bezard e t  al.,  1 9 8 3 ) .  
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I n  some c a s e s ,  new observa t ions  o r  experiments have been suggested by 

t h e  r e s u l t s  o f  our  l abora to ry  measurements. For example, t h i s  f a c i l i t y  was 

i n i t i a l l y  developed, and then opera ted ,  i n  o rde r  t o  eva lua te  the  microwave 

absorbing p r o p e r t i e s  of  gaseous s u l f u r i c  ac id  (H2S04) under Venus atmospheric 

cond i t ions .  The r e s u l t s ,  obtained a t  13.4 c m  and 3.6 c m  wavelengths,  were 

appl ied  t o  measurements from Mariner 5 ,  Mariner 10, and e a r l y  Pioneer-Venus 

Radio Occu l t a t ion  experiments ,  t o  determine abundances o f  gaseous s u l f u r i c  

ac id  i n  t h e  Venus atmosphere, wi th  accu rac i e s  exceeding those  achieved wi th  

i n - s i t u  ins t ruments  ( S t e f f e s ,  1985). Fur ther  l a b o r a t o r y  measurements a l s o  

suggested t h a t  a s u b s t a n t i a l  v a r i a t i o n  i n  t h e  Venus microwave emission,  

r e l a t e d  t o  the  abundance of  gaseous s u l f u r i c  ac id ,  might e x i s t  near the  2 . 2  cm 

wavelength. Since no observa t ions  o f  t h e  Venus emission a t  t h i s  wavelength 

had ever  been publ ished,  we conducted observa t ions  o f  Venus using the  140-foot 

NRAO t e l e scope  and t h e  64-meter DSN/Goldstone antenna i n  A p r i l  1987 t o  not  

on ly  sea rch  f o r  t he  presence o f  t h e  pred ic ted  f e a t u r e ,  but t o  use such a 

f e a t u r e  t o  determine a planet-wide average f o r  s u l f u r i c  ac id  vapor abundance 

below t h e  main cloud l aye r .  The r e s u l t s  of  t h i s  obse rva t ion  were s u b s t a n t i a l  

i n  t h a t  they not only placed l i m i t s  on t h e  abundance and s p a t i a l  d i s t r i b u t i o n  

o f  gaseous H2S04 and SO2, but t hey  a l s o  suggested some l i m i t s  t o  long term 

temporal v a r i a t i o n s  fo r  t he  abundance of  t hese  two gases .  During the  f i r s t  

h a l f  of  t h i s  c u r r e n t  g ran t  year ,  we have completed c a l i b r a t i o n  and in t e rp re -  

t i v e  s t u d i e s  on t h e  d a t a  from t h e s e  obse rva t ions  and have submit ted a paper 

e n t i t l e d ,  "Observations o f  t h e  Microwave Emission o f  Venus from 1.3 t o  

3.6 cm," by P. G. S t e f f e s ,  M. J. Klein,  and J. M. Jenkins ,  t o  t h e  jou rna l  

Icarus. 
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Another important t o o l  f o r  eva lua t ing  p o t e n t i a l  s p a t i a l  and temporal 

v a r i a t i o n s  i n  abundance and d i s t r i b u t i o n  of  gaseous H2S04 i s  t h e  reduct ion  and 

a n a l y s i s  o f  r e c e n t l y  obtained Pioneer-Venus r a d i o  o c c u l t a t i o n  measurements. 

The 13 c m  microwave a b s o r p t i v i t y  p r o f i l e s ,  which can be obtained from t h e  

r a d i o  o c c u l t a t i o n  d a t a ,  are c l o s e l y  r e l a t e d  t o  the  abundance p r o f i l e s  f o r  

gaseous H2S04. S t a r t i n g  i n  June, w e  began t h e  r educ t ion  of  t he  1986-87 

Pioneer-Venus r a d i o  o c c u l t a t i o n  measurements (working a t  JPL with  support  from 

t h e  Pioneer-Venus Guest I n v e s t i g a t o r  Program) i n  order  t o  o b t a i n  t h e  needed 

13 c m  microwave a b s o r p t i v i t y  p r o f i l e s .  This  r e d u c t i o n  e f f o r t ,  and i t s  

p o t e n t i a l  r e s u l t s ,  a r e  d iscussed  i n  Sec t ion  V of  t h i s  r e p o r t .  

Over the  next n ine  months of  Grant NAGW-533, we in tend  t o  complete our 

l abora to ry  a n a l y s i s  o f  t he  mil l imeter-wave absorp t ion  from gaseous MI3 under 

s imulated Jov ian  cond i t ions ,  by completing our l a b o r a t o r y  s t u d i e s  a t  3.2 mm 

(94 GHz). We w i l l  t hen  develop a formulat ion which a c c u r a t e l y  p r e d i c t s  t h e  

opac i ty  from gaseous ammonia i n  a Jovian-type atmosphere over the  e n t i r e  3 mm 

t o  20 cm wavelength range ( f requencies  from 1.5 t o  100 GHz). With such a 

formula t ion  a t  our d i s p o s a l ,  we w i l l  then develop models fo r  microwave and 

millimeter-wave emission from t h e  Jovian p l a n e t s  and a d j u s t  aommonia abundance 

p r o f i l e s  so as t h e  match the  emission spectrum observed from earth-based r a d i o  

te lescopes .  We may even be ab le  t o  t ake  advantage of  t h e  a v a i l a b i l i t y  o f  

s e v e r a l  millimeter-wave r a d i o  t e l e scope  a r r a y s  i n  o rde r  t o  make obse rva t ions  

from which we could develop l o c a l i z e d  ammonia abundance p r o f i l e s  over t h e  

en t i r e  d i s k  of  one o r  more Jovian  p l ane t s .  Likewise,  we W i l l  cont inue t o  take  

advantage o f  t h e  a v a i l a b i l i t y  o f  p r o f i l e s  o f  t h e  13 cm a b s o r p t i v i t y  i n  t h e  

Venus atmosphere, which we are developing as pa r t  o f  t h e  Pioneer-Venus Guest 

I n v e s t i g a t o r  Program. These p r o f i l e s ,  which a r e  r e l a t e d  t o  t h e  d i s t r i b u t i o n  
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of gaseous H 2 S 0 4  w i l l  be inva luab le  f o r  c h a r a c t e r i z i n g  the  s p a t i a l  and 

temporal v a r i a b i l i t i e s  of H 2 S 0 4  i n  t h e  Venus atmosphere. F i n a l l y ,  we w i l l  

complete des igns  f o r  l a b o r a t o r y  in s t rumen ta t ion  which w i l l  a l low us t o  measure 

t h e  microwave and mil l imeter-wave p r o p e r t i e s  o f  l i q u i d s  and s o l i d s  under 

s imulated p l ane ta ry  cond i t ions .  A more complete d i s c u s s i o n  o f  t h i s  proposed 

f u t u r e  a c t i v i t y  i s  included i n  the  accompanying proposal t o  NASA e n t i t l e d ,  

"Laboratory Evalua t ion  and Appl ica t ion  o f  Microwave Absorpt ion P r o p e r t i e s  

under Simulated Condit ions f o r  P lane tary  Atmospheres .'I 

11. TEE CXORGIA TECH RADIO ASTRONOMY AHD 
PROPAG4TIOI ( R . A . P . )  F A C I L I T Y  

The b a s i c  conf igu ra t ion  of the  p l ane ta ry  atmospheres s imula tor  developed 

a t  Georgia Tech f o r  use i n  measurement of  t h e  microwave a b s o r p t i v i t y  o f  gases  

under s imulated cond i t ions  for  p l ane ta ry  atmospheres i s  descr ibed  a t  l ength  i n  

t h e  previous Annual S t a t u s  Report(s)  f o r  Grant NAGW-533. It i s  a l s o  d iscussed  

a t  l eng th  i n  S t e f f e s  (1986) and S t e f f e s  and Jenkins  (1987). The most r ecen t  

a d d i t i o n  t o  t h e  Georgia Tech Radio Astronomy and Propagat ion F a c i l i t y  have 

been Fabry-Perot type  r e sona to r s  capable  of  o p e r a t i o n  between 30 and 41 GHz 

and between 93 and 95 GHz. As shown i n  Figure 1, t h e  Ka-band r e sona to r  

(32-40 GHz) c o n s i s t s  of t w o  gold p l a t ed  mi r ro r s  (one w i t h  a f l a t  sur face ,  and 

one wi th  a pa rabo l i c  su r face )  separa ted  by a d i s t a n c e  o f  about 20 cm. The 

m i r r o r s  are contained i n  a T-shaped g l a s s  pipe which se rves  a s  a pressure  

ves se l  capable  o f  wi ths tanding  over 2 a t m  of p re s su re .  Each o f  t h e  t h r e e  

open ends of  t he  pipe is sea led  with an O-ring sandwiched between t h e  l i p  of  

t h e  g l a s s  and a f l a t  b r a s s  p l a t e  which i s  b o l t e d  t o  an inner  f lange .  

