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I. INTRODUCTION 

This  F i n a l  Report summarizes the  work performed under Contract  No. 
NASW-1283 f o r  the  per iod  17 September 1966 through 1 March 1968. The 
o v e r a l l  problems a s soc ia t ed  wi th  the physics  of p l ane ta ry  atmosphere and 
t h e  broad v a r i e t y  of s c i e n t i f i c  a r e a s  which have been considered are d i s -  
cussed most convenient ly  under the fol lowing major ca t egor i e s :  

A. Photochemistry of p l ane ta ry  atmospheres 
B. Theore t i ca l  s t u d i e s  
C. 

D. P l ane ta ry  aeronomy 

Laboratory i n v e s t i g a t i o n s  i n  the  VW (2000-10008) and the  EUV 
(below 10008) s p e c t r a l  reg ions  

During the performance of t he  s u b j e c t  c o n t r a c t ,  a number of r e p o r t s  
were generated which have been submitted and accepted f o r  p u b l i c a t i o n  i n  
acc red i t ed  jou rna l s .  I n  some c a s e s ,  a more d e t a i l e d  d i scuss ion  of t he  
ma te r i a l  i s  a v a i l a b l e  i n  the  form of published GCA Technical Reports.  I n  
any even t ,  the  p e r t i n e n t  in format ion  concerning the  j o u r n a l  p u b l i c a t i o n  
i s  presented below f o r  each of  the  c a t e g o r i e s  prev ious ly  c i t e d :  

A. Photochemistry of P lane tary  Atmospheres 

"Laboratory Rate C o e f f i c i e n t s  f o r  P o s i t i v e  Inn-Neutral  React ions i n  
the  Ionosphere," by P. Warneck, J. Geophys. Res. 72 ,  1651 (1967). 

1 "Reactions of D Oxygen Atoms 111. Ozone Formation i n  the  14708 
Pho to lys i s  of 0 'I by P. Warneck and J. 0. S u l l i v a n ,  J. Chem. Phys. 46, 
953 (1967). 2 '  

"Gas Analysis  by Photo ioniza t ion  Mass Spectrometry," by W .  
Poschenrieder  and P.  Warneck. J .  Appl. Phys. 37, 2812 (1966). 

"On the Quenching of the  630051." by P. Warneck and J .  0. Sul l ivan ,  
P l ane t .  Space S c i .  5, 1225 (1966). 

"Studies  of Ion-Neutral  React ions by a Photo ioniza t ion  Mass Spec- 
t rometer  Technique, 11. 
Thermal Energies ,"  by P. Warneck, J. Chem. Phys. 4 6 ,  513 (1967). 

Charge Transfer  React ions of  Argon Ions  a t  Near 

"Studies of Ion-Neutral  React ions by a Photo ioniza t ion  Mass Spec- 
t rometer .  111. Severa l  Icnospheric  Reactions," by P. Warneck, P l ane t .  
Sc i .  15, 1349 (1967). 

"Studies of Ion-Neutral  p a c t i o n s  by a Photo ioniza t ion  Mass Spec- 
trometer.  IV. React ions of He wi th  Nitrogen and Oxygen," by P. Warneck, 
J. Chem. Pltys. 47, 4279 (1967). 
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"Primary Processes  i n  the Pho to lys i s  of SO2 a t  1849g,11 by J. N. 
D r i s c o l l  and P. Warneck, J.  Chem. Phys. (submitted A p r i l  1968). 

B. Theore t i ca l  S tud ie s  

"The Diurnal  Var i a t ion  of Ionospheric  Temperatures, by A. Dalgarno, 
M. B. McElroy and J. C.  G. Walker, P l ane t .  Space S c i .  15, 331 (1967). 

11 Ion Temperatures i n  the  Topside Ionosphere," by A. Dalgarno and . 
J. C.  G. Walker, P l ane t .  Space Sc i .  15, 200 (1967). 

"Atom-Atom C o l l i s i o n  Processes  i n  Ast rophys ics :  Theore t i ca l  Studies ,"  
by A .  Dalgarno. Rev. Mod. Phys. 2, 850 (1967). 

"Some Problems i n  P lane ta ry  Atmospheres Involving C o l l i s i o n  Processes ,"  
by A. Dalgarno, Rev. Mod. Phys. 39, 858 (1967). 