Electromagnet ic  energy is coupled both t o  and from t h e  r e sona to r  (which 

o p e r a t e s  a s  a bandpass f i l t e r )  by twin i r ises  loca ted  on t h e  su r face  of  t h e  
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f l a t  mir ror .  Two s e c t i o n s  of  WR-28 waveguide which are a t t ached  t o  the  i r ises  

pass  through t h e  b r a s s  p l a t e  t o  the  e x t e r i o r  of  t he  p re s su re  ves se l .  The end 

o f  each waveguide s e c t i o n  i s  pressure-sealed by a r e c t a n g u l a r  p iece  o f  mica 

which i s  held i n  p l ace  by a mixture  o f  r o s i n  and beeswax. As shown i n  

F igure  2, one of  t h e s e  ends i s  connected t o  the  sweep o s c i l l a t o r  through a 

waveguide sec t ion .  A Ka-band (26-40 GHz) mixer i s  a t t ached  t o  t h e  o t h e r  

s e c t i o n  of  waveguide and is  coupled t o  the  high r e s o l u t i o n  spectrum analyzer  

through a c a l i b r a t e d  s e c t i o n  of coax ia l  cab le .  The e n t i r e  r e sona to r ,  

inc luding  i t s  g l a s s  p re s su re  envelope, is placed i n  t h e  temperature  chamber, 

which i s  a low-temperature f r e e z e r  capable  of ope ra t ion  down t o  150 K. A 

network of s t a i n l e s s  s teel  tubing and va lves  connec ts  o t h e r  components such a s  

gas  s to rage  t anks ,  vacuum gauges, t he  pressure  gauge, and t h e  vacuum pump t o  

the  r e sona to r  assembly, so t h a t  each component may be i s o l a t e d  from the  system 

as necessary.  When proper ly  secured,  t he  sys t em i s  capable  o f  conta in ing  up 

t o  two atmospheres o f  p re s su re  without d e t e c t a b l e  leakage.  

I n  order  t o  achieve a b e t t e r  system s e n s i t i v i t y ,  which corresponds t o  a 

h ighe r  "Q" or q u a l i t y  f a c t o r  f o r  the  Fabry-Perot r e sona to r  ( see  Sec t ion  1111, 

a l l  l o s s e s  i n  t h e  r e sona to r  must  be minimized, s i n c e  the  q u a l i t y  f a c t o r  i s  

defined a s  2r t i m e s  t h e  r a t i o  o f  t h e  average energy s t o r e d  i n  the  r e sona to r  t o  

t h e  energy l o s t  (per  cyc le )  i n  the  r e sona to r .  There are t h r e e  sources  of l o s s  

which t y p i c a l l y  a f f e c t  a Fabry-Perot r e sona to r  (Co l l in ,  1966): 

( 1 )  R e s i s t i v e  l o s s e s  on the  s u r f a c e s  o f  t h e  mi r ro r s .  

(2)  Coupling l o s s e s  due t o  t h e  energy coupl ing out  o f  t he  r e sona to r  

through the  i r ises  on the  f l a t - su r faced  mi r ro r .  

(3) D i f f r a c t i o n  l o s s e s  around the  s i d e s  of  t h e  mi r ro r .  
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For previous measurements made a t  f requencies  below 22 GHz (wavelengths 

longer than  1.35 cm), i t  was found t h a t  t h e  r e s i s t i v e  l o s s e s  were predominant. 

This  was because the  measurements were conducted using c y l i n d r i c a l  r e sona to r s ,  

f o r  which no d i f f r a c t i o n  l o s s e s  e x i s t e d .  (See S t e f f e s  and Jenkins ,  1987). 

Also,  coupl ing l o s s e s  were he ld  t o  a minimum by us ing  ve ry  small  coupl ing 

loops and ir ises.  The predominance of  t h e  r e s i s t i v e  l o s s e s  i n  the  c y l i n d r i c a l  

r e sona to r s  was demonstrated when such r e sona to r s  were cooled t o  193 K i n  the  

atmospheric s imula tor .  S i g n i f i c a n t  improvement i n  the  q u a l i t y  f a c t o r  of  t h e  

r e s o n a t o r s  were observed when compared with t h e i r  room temperature  va lues .  

This was c o n s i s t e n t  with t h e  expected r educ t ion  i n  t h e  r e s i s t i v e  l o s s e s  a t  

1 ower temper a t  u re  s . 
When the  newer, h igher  frequency (32 t o  40 GHz) Fabry-Perot r e sona to r  

(F igure  1 )  was f i r s t  cooled from room temperature  down t o  203 K for  tests 

under s imulated Jov ian  cond i t ions ,  i t s  q u a l i t y  f a c t o r  appeared t o  worsen 

r a t h e r  than improve. I n i t i a l l y ,  i t  was thought t h a t  t h i s  might have been 

caused by s e p a r a t i o n  of t h e  gold p l a t i n g  on t h e  mi r ro r  s u r f a c e s  from the  back- 

s t r u c t u r e  (which had been machined from aluminum) due t o  d i f f e r e n t i a l  thermal 

con t r ac t ion .  As a r e s u l t ,  new mi r ro r s  were machined ( t o  high to l e rance )  from 

b r a s s ,  and then were p l a t ed  with t i t an ium and then  gold ,  t o  assure no separa- 

t i o n  would occur.  The performance of  t h e  new m i r r o r s  was only  margina l ly  

b e t t e r  when i n s t a l l e d  i n  t h e  r e sona to r .  Computation of  t h e  r e s i s t i v e  l o s s e s  

from t h e  m i r r o r s  showed t h a t ,  i n  t h e  absence o f  a l l  o the r  l o s s e s ,  t h e  Q o f  our 

Fabry-Perot r e sona to r  should be on t h e  order  of  250,000; whereas i t s  a c t u a l  Q 

w a s  on t h e  order  of  10,000. Therefore ,  it became c l e a r  t h a t  e i t h e r  coupl ing 

l o s s e s  o r  d i f f r a c t i o n  l o s s e s  were t h e  l i m i t i n g  f a c t o r  i n  i t s  performance, and 

t h a t  even the  in t roduc t ion  of high-temperature superconducting material would 
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not s i g n i f i c a n t l y  improve t h e  s e n s i t i v i t y  of  t h e  system. (Note, however, t h a t  

we are s t i l l  s tudying  t h e  p o s s i b i l i t y  of using high temperature  supercon- 

d u c t o r s  i n  our lower frequency, c y l i n d r i c a l  r e sona to r s  i n  order  t o  o b t a i n  

increased s e n s i t i v i t y  a t  f requencies  below 22 GHz.) 

I n  order  t o  f u r t h e r  improve t h e  q u a l i t y  f a c t o r  o f  t h e  32 t o  40 GHz 

system, some a d d i t i o n a l  improvements were made. F i r s t ,  a d j u s t a b l e  i r i s e s  were 

developed so t h a t  t h e  smallest poss ib l e  coupl ing l o s s e s  would occur ,  whi le  

s t i l l  al lowing s u f f i c i e n t  s igna l  coupl ing i n  and out of  t h e  r e sona to r  so a s  t o  

make accu ra t e  a b s o r p t i v i t y  measurements. Since t h e  i r ises  a r e  a c t u a l l y  

c i r c u l a r  ho les  which a re  placed near t h e  c e n t e r  of  the  f l a t - su r faced  mi r ro r ,  

adjustment of  t h e i r  s i z e s  i s  d i f f i c u l t .  However, two s m a l l  metal  s h e e t s  with 

V-shaped c u t s  were placed immediately behind each i r i s  i n  an a rea  where t h e  

mi r ro r  s u r f a c e  th i ckness  i s  very small .  The two s h e e t s  could be moved 

toge the r  or  a p a r t  so a s  t o  a d j u s t  t he  e f f e c t i v e  s i z e ,  and t h e r e f o r e  t h e  

coupl ing,  of  each i r i s .  Even when ad jus ted  f o r  minimal coupl ing,  however, t h e  

r e sona to r  Q was only s l i g h t l y  improved, sugges t ing  t h a t  d i f f r a c t i o n  l o s s e s  

were t h e  major l i m i t i n g  f a c t o r  t o  system s e n s i t i v i t y .  

D i f f r a c t i o n  l o s s e s  occur  due to energy being l o s t  around t h e  edges of t h e  

mi r ro r s .  These losses can be minimized by a s su r ing  t h a t  both mi r ro r s  are 

o r i en ted  d i r e c t l y  toward each o t h e r  ( i .e. ,  t h e  c e n t e r l i n e s  fo r  each m i r r o r ,  

which a r e  or thogonal  t o  the  planes o f  each mi r ro r  a t  t h e i r  c e n t e r p o i n t s ,  must  

be  c o l i n e a r ) .  Since the  pos i t i on ing  o f  t h e  mi r ro r s  can vary wi th  temperature ,  

due t o  thermal c o n t r a c t i o n  o r  expansion o f  m e t a l l i c  mounting s t r u c t u r e s ,  t h e  

temperature  dependence o f  t h e  q u a l i t y  f a c t o r  which has  been observed i s  

c o n s i s t e n t  with a system which i s  l imi t ed  by d i f f r a c t i o n  l o s s e s .  
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Two approaches can be used t o  minimize d i f f r a c t i o n  l o s s e s .  The f i r s t  

involves  p r e c i s e  po in t ing  o f  t h e  mi r ro r s .  This was accomplished by d i r e c t i n g  

t h e  beam of a helium-neon laser through the  input  waveguide and i r i s  and i n t o  

t h e  resonator .  Mirror  p o s i t i o n e r  screws could then  be ad jus t ed  so t h a t  t h e  

r e f l e c t e d  beam focused p r e c i s e l y  on the  output  i r i s .  Since the  pa rabo l i c  

mi r ro r  has a p r e c i s e l y  def ined focus,  adjustment of  i t s  exact  p o s i t i o n  i s  f a r  

more c r i t i c a l  than t h a t  of  t h e  f l a t  mir ror .  The second technique fo r  reducing 

d i f f r a c t i o n  l o s s  involves  the  use o f  l a r g e r  m i r r o r s  i n  t h e  r e sona to r .  

However, because of  s i z e  l i m i t a t i o n s  set by our p re s su re  v e s s e l ,  we are unable 

t o  s i g n i f i c a n t l y  inc rease  the  s i z e  of  t h e  mi r ro r s  i n  our system. 

Overa l l ,  our  e f f o r t s  during the  f i r s t  h a l f  o f  t h i s  g ran t  year a t  

improving the  q u a l i t y  f a c t o r  o f  ou r  32 t o  40 Ghz Fabry-Perot r e sona to r  were 

success fu l ,  but i n  themselves were not enough t o  provide t h e  needed inc rease  

i n  system s e n s i t i v i t y .  However, s ince  a b s o r p t i v i t y  i s  measured by monitor ing 

t h e  change i n  t h e  q u a l i t y  f a c t o r  of  t h e  r e sona to r  which i s  caused by t h e  

absorbing gas  mixture ,  improvements i n  our measurement technique,  descr ibed  i n  

Sec t ion  111, have allowed us t o  achieve the  r equ i r ed  system s e n s i t i v i t y .  

In  the  second h a l f  of t h i s  gran t  year ,  we implemented a s i m i l a r  system 

for o p e r a t i o n  around 94 GHz ( 3 . 2  mm). As shown i n  F igure  3, t h e  94 GHz 

re sona to r  resembles t h e  Ka-band Fabry-Perot r e sona to r  i n  t h a t  i t  c o n s i s t s  of 

two gold p l a t e  m i r r o r s ,  one with a f l a t  su r f ace  and one with a parabo l i c  

su r face .  However, t h e  94 GHz re sona to r  i s  s i g n i f i c a n t l y  d i f f e r e n t  i n  t h a t  t h e  

f l a t  mi r ro r  has a much smaller r ad ius  than  the  pa rabo l i c  mi r ro r ,  and the  foca l  

l e n g t h  of  t h e  pa rabo l i c  mi r ro r  i s  much s h o r t e r ,  r e s u l t i n g  i n  " t igh te r "  

focusing.  Mechanically,  t h e  94 GHz re sona to r  i s  supe r io r  i n  t h a t  the  para- 

b o l i c  mi r ro r  rests on two support  arms and can be ad jus ted  i n  d i s t a n c e  from 
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t h e  f l a t  mi r ro r  without d i s t u r b i n g  the  o the r  angular  adjustments .  The r e s u l t  

has been a r e sona to r  wi th  a q u a l i t y  f a c t o r  (Q) of  about 30,000. 

The 94 GHz system (Figure  4 )  func t ions  i n  the  same fash ion  as does t h e  

Ka-band s y s t e m  i n  t h a t  changes i n  t h e  Q of  t he  Fabry-Perot r e sona to r  are 

monitored as l o s s y  gas  mixtures  are introduced i n t o  t h e  p re s su re  v e s s e l .  

However, because o f  t h e  extremely high frequency o f  ope ra t ion ,  c o s t l y  

millimeter-wave components (e.g., s i g n a l  sources ,  waveguides, and mixers)  are 

requi red .  Fo r tuna te ly ,  such a resource  of  m i l l i m e t e r r a v e  equipment e x i s t s  a t  

Georgia Tech wi th in  t h e  Georgia Tech Research I n s t i t u t e  (GTRI) and has been 

made a v a i l a b l e  t o  us  fo r  t h e s e  experiments.  F igure  4,  shows a W-band (75-110 

GHz) sweep o s c i l l a t o r  whose s igna l  i s  fed i n t o  the  Fabry-Perot r e sona to r  v i a  

an i s o l a t o r ,  so as t o  provide a cons tan t  impedance both f o r  t h e  backward wave 

o s c i l l a t o r  (BWO) tube  i n  the  sweeper and fo r  t he  r e sona to r .  The r e sona to r  

output  a t  94 GHz i s  then down-converted t o  around 1.55 GHz using a harmonic 

mixer which employs t h e  t e n t h  harmonic of a s t a b i l i z e d  9.24 GHz o s c i l l a t o r .  

The 1.5 GHz s i g n a l  i s  then fed t o  the  h igh- reso lu t ion  spectrum analyzer  by 

which t h e  bandwidth (and, t h e r e f o r e ,  t h e  Q) of  the  resonance can be measured. 

The p r e s s u r i z a t i o n  systems f o r  both systems are e s s e n t i a l l y  i d e n t i c a l .  

111. EIIPEBPCeNTAL APPROACH 

The approach used t o  measure t h e  microwave a b s o r p t i v i t y  o f  t es t  gases  i n  

an  H2/He atmosphere i s  similar t o  t h a t  used previous ly  by S t e f f e s  and Jenk ins  

(1987) f o r  s imulated Jovian  atmospheres. A t  f requencies  between 32 and 

40 GHz, t h e  changes i n  t h e  Q of t h e  numerous resonances o f  t h e  Fabry-Perot 

r e sona to r  ( see  Figure 2) are r e l a t e d  t o  t h e  a b s o r p t i v i t y  of t h e  t e s t  gas 

mixture  a t  t hese  f requencies .  S imi l a r ly ,  t h e  changes i n  the  Q o f  t h e  s i n g l e  
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94 GHz resonance are r e l a t e d  t o  the  a b s o r p t i v i t y  a t  t h a t  frequency. The 

changes i n  t h e  Q o f  t h e  resonances which a re  induced by the  in t roduc t ion  of  an  

absorbing gas  mixture  can be  monitored by t h e  h igh  r e s o l u t i o n  microwave 

spectrum analyzer ,  s i n c e  Q i s  simply t h e  r a t i o  o f  t h e  c a v i t y  resonant  

frequency t o  i t s  half-power bandwidth. For r e l a t i v e l y  low-loss gas  mixtures ,  

t h e  r e l a t i o n  between t h e  a b s o r p t i v i t y  of  t he  gas  mixture  and i t s  e f f e c t  on t h e  

Q o f  a resonance i s  s t r a igh t fo rward :  

where a i s  a b s o r p t i v i t y  o f  t h e  gas  mixture  i n  Nepers Ian-'. (Note, f o r  

example, t h a t  an a t t e n u a t i o n  cons tan t  o r  abso rp t ion  c o e f f i c i e n t  o r  absorp- 

t i v i t y  of 1 Neper km -' = 2 o p t i c a l  depths  per km (or  km") = 8.686 dB km-', 

where t h e  f i r s t  n o t a t i o n  i s  t h e  n a t u r a l  form used i n  e l e c t r i c a l  engineer ing ,  

the  second is t he  u s u a l  form i n  physics  and astronomy, and the  t h i r d  i s  t h e  

common ( loga r i thmic )  form. The t h i r d  form i s  o f t e n  used i n  order  t o  avoid a 

poss ib l e  factor-of-two ambiguity i n  meaning.) Q, i s  the  q u a l i t y  f a c t o r  of  t h e  

c a v i t y  r e sona to r  when the  gas  mixture  i s  p resen t ,  Qc i s  t h e  q u a l i t y  f a c t o r  of  

t h e  resonance i n  a vacuum, and X is t he  wavelength ( i n  km) of t he  test s i g n a l  

i n  the  gas  mix tu re .  

I n  t h e  f i r s t  h a l f  o f  t h i s  g r a n t  year ,  we have made h igh  accuracy 

measurements o f  t h e  7.5 t o  9.3 mm abso rp t ion  from gaseous ammonia (NH3) i n  a 

90% H2/10X He atmosphere. a t  a temperature  o f  203 K. While even lower 

temperatures  could be achieved,  t h e  need t o  avoid t h e  r i s k  o f  ammonia 

condensat ion kept our ope ra t ing  temperatures  r e l a t i v e l y  high.  As i n  t he  

previous experiments ,  t h e  bandwidth and c e n t e r  f requencies  of  each of s e v e r a l  
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resonances between 32 and 40 GHz were measured i n  a vacuum. Next, 28 t o r r  of 

gaseous ammonia i s  added t o  the  sys tem.  The p res su re  of  t he  ammonia gas  i s  

measured with t h e  high-accuracy thermocouple vacuum gauge, as shown i n  

F igure  2. 

I n  a d d i t i o n ,  t h e  ammonia abundance can be monitored by measuring r e f r ac -  

t i v i t y  of  t h e  in t roduced  gas .  Since the  index of  r e f r a c t i o n  ( r e l a t i v e  t o  

un i ty )  a t  low p r e s s u r e  i s  p ropor t iona l  t o  t h e  ammonia gas  abundance, t h e  

a b i l i t y  of  the system t o  accu ra t e ly  measure r e f r a c t i v i t y  ( through measurement 

of t h e  frequency s h i f t  o f  resonances) can be used to  i n f e r  t he  r e l a t i v e  vapor 

abundance or  pressure .  Note t h a t  i t  i s  not yet  poss ib l e  t o  use t h i s  approach 

f o r  t he  accu ra t e  de te rmina t ion  of  abso lu t e  NH3 p r e s s u r e  s i n c e  accu ra t e  

r e f r a c t i v i t y  d a t a  f o r  t h e  7.3 t o  10 mm wavelength range i s  not a v a i l a b l e .  

( I n  f a c t ,  by us ing  our thermocouple vacuum gauge, we have made measurements of  

t h e  density-normalized r e f r a c t i v i t y  of  gaseous ammonia a t  39 GHz, and found i t  

t o  be 6.1 x N-units/molecule/cm , which i s  n e a r l y  6 t imes  t h e  value a t  

o p t i c a l  wavelengths.)  

3 

Next, 1.8 a t m  of hydrogen (H2) and 0.2 a t m  of  helium (He) a r e  added t o  

t h e  chamber, b r ing ing  the  t o t a l  p ressure  t o  2 atm. The bandwidth of  each 

resonance i s  then  measured  and compared w i t h  i t s  value when the  chamber w a s  

evacuated i n  o rde r  t o  determine the  a b s o r p t i v i t y  of t h e  gas  mixture  a t  2 atm 

t o t a l  p re s su re .  The t o t a l  p re s su re  i s  then  reduced, by ven t ing ,  t o  1 a t m ,  and 

t h e  bandwidths a r e  aga in  measured. F i n a l l y ,  t he  p re s su re  v e s s e l  i s  aga in  

evacuated and the  bandwidths aga in  measured so as t o  a s su re  no v a r i a t i o n  of  

t h e  Q ' s  of  the  evacuated r e sona to r  has  occurred.  As with  the  previous 

measurements, t h e  measured changes o f  bandwidths ( Q ' s )  can then  be used t o  

compute t h e  a b s o r p t i v i t y  o f  t h e  gas  mixtures  a t  each o f  t h e  resonant  

f requencies .  
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This  approach has  t h e  advantage t h a t  the  same gas  mixture  i s  used for  t he  

a b s o r p t i v i t y  measurements a t  t h e  va r ious  p r e s s u r e s .  Thus, even though some 

small  u n c e r t a i n t y  may e x i s t  a s  t o  the  mixing r a t i o  of  t h e  i n i t i a l  mixture ,  t h e  

mixing r a t i o s  a t  a l l  pressures a re  the  same, and thus  t h e  u n c e r t a i n t y  for  any 

der ived  p res su re  dependence i s  due only t o  the  accuracy l i m i t s  of  t h e  absorp- 

t i v i t y  measurements, and not t o  unce r t a in ty  i n  t h e  mixing r a t i o .  (This  

assumes t h a t  t he  mixing r a t i o  i s  small, so t h a t  foreign-gas broadening 

predominates, a s  i s  t h e  case  for  our measurements.) S imi l a r ly ,  measurements 

o f  t he  frequency dependence of t h e  a b s o r p t i v i t y  from the  mixture  would l i ke -  

wise be immune t o  any mixing r a t i o  unce r t a in ty ,  s ince  foreign-gas broadening 

predominates.  

For the  measurements descr ibed ,  t h e  amount of  abso rp t ion  being measured 

i s  extremely s m a l l .  Thus, any e r r o r s  i n  measurements of  ( o r  o t h e r  changes i n )  

t h e  apparent  bandwidth of  t h e  resonances,  not caused by t h e  absorbing gases ,  

could lead t o  s i g n i f i c a n t  e r r o r s  i n  the  abso rp t ion  measurement. The c o n t r i -  

b u t i o n  of i n s t rumen ta l  e r r o r s  and noise-induced e r r o r s  on such a b s o r p t i v i t y  

measurements have been d iscussed  a t  l eng th  i n  S t e f f e s  and Jenkins  (1987). 

However , because our l a tes t  measurements r ep resen t  such small  percentage 

changes i n  bandwidth, another  i n s t r u m e n t a l  source of error which we r e f e r  t o  

as d i e l e c t r i c  loading becomes a concern. 

As can be seen i n  Figure 2, t h e  r e sona to r ,  which ope ra t e s  as a bandpass 

f i l t e r ,  i s  connected t o  a s igna l  source ( t h e  mil l imeter-wave sweep o s c i l l a t o r )  

and t o  a s i g n a l  r e c e i v e r  ( t h e  h igh- reso lu t ion  spectrum ana lyze r ) .  The "Q" of  

t h e  r e sona to r ,  which i s  def ined a s  the  r a t i o  o f  energy s to red  i n  t h e  r e sona to r  

t o  t h e  energy l o s t  per cyc le ,  e q u a l s  t h e  r a t i o  o f  resonant  c e n t e r  frequency t o  

resonance half-power bandwidth. It i s  not s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h e  
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s t ronge r  the  coupl ing between the  r e sona to r  and the  spectrum analyzer  or  sweep 

o s c i l l a t o r ,  t h e  lower w i l l  be the  Q of the  resonance, s i n c e  more energy w i l l  

be  l o s t  per c y c l e  through the  waveguides connect ing the  r e sona to r  t o  the  

spectrum analyzer  and sweep o s c i l l a t o r .  For t h i s  reason ,  we have always 

designed our r e s o n a t o r s  (both  t h e  coaxial ly-coupled c y l i n d r i c a l  c a v i t y  

r e sona to r s  used below 25 GHz and the waveguide-coupled Fabry-Perot r e sona to r s  

used above 30 GHz) wi th  minimal coupl ing,  so as t o  maximize Q and t o  minimize 

t h e  changes i n  Q t h a t  might r e s u l t  from changes i n  coupl ing t h a t  occur when 

gases  are introduced i n t o  the  r e sona to r s .  It should be noted t h a t  t hese  

changes i n  coupl ing,  which are due t o  the  presence of t he  tes t  gas  mixtures ,  

are not r e l a t e d  t o  the  a b s o r p t i v i t y  of t h e  gases ,  but r a t h e r  t o  t h e  d i e l e c t r i c  

cons t an t  o r  p e r m i t t i v i t y  of  t he  t es t  gas  mixtures .  (Hence, t he  term 

"die  l e c  t r i c  load ing . I '  

We have always s t r i v e d  t o  des ign  the  coupl ing elements  o f  t h e  r e s o n a t o r s  

so t h a t  t h e  changes i n  l o s s l e s s  test  gas  abundances (and r e s u l t i n g  changes i n  

d i e l e c t r i c  c o n s t a n t )  had l i t t l e  o r  no e f f e c t  on t h e  Q of t h e  r e sona to r  a s  

measured i n  the  system. This has been no small f e a t  i n  t h a t  s l i g h t  imper-  

f e c t i o n s  i n  r e s o n a t o r s ,  c a b l e s ,  coupl ing loops,  o r  waveguides can make the  

apparent  Q of  t h e  r e sona to r  appear t o  vary  with the  abundance of such l o s s l e s s  

gases .  It has  now become a s tandard  p a r t  of our experimental  procedure t o  

repea t  abso rp t ion  measurements f o r  gas  mixtures  i n  which t h e  absorbing gas  i s  

a minor c o n s t i t u e n t ,  without t h e  absorbing gas  p re sen t .  For example, a f t e r  

measurements were made of t h e  microwave and millimeter-wave absorp t ion  from 

ammonia as a minor c o n s t i t u e n t  i n  an H2/He atmosphere, measurements of  t h e  

apparent  abso rp t ion  o f  t h e  H2/He  atmosphere without t h e  ammonia gas  were made. 

Since,  f o r  t he  p re s su res  and wavelengths involved,  t h e  H2/He atmosphere i s  
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e s s e n t i a l l y  t r a n s p a r e n t ,  no absorp t ion  was expected. I f  any apparent  absorp- 

t i o n  was d e t e c t e d ,  " d i e l e c t r i c  loading,"  or a change i n  coupl ing due t o  t h e  

d i e l e c t r i c  p r o p e r t i e s  of t h e  gases ,  was ind ica t ed .  

I n i t i a l l y ,  i f  any evidence of  d i e l e c t r i c  loading e x i s t e d ,  t h e  experiments 

were terminated and t h e  appara tus  disassembled, i nc lud ing  p res su re  s e a l s .  The 

c a b l e s  and coupl ing loops were then r ead jus t ed ,  and the  s y s t e m  reassembled and 

t e s t e d  again.  The e n t i r e  procedure was repea ted  u n t i l  t he  d i e l e c t r i c  loading 

e f f e c t  was e l imina ted  o r  minimized. I f  some small  v a r i a t i o n  i n  t h e  resonant  Q 

o r  bandwidth due t o  the  presence of  t h e  non-absorbing gases  s t i l l  remained, i t  

was added t o  t h e  u n c e r t a i n t y  or  e r r o r  b a r s  fo r  each experiment.  More r e c e n t l y  

however, we have found t h a t  t he  e f f e c t s  o f  d i e l e c t r i c  loading  a r e  a d d i t i v e ,  i n  

t h a t  they add t o  t h e  apparent  changes of  r e sona to r  bandwidth caused by t h e  

absorbing gases .  Thus, as long a s  t h e  e f f e c t s  of  d i e l e c t r i c  loading are not 

time v a r i a b l e ,  they can be removed by using the  measured va lue  o f  t he  Q of a 

resonance wi th  t h e  non-absorbing gases  present  ( i n s t e a d  of t h e  Q o f  t h e  

resonance i n  a vacuum) fo r  t he  quan t i ty  Qc i n  equa t ion  ( 3 ) .  

Another p o t e n t i a l  source of ins t rumenta l  e r r o r  which we have r e c e n t l y  

de t ec t ed  has t o  do wi th  n o n l i n e a r i t i e s  i n  the  spectrum analyzer  d i sp l ay .  We 

have found t h a t  depending on the  v e r t i c a l  p o s i t i o n  of t h e  bandpass spectrum on 

the  spectrum analyzer  CRT d i s p l a y ,  t he  peak s i g n a l  l e v e l  (and, t h e r e f o r e ,  t h e  

apparent  half-power bandwidth and r e s u l t i n g  q u a l i t y  f a c t o r )  of t he  r e sona to r  

seems t o  vary  s l i g h t l y .  This  i s  due t o  n o n l i n e a r i t i e s  i n  the  CRT v e r t i c a l  

d e f l e c t i o n  ampl i f i e r .  We have minimized t h i s  p o t e n t i a l  e r r o r  by always 

r e s e t t i n g  t h e  v e r t i c a l  p o s i t i o n  of t h e  d isp layed  spectrum t o  the  same por t ion  

o f  t h e  CRT screen .  
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As previous ly  d iscussed ,  once a tes t  gas  mixture  i s  formed i n  the  

p re s su re  v e s s e l ,  t he  same mixture i s  used f o r  measurement o f  absorp t ion  a t  

s e v e r a l  f requencies  and p res su res .  Thus, even though some unce r t a in ty  i n  

abso lu t e  mixing r a t i o  e x i s t s ,  t he  pressure  and frequency dependences of t h e  

millimeter-wave abso rp t ion  can be measured t o  high accuracy.  However, i n  

order  t o  proper ly  c h a r a c t e r i z e  t h e  magnitude of  t h e  abso rp t ion ,  t h e  ammonia 

mixing r a t i o  must  be known p r e c i s e l y .  Using the  h igh  accuracy thermocouple 

vacuum gauge shown i n  Figure 2 ,  t h e  a c t u a l  NH3 mixing r a t i o  can only be 

determined t o  an accuracy of  *20% of i t s  value.  (Note: This  corresponds t o  

(1 .85  f 0.371% NH3 volume mixing r a t i o . )  However, s i n c e  our requi red  o v e r a l l  

accuracy f o r  t h e  NH3 a b s o r p t i v i t y  measurement i s  *20%, t h i s  mixing r a t i o  

unce r t a in ty  i s  excess ive .  I n  order  t o  reduce t h i s  unce r t a in ty ,  we arranged 

f o r  a l o c a l  gas  products  supp l i e r  (Matheson Gas Products)  t o  provide us  with a 

pre-mixed hydrogen/helium/ammonia atmosphere which w a s  analyzed with a mass 

spectrometer  so t h a t  mixing r a t i o  accu rac i e s  of b e t t e r  than 2% ( i . e . ,  ( 1 . 8 5  * 
. 0 4 ) % )  were obtained.  We have used t h i s  mixture  (1 .85% NH3, 9.81% H e ,  and 

88.34% H2) f o r  the  high accuracy a b s o r p t i v i t y  measurements which are r equ i r ed  

t o  accu ra t e ly  i n f e r  ammonia abundance from millimeter-wave opac i ty  d a t a  f o r  

t h e  Jovian  p l a n e t s .  

This  same "custom" gas  mixture  has  been measured under t h e  same 

cond i t ions  ( t o t a l  pressures of  1 and 2 Bars and temperature  203 K), using t h e  

same techniques ,  a t  a s i n g l e  resonance near 94 GHz ( 3 . 2  mm). However, because 

t h e  a b s o r p t i v i t y  of  ammonia i s  less a t  3 .2  mm than i n  t h e  7.5-9.3 ma wave- 

l eng th  range,  t h e  percentage accuracy of  t h e  measurements have been worse, 

even though the  q u a l i t y  f a c t o r  o f  t h e  3 . 2  mm r e sona to r  i s  higher .  As a 

r e s u l t ,  a second "custom" gas  mixture  has  been obta ined  with an even higher  

17 



ammonia mixing r a t i o  (5.07% NH3. 85.56% H2, 9.37% He). Because of  t he  higher 

ammonia mixing r a t i o  (and t h e  need t o  avoid condensa t ion) ,  measurements of  t h e  

94 GHz a b s o r p t i v i t y  o f  t h i s  new mixture  have been conducted a t  a s l i g h t l y  

higher  temperature  (210 K) f o r  t o t a l  pressures o f  1, 1.3, and 2 Bars. 

IV. RESULTS OF LABORATORY MEASUBEWEWTS 
AND THEIR APPLICATION 

I n i t i a l  measurements of t h e  7.5 t o  9.3 mm a b s o r p t i v i t y  from NH3 i n  a 

hydrogen/helium atmosphere were conducted a t  203 K as descr ibed  i n  

Sec t ion  111, with an ammonia mixing r a t i o  o f  0.0186, a t  p re s su res  o f  1 and 

2 Bars. An examination of  t hese  ear ly  experimental  r e s u l t s  revea led  t h a t  

because of  l a r g e  e r r o r  b a r s ,  we could not determine whether t h e  modified Ben- 

Reuven l ineshape  b e s t  descr ibed  the  abso rp t ion  p r o f i l e  o f  gaseous ammonia 

shortward of  1 cm, as d iscussed  i n  Sect ions I and 11. As a r e su l t ,  we 

undertook h igher  accuracy measurements i n  the  f i r s t  h a l f  of t h i s  cu r ren t  g ran t  

year .  

R e s u l t s  o f  measurements of  t h e  32 t o  40 GHz (7.5 t o  9 . 3  mm) a b s o r p t i v i t y  

of  gaseous ammonia under s imulated Jovian  cond i t ions  (203 K) a r e  shown i n  

F igure  5 .  These measurements were made using a 88.3% hydrogen/9.81% helium 

atmosphere with a total pressure of 2 Bars. The ammonia mixing r a t i o  was 

0.0185. T r i angu la r  p o i n t s  r ep resen t  measurements of gas  mixtures  formed using 

the  thermocouple vacuum gauge (NH3 mixing r a t i o  accuracy = *20% of  i t s  va lue )  

and t h e  c i r c u l a r  p o i n t s  r ep resen t  measurements o f  t h e  pre-mixed, analyzed gas  

mixture  descr ibed  i n  Sec t ion  111. With t h i s  mixing r a t i o ,  temperatures  a s  low 

as 190 K could have been used before  s a t u r a t i o n  would have become a problem, 

but  203 K was used so as t o  be c o n s i s t e n t  wi th  ear l ie r  measurements. 
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Also, shown i n  Figure 5 are s o l i d  l i n e s  which r ep resen t  t he  

t heore t i c a l  ly-computed opac i ty  using t h e  Van Vleck-Weisskopf 1 ineshape (upper 

l i n e ) ,  t h e  modified Ben-Reuven l ineshape  (middle l i n e ) ,  and the  Zhevakin- 

Naumov l ineshape  (lower l i n e ) .  The Van Vleck-Weisskopf c a l c u l a t i o n  w a s  

performed using l inewidths  and l i n e  i n t e n s i t i e s  as per Wrixon et a l .  (1971). 

The Ben-Reuven c a l c u l a t i o n  was made as per Berge and Gulkis (19761, by 

employing a Ben-Reuven l ineshape  which has been modified so a s  t o  be consis-  

t e n t  with t h e  l abora to ry  r e s u l t s  of Morris and Parsons (19701, i n  which t h e  

9.58 GHz abso rp t ion  from NH3 ( i n  a high p res su re  H2/He  atmosphere) a t  room 

temperature  was measured. The Zhevakin-Naumov c a l c u l a t i o n  used t h e  l i neshape  

o f  Zhevakin and Naumov (1967) and l inewidths  and l i n e  i n t e n s i t i e s  from Wrixon 

-- e t  a l .  (1971). These t h e o r e t i c a l  s p e c t r a  were computed using gene ra l i zed  

computer programs f o r  which t h e  p a r t i a l  p re s su res  from H2, H e ,  and NH3, as 

w e l l  a s  frequency and temperature ,  were a d j u s t a b l e  v a r i a b l e s .  The va lues  

picked fo r  t hese  v a r i a b l e s  matched our experimental  cond i t ions .  

7- 

Inspec t ion  o f  t he  r e s u l t s  i n  F igure  5 shows t h a t  most of  t h e  measured 

d a t a  po in t s  l i e  nea res t  t o  the  theo re t i ca l ly -de r ived  a b s o r p t i v i t y  express ion  

based on the  Zhevakin-Naumov l ineshape.  This  d i f f e r s  from our pre l iminary  

measurements which suggested t h a t  the  ammonia o p a c i t y  might a c t u a l l y  exceed 

t h a t  i nd ica t ed  by t h e  modified Ben-Reuven l ineshape .  Such resu l t s  are not 

s u r p r i s i n g ,  however, i n  t h a t  the  accuracy of  t h e  new measurements i s  f a r  

g r e a t e r  than t h a t  from previous  measurements. It is a l s o  noteworthy t h a t  

o the r  r e s e a r c h e r s ,  such as de  Pa te r  and Massie (19851, have found t h a t  i n  

order  t o  b e s t  exp la in  t h e  1-10 mm J u p i t e r  emission spectrum, a d i f f e r e n t  s o r t  

o f  l ineshape  was needed t o  c h a r a c t e r i z e  the  ammonia capac i ty .  Likewise,  

p rev ious  l abora to ry  measurements of NH3 opac i ty  a t  f requencies  below 22 GHz 
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showed o p a c i t i e s  s l i g h t l y  less than those  ind ica t ed  by t h e  modified Ben-Reuven 

l ineshape  under the  same cond i t ions  of  temperature  and p res su re  ( S t e f f e s  and 

Jenk ins ,  1 9 8 7 ) .  However, i t  has  been noted by Sp i lke r  ( p r i v a t e  communication) 

t h a t  s l i g h t  changes t o  t h e  modified Ben-Reuven formula t ion  can be made which 

make i t  more c o n s i s t e n t  with longer  wavelength l a b o r a t o r y  resu l t s ,  and make it  

e s s e n t i a l l y  i d e n t i c a l  with t h e  Zhevakin-Naumov formula t ion  a t  f requencies  

between 3 2  and 4 0  GHz ( see  d i scuss ion  below). 

Our p re l iminary  r e s u l t s  a t  94 GHz, shown i n  F igure  6, d e f i n i t e l y  favor  

t h e  modified Ben-Reuven formalism. When the  d a t a  p o i n t s  f o r  opac i ty  a r e  

compared with the  theoret ical ly-computed opac i ty  using t h e  Van Vleck-Weisskopf 

l i neshape  (upper l i n e )  , t h e  modified Ben-Reuven l ineshape  (middle l i n e ) ,  and 

the  Zhevakin-Naumov l ineshape  (lower l i n e ) ,  i t  becomes c l e a r  t h a t  t h e  modified 

Ben-Reuven l ineshape  b e s t  c h a r a c t e r i z e s  t h e  opac i ty  a t  3 . 2  nun under the  

cond i t ions  o f  t h i s  measurement (Total  Pressure :  2 Bars;  Temperature: 213 K ;  

Mixing Rat ios :  5 . 0 7 %  NH, 8 5 . 5 6 %  H, 9 . 3 7 %  He). Note t h a t  t hese  t h r e e  

t h e o r e t i c a l  computations were made using the  same techniques used for  t h e  

7 . 5 - 9 . 3  mm c a l c u l a t i o n .  This  r e s u l t  i s  e s p e c i a l l y  s i g n i f i c a n t  i n  t h a t  i t  

c o n t r a d i c t s  t he  sugges t ion  by de Pa ter  and Hassie (1985) t h a t  ammonia o p a c i t y  

a t  wavelengths shortward of 7 nun must be s u b s t a n t i a l l y  g r e a t e r  than ind ica t ed  

by t h e  modified Ben-Reuven l ineshape .  Ins tead  it sugges t s  an ammonia 

abundance d i s t r i b u t i o n  d i f f e r e n t  than t h a t  proposed, - o r  t h e  presence o f  o t h e r  

mil l imeter-wave absorbing c o n s t i t u e n t s ,  such a s  was suggested by Bgzard 

( 1 9 8 3 ) .  

Our pre l iminary  resu l t s  a t  94  GHz are a l s o  s i g n i f i c a n t  i n  t h a t  they a r e  

not c o n s i s t e n t  wi th  the  Zhevakin-Naumov l ineshape ,  and t h e r e f o r e ,  confirm t h e  

sugges t ion  by Sp i lke r  and Eshleman ( 1 9 8 8 )  t h a t  a f u r t h e r  mod i f i ca t ion  t o  Ben- 
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Reuven l ineshape  b e s t  d e s c r i b e s  t h e  microwave abso rp t ion  spectrum of NH3 under 

Jovian  cond i t ions .  However, i t  should be noted t h a t  t h i s  only a p p l i e s  a t  

p re s su res  of 2 Bars o r  g r e a t e r .  A t  p r e s su res  w e l l  below 2 Bars, i t  i s  

expected t h a t  t h e  abso rp t ion  of NH3 w i l l  r e v e r t  t o  t h a t  computed using t h e  Van 

Vleck-Weisskopf formula t ion ,  which w i l l  be e s p e c i a l l y  n o t i c e a b l e  a t  frequen- 

cies f a r  from 1-2 cm inve r s ion  resonances.  Therefore ,  we hope t o  be ab le  t o  

c h a r a c t e r i z e  t h i s  t r a n s i t i o n  from the  modified Ben-Reuven l ineshape  t o  the  Van 

Vleck-Weisskopf l i neshape  by f u r t h e r  s tudy of t h e  94 GHz o p a c i t y  of NH3 ( i n  an 

H 2 / H e  atmosphere) i n  the  1 t o  2 Bar p re s su re  range. 

V. OBSERVATIONAL AND I ~ B P R E T I V E  STUDIES 

As descr ibed  i n  the  previous Annual S ta tus  Report f o r  Grant NAGW-533 

(February 1, 1987 through January 31, 19881, s t u d i e s  o f  our r ecen t  measure- 

ments of  t h e  1.35 t o  3.6 cm emission from Venus have suggested t h a t  long term 

temporal and/or s i g n i f i c a n t  s p a t i a l  v a r i a t i o n s  i n  the  abundance of  SO2 and 

gaseous H2S04 may occur immediately below t h e  main cloud l a y e r  (48 km and 

below). Our obse rva t ion ,  which was predominantly of  e q u a t o r i a l  and mid- 

l a t i t u d e  r eg ions  of Venus, i nd ica t ed  a s i g n i f i c a n t l y  lower SO2 abundance than  

was measured i n  1978 by t h e  Pioneer-Venus Sounder Probe, and a l o w e r  average 

abundance of  gaseous H2S04 than would have been i n f e r r e d  from e a r l i e r  Pioneer- 

Venus r a d i o  o c c u l t a t i o n  s t u d i e s  o f  subcloud opac i ty  a t  13 cm. Some o r  a l l  of 

t h i s  d i f f e r e n c e  may be due t o  s p a t i a l  v a r i a t i o n s  i n  the  subcloud H2S04 

abundance s i n c e  most o f  t h e  e a r l y  Pioneer-Venus r e s u l t s  were f o r  p o l a t  

l a t i t u d e s  (Cimino, 1982). S imi l a r ly ,  our resul ts  may be c o n s i s t e n t  wi th  t h e  

ear l ier  e q u a t o r i a l  13 cm r a d i o  o c c u l t a t i o n  opac i ty  measurements made with the  

Mariner 10  spacec ra f t  (Lipa and Taylor ,  19791, where the  peak opac i ty  would 
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correspond t o  a ve ry  l a r g e  abundance of  gaseous H2S04, but  t h e  average 

subcloud opac i ty  was s i g n i f i c a n t l y  lower. 

One important t o o l  f o r  eva lua t ing  these  e f f e c t s  i s  t h e  r educ t ion  of  t h e  

microwave d a t a  from t h e  1986-87 Pioneer-Venus r a d i o  o c c u l t a t i o n  measurements. 

Th i s  d a t a  was taken  over a wide range of  l a t i t u d e s  and could be c r i t i c a l  fo r  

determining whether temporal v a r i a t i o n s  or  s p a t i a l  v a r i a t i o n s  i n  gaseous H2S04 

abundance could be occurr ing .  Working with D r .  Arvydas J. Kl io re  (P-V 

Radioscience Leader) ,  our  group has obtained the  c u r r e n t l y  unreduced d a t a  and 

(working a t  JPL) begun reducing the  d a t a  t o  o b t a i n  a b s o r p t i v i t y  p r o f i l e s  fo r  

t h e  1986-87 epoch. 

Over the  next year, we w i l l  reduce d a t a  obta ined  from the  F a l l  1986/ 

Winter 1987 Pioneer-Venus Radio Occul ta t ion  Observat ions.  Since the  i n i t i a l  

conversion from amplitude and doppler  ( f requency)  d a t a  t o  r e f r a c t i v i t y  and 

a b s o r p t i v i t y  p r o f i l e s  can be most e f f i c i e n t l y  completed a t  JPL, we have made 

arrangements t o  send graduate  s tuden t s  t o  J P L  f o r  t h i s  a c t i v i t y .  Support f o r  

t r a v e l  and s tudent  s a l a r i e s  fo r  t he  r educ t ion  e f f o r t  a t  JPL has been obtained 

from the  Pioneer-Venus Guest I n v e s t i g a t o r  Program. 

Af te r  t h e  i n i t i a l  r educ t ion ,  we hope t o  have dependable 13 cm wavelength 

r e f r a c t i o n  and abso rp t ion  p r o f i l e s  €or a range of altitudes i n  the Venus 

atmosphere reaching  down t o  38 lan and f o r  l a t i t u d e s  ranging form e q u a t o r i a l  t o  

po la r .  F igure  7 shows a pre l iminary  13 cm a b s o r p t i v i t y  p r o f i l e  der ived  from 

r a d i o  d a t a  obtained during the  e n t r y  o c c u l t a t i o n  of Orbi t  2801 on August 6 ,  

1986. (Note: This  i s  the  f i r s t  such a b s o r p t i v i t y  p r o f i l e  which has  been 

der ived  s i n c e  Orbi t  358 - November 28, 1979) .  This  o c c u l t a t i o n  probed the  

Venus atmosphere a t  52" l a t i t u d e  and the  r a y  pa th  t r ave r sed  mainly t h e  night  

s i d e  of t he  p l ane t .  For t h i s  o r b i t ,  t he  spacec ra f t  s i g n a l  was only  r ece ivab le  
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a t  the  Goldstone DSS-14 r e c e i v e r  down t o  a perlapsis a l t i t u d e  of  43.7 km 

be fo re  r e c e i v e r  lock was l o s t .  (This assumes a p l ane ta ry  r a d i u s  o f  6052 km.) 

It is hoped t h a t  o t h e r  o r b i t s  may be  found which probe deeper i n t o  the  

atmosphere be fo re  l o s s  of  s i g n a l ,  but  because t h e  Pioneer-Venus s t e e r a b l e  

antenna no longer  t r a c k s  t h e  limb of t h e  p lane t  ( t h e  d i r e c t i o n  the  r a d i o  r ay  

t r a v e l s  back t o  e a r t h )  dur ing  t h e  o c c u l t a t i o n ,  t h e  r e s u l t i n g  lower s i g n a l  

l e v e l  may prevent  probing deeper than the  40 km a l t i t u d e .  

To show the  use fu lness  of  t h e  13 cm opac i ty  d a t a  f o r  i n f e r r i n g  the  n a t u r e  

o f  t h e  gaseous H2S04 abundance, we compare i n  F igure  8 t h e  measured absorp- 

t i v i t y  p r o f i l e  from o r b i t  2801N with t h a t  a b s o r p t i v i t y  which would r e s u l t  from 

a s a t u r a t i o n  abundance o f  gaseous H2S04 (from S t e f f e s ,  1985) i n  the  43 t o  

55 km a l t i t u d e  range. It can be seen t h a t  for  a l t i t u d e s  i n  t h e  49 t o  51 km 

a l t i t u d e  range ( t h e  nominal a l t i t u d e  range of  t h e  Venus lower cloud - see 

Ragent and Blamont, 19801, a b s o r p t i v i t y  va lues  c l o s e  t o  those  caused by a 

s a t u r a t i o n  abundance o f  gaseous H2S04 a r e  seen. A t  lower a l t i t u d e s ,  most 

va lues  fo r  a b s o r p t i v i t y  a r e  below those  caused by a s a t u r a t i o n  abundance. It 

should be noted t h a t  e r r o r  b a r s  fo r  t h i s  pre l iminary  a b s o r p t i v i t y  d a t a  have 

not ye t  been computed, but  are expected t o  be on t h e  order  o f  *0.001 dB/km 

(*O, 00023 km-'). 

F igure  9 shows t h e  f u l l  ex t en t  t o  which a p p l i c a t i o n  o f  our  l abora to ry  

r e s u l t s  can be c a r r i e d .  The abundance o f  gaseous H2S04 (der ived  from the  

a b s o r p t i v i t y  p r o f i l e  i n  Figure 5 by using l abora to ry  r e s u l t s  from S t e f f e s ,  

1985) i s  p l o t t e d  a s  a f u n c t i o n  o f  a l t i t u d e ,  along wi th  a p l o t  o f  t h e  

s a t u r a t i o n  abundance o f  gaseous H2S04, f o r  comparison. As our work i n  the  

Pioneer-Venus Guest I n v e s t i g a t o r  Program y i e l d s  more a b s o r p t i v i t y  p r o f i l e s  f o r  

a wide range of  l o c a t i o n s  i n  the  Venus atmosphere, we hope t o  be  a b l e  t o  wel l  
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c h a r a c t e r i z e  the  abundance, s t r u c t u r e ,  and s p a t i a l  v a r i a t i o n s  o f  gaseous H 2 S 0 4  

i n  t h e  Venus atmosphere. We a l s o  hope t o  make comparative s t u d i e s  wi th  

e a r l i e r  r a d i o  astronomical  and r a d i o  o c c u l t a t i o n  measurements i n  order  t o  

d e t e c t  poss ib l e  temporal v a r i a t i o n s  i n  H 2 S 0 4  abundance and s t r u c t u r e .  

Also, our  new resul ts  f o r  t he  3.2 mm opac i ty  o f  ammonia under Jovian  

cond i t ions  holds  promise f o r  new i n t e r p r e t i v e  s t u d i e s  and poss ib ly  some new 

obse rva t iona l  s t u d i e s  of  t h e  millimeter-wave emission s p e c t r a  from the  o u t e r  

p l ane t s .  We inc lude  f u r t h e r  d i scuss ion  of  t h i s  i n  t h e  a t t ached  proposal .  

VI. PUBLICATIONS AND INTERACTION WITH 

OTHER INVESTIGATORS 

In  the  f i r s t  h a l f  of  t he  c u r r e n t  gran t  year ,  a paper was completed and 

accepted for p u b l i c a t i o n  i n  I ca rus  , desc r ib ing  resu l t s  and a p p l i c a t i o n s  o f  

some experiments performed during the  previous year of Grant NAGW-533 ( Jenkins  

and S t e f f e s ,  1988a). This  paper d e s c r i b e s  l a b o r a t o r y  measurements o f  t h e  

microwave abso rp t ion  of methane (CH4) and water  vapor ( H 2 0 )  under s imulated 

Jov ian  cond i t ions .  The paper a l s o  concludes,  t h a t  based on these  l abora to ry  

r e s u l t s ,  n e i t h e r  methane nor water vaport  can be r e spons ib l e  f o r  t h e  excess  

microwave o p a c i t y  de t ec t ed  a t  wavelengths between 10 and 20 cm i n  t h e  

atmosphere of J u p i t e r .  This suppor ts  t he  presence of an ammonia abundance 

which exceeds s o l a r  abundance by a f a c t o r  o f  1.5 i n  t h e  2 t o  6 Bar l e v e l s  i n  

J u p i t e r ' s  atmosphere. 

I n  a d d i t i o n ,  a s  d i scussed  i n  Sec t ion  I, we completed a paper desc r ib ing  

obse rva t ions  and i n t e r p r e t i v e  s t u d i e s  of  t he  1.3 t o  3.6 cm Venus emission 

spectrum ( S t e f f e s  et a l . ,  1988). Likewise, a paper d e s c r i b i n g  the  r e s u l t s  and 

a p p l i c a t i o n s  of  t h e  l abora to ry  measurements of  t h e  mil l imeter-wave opac i ty  o f  

ammonia descr ibed  i n  Sec t ion  IV has  been submitted f o r  p u b l i c a t i o n  i n  I ca rus  

24 



( Jo ine r  e t  a l . ,  1988a). We a l s o  submitted updated summaries o f  our most 

recent  l abora to ry  measurements fo r  i nc lus ion  i n  the  twenty-second i s s u e  of  t h e  

Newsletter of  Laboratory Spectroscopy f o r  P lane ta ry  Science.  

We a t tended  t h e  20th Annual Meeting o f  t h e  Div is ion  f o r  P lane ta ry  

Sciences of t h e  American Astronomical Soc ie ty  t h e  week of  October 30 through 

November 4. I n  a d d i t i o n  t o  present ing  our work involv ing  t h e  Venus s t u d i e s  

(Jenkins and S t e f f e s ,  1988b), our l a tes t  l a b o r a t o r y  r e s u l t s  f o r  t he  

mil l imeter-wave o p a c i t y  from ammonia were presented by GRA Joanna J o i n e r  

( J o i n e r  e t  a l . ,  1988b -- a b s t r a c t  a t t ached) .  -- 
I n  a d d i t i o n  t o  t h e  observa t ions  of Venus and a n a l y s i s  work conducted 

j o i n t l y  with Dr. Michael J. Klein of  J P L ,  we have a l s o  worked with D r .  Michael 

A. Janssen of  J P L  regard ing  models fo r  t h e  Venus atmosphere, i n t e r p r e t a t i o n  o f  

microwave emission measurements, and t h e o r e t i c a l  models f o r  t he  abso rp t ion  

spectrum of H2S04. A p r e s e n t a t i o n  of  our l abora to ry  r e su l t s  fo r  s imulated 

Venus and Jov ian  atmospheres was given a t  J P L  on September 9, 1988. We have 

a l s o  worked with D r .  Arvydas J. Kl iore  of  JPL on the  r educ t ion  and i n t e r p r e -  

t a t i o n  of  d a t a  from recen t  Pioneer-Venus Radio Occu l t a t ion  S tud ie s  a s  pa r t  of 

our  involvement i n  the  Pioneer-Venus Guest  I n v e s t i g a t o r  Program. More 

informal contacts  have been maintained with groups a t  the California I n s t i t u t e  

of Technology ( D r .  Duane 0. Muhleman and h i s  s tuden t s ,  regard ing  i n t e r p r e -  

t a t i o n  of  r a d i o  astronomical  measurements o f  Venus and the  o u t e r  p l a n e t s ) ,  a t  

t h e  Stanford Center f o r  Radar Astronomy (V. R. Eshleman, G. L. Tyler ,  and 

T. S p i l k e r ,  regard ing  Voyager resu l t s  f o r  the  o u t e r  p l a n e t s ,  and l abora to ry  

measurements), and a t  JPL ( D r s .  Robert Poynter and Samuel Gulkis,  regard ing  

r a d i o  astronomical  obse rva t ions  of t h e  ou te r  p l a n e t s  and Venus). We have a l s o  

worked wi th  D r .  Imke de Pa te r  (Univers i ty  of Cal i fornia-Berkeley)  by using our  
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l abo ra to ry  measurements o f  atmospheric gases  i n  the  i n t e r p r e t a t i o n  of r a d i o  

astronomical  obse rva t ions  of Venus and the  ou te r  p l ane t s .  We have a l s o  

s tud ied  p o s s i b l e  e f f e c t s  of  t h e  microwave opac i ty  of cloud l a y e r s  i n  the  ou te r  

p l a n e t s  atmospheres. In  t h i s  a rea ,  we have worked both with D r .  de  Pa te r  and 

with D r .  Paul Romani (NRC Associa te ,  Goddard SFC). 

D r .  S t e f f e s  has  a l s o  been a c t i v e  i n  the  review of  proposals  submitted t o  

t h e  P lane ta ry  Atmospheres Program a t  NASA (both  a s  a "by-mail" reviewer and as 

a member o f  both the  March 1988 and September 1988 review panels )  and as a 

reviewer of  manuscr ip ts  submitted t o  I ca rus  and the  Jou rna l  of Geophysical 

Research, f o r  which D r .  S t e f f e s  i s  an Associate  Ed i to r .  We have a l s o  

cont inued t o  se rve  the  p l ane ta ry  community through t h e  d i s t r i b u t i o n  of 

r e p r i n t s  of  our a r t i c l e s  desc r ib ing  our  l abora to ry  measurements and t h e i r  

a p p l i c a t i o n  t o  microwave and millimeter-wave d a t a  from p lane ta ry  atmospheres. 

The r e su l t s  o f  t h e s e  measurements have been used i n  the  mission planing f o r  

r a d i o  and radar  systems aboard the  Ga l i l eo  and Magellan miss ions ,  and more 

r e c e n t l y ,  f o r  proposed experiments fo r  the Cass in i  mission.  D r .  S t e f f e s  a l s o  

p a r t i c i p a t e d  as a member of t he  I n t e r n a t i o n a l  J u p i t e r  Watch (IJW) Laboratory/ 

Theory Di sc ip l ine  Team. Another source o f  c l o s e  i n t e r a c t i o n  wi th  o t h e r  

p l a n e t a r y  atmospheres p r i n c i p a l  i n v e s t i g a t o r s  has  been D r .  S t e f f e s '  membership 

i n  t h e  P lane tary  Atmospheres Management and Operat ions Working Group (PAMOWG) . 
Travel  support  fo r  D r .  S t e f f e s '  a t tendance  a t  PAMOWG meet ings,  as well as t h e  

November AAS/DPS meeting, has  been provided by Georgia Tech i n  support  of 

P lane ta ry  Atmospheres Research. Also i n  support  of  P l ane ta ry  Atmospheres 

Research, Georgia Tech provided $2,000 fo r  requi red  r e p a i r s  and maintenance t o  

t h e  u l t r a -co ld  f r eeze r  system used i n  the  ou te r  p l a n e t s  atmospheric s imula tor .  
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As i n  t he  p a s t ,  we have maintained contac t  with members of  t h e  Georgia 

congress iona l  de l ega t ion ,  keeping them aware o f  our work and aware of  ou r  

continued support  f o r  t h e  s o l a r  system exp lo ra t ion  program. We were espe- 

c i a l l y  pleased wi th  the  support  rece ived  from Senator Wyche Fowler fo r  t h e  

CRAF/Cassini "new start ,"  a f t e r  b r i e f i n g  h i s  s t a f f  on t h i s  issue.  

VII. CO~CLUSIOA 

In  the  f i r s t  h a l f  of  t h i s  gran t  year ,  we continued t o  conduct l abora to ry  

measurements o f  t h e  millimeter-wave p r o p e r t i e s  o f  a tmospheric  gases  under 

s imulated cond i t ions  fo r  t h e  ou te r  p l ane t s .  S i g n i f i c a n t  improvements i n  our 

system made i t  poss ib l e  t o  a c c u r a t e l y  c h a r a c t e r i z e  t h e  opac i ty  from gaseous 

NH3 a t  longer  mi l l imeter -wavelengths  (7 .5  t o  9.3 mm) under s imulated Jovian 

cond i t ions .  In the  second h a l f  of  t h i s  gran t  year ,  we extended such measure- 

ments t o  even s h o r t e r  mill imeter-wavelengths (3.2 mm). The pre l iminary  

r e su l t s  o f  t h e s e  measurements have been s i g n i f i c a n t  i n  t h a t  they seem t o  

i n d i c a t e  t h a t  t h e  l a r g e  o p a c i t i e s  pred ic ted  by a number of workers a t  t h e s e  

wavelengths are indeed i n c o r r e c t  and t h a t  a form of t h e  modified Ben-Reuven 

formalism f o r  computing t h e  millimeter-wave opac i ty  from ammonia i s  c o r r e c t .  

In t he  next n ine  months o f  t h e  g r a n t ,  we w i l l  complete t h i s  study. We w i l l  

a l s o  p u r s u e  f u r t h e r  a n a l y s i s  and a p p l i c a t i o n  of  our l abora to ry  r e s u l t s  t o  

microwave and millimeter-wave abso rp t ion  d a t a  f o r  the  o u t e r  p l a n e t s ,  such as 

resu l t s  from Voyager Radio Occu l t a t ion  experiments and earth-based r a d i o  

astronomical  observa t ions .  We a l s o  intend t o  pursue t h e  a n l a y s i s  o f  a v a i l a b l e  

mul t i - spec t r a l  microwave opac i ty  d a t a  from Venus, inc luding  d a t a  from our  most 

r ecen t  r a d i o  astronomical  observa t ions  i n  the  1.3 t o  3.6 cm wavelength range 

and newly obtained Pioneer-Venus Radio Occu l t a t ion  measurements a t  13 c m ,  

us ing our l abora to ry  measurements as an i n t e r p r e t i v e  t o o l .  
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Figure 6: Absorptivity of gaseous mixture (5 .07% NH 9 .37% He, and 3’ 85.56% H2) under simulated Jovian conditions (Total pressure: 
2 Bars, Temperature: 2 1 0 K ) .  Shown for comparison 
(horizontal lines), are the theoretically computed values 
from the Van Vleck-Weisskopf formalism (top line), the 
modified Ben Reuven formalism (middle line), and the 
Zhevakin-Naumov formalism (lower line), 



Figure  7’: Absorp t iv i ty  p r o f i l e  (pre l iminary)  de r ived  from 13-cm r a d i o  d a t a  
(2.293 GHz) obta ined  dur ing  t h e  e n t r y  o c c u l t a t i o n  of Pioneer- 
Venus O r b i t  2801 (August 6,1986). P e r i a p s i s  l a t i t u d e  i s  52”N. 
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Figure8 : Comparison of absorptivities measured with radio occultation 
technique (circular points -- from Pioneer-Venus Orbit 2801- 
entry occultation) with absorptivity which would result from 
saturation abundance of H2S04 (from Steffes, 1985). The 
absorption coefficient scale is logarithmic (exponents of 10). 
A l l  measurements were made at the 13-cm wavelength (2.293 GHz). 
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F igu re  9 :  Abundances of gaseous H SO i n f e r r e d  from Pioneer-Venus 2 4  13-cm a b s o r p t i v i t y  p r o f i l e s  ( c i r c u l a r  p o i n t s )  compared 
wi th  t h e  s a t u r a t i o n  abundance p r o f i l e  of gaseous H SO 2 4  (from S t e f f e s ,  1985). The mixing r a t i o  s c a l e  i s  
loga r i thmic  (exponents of l o ) .  
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