"Dipole P r o p e r t i e s  of Molecular Nitrogen," by A. Dalgarno, T. C. 
Degges and D. A.  Williams, Proc. Phys. SOC. (London) 92, 291 (1967). 

"Elec t ron  Cooling i n  the  Upper Atmosphere," by A.  Dalgarno and T. 
C .  Degges. P l ane t .  Space Sc i .  16, 125 (1968). 

"Optical  P r o p e r t i e s  of Molecular Jlydrogen," by G. A. Vic tor ,  J. C. 
Browne and A.  Dalgarno, Proc.  Phys. SOC. (London) 92, 42 (1967). 

"Electron Impact E x c i t a t i o n  of the  Dayglow," by A. Dalgarno, M. B. 
McElroy and A.  I. Stewart ,  P l ane t .  and Space Sc i .  (submitted Apr i l  1968). 

C. Laboratory I n v e s t i g a t i o n s  i n  the  WV (2000-10008) and 
the  EW (below 10008) S p e c t r a l  Regions 

"Photoabsorption S tud ie s  of Hydrogen Discharges," by R. B. Ca i rns  
and J. A. R. Samson, Proc.  Phys. SOC. (London) 90, 879 (1967). 

"Vacuum U l t r a v i o l e t  Research," by J. A. R ,  Samson, Appl. Opt. 5 
403 (1967). 

"The Rela t ive  Pho toe lec t r i c  Yield and Transmittance of A& Films," 
by R. B. Cairns  and J .  A. R. Samson, J. Opt. SOC. Am. !30, 879 (1967). 

" Ioniza t ion  P o t e n t i a l  of 0 by J. A. R. Samson and R. B. Cairns ,  2 '  J. Opt .  SOC. Am. 5 6 ,  769 (1966). 

- 4  

4. 

" Ion iza t ion  P o t e n t i a l  of Molecular Xenon and Krypton," by J. A. R. 
Samson and R. B. Ca i rns ,  J.  Opt. SOC. Am. 5 6 ,  1140 (1966). 

2 



"Total Absorption Cross Sec t ions  of CO and CO i n  t h e  Region 550-200g," 
by R. B. Cairns  and J. A. R. Samson, J. Opt. SOC. i m .  56, 526 (1966). 

"Reflectance and Rela t ive  Transmittance of Laser  Deposited I r i d i u m  i n  
t h e  Vacuum U l t r a v i o l e t , "  by J .  A. R. Samson, J. P. Padur, and A. Sharma, 
3 .  Opt. Soe. Am, 57, 966 (1967). 

"Metal Photocathodes a s  Secondary Standards f o r  Absolute I n t e n s i t y  
Measurements i n  the  Vacuum U l t r a v i o l e t , "  by R. B. Cairns  and J .  A. R. 
Samson, J .  Opt. SOC. Am. 56, 1568 (1966). 

"Photoelectron Spectroscopy of t he  Rare Gases," by J .  A.  R. Samson 
and R.  B. Cairns ,  Phys. Rev. (submitted A p r i l  1968). 

D .  P lane tary  Aeronomy 

2 "Experimental Evidence f o r  X e  Molecules," by Shardanand, Phys. Rev. - 160. 67 (1967). 

"Photon S c a t t e r i n g  Cross Sec t ions  a t  Lyman-a (1215.72) f o r  He and 
N e . "  by Shardanand and Y .  Mikawa, J .  Quant.  Spectry.  Radia. Trans. I ,  
605 (1967). 

"Sca t te r ing  Cross Sec t ions  of Argon and Krypton i n  the  VW," by 
R.  B. Cairns ,  F. F. Marmo and 3 .  A .  R. Samson, J .  Opt. SOC. Am. (sub- 
mi t ted  A p r i l  1968). 

A s i g n i f i c a n t  p o r t i o n  of the  research  r e s u l t s  generated under the  
s u b j e c t  c o n t r a c t  have been presented a t  v a r i o u s  s c i e n t i f i c  and t e c h n i c a l  
meetings. This information i s  presented below. 

E .  Technical Papers Presented a t  S c i e n t i f i c  and/or 
Profess iona l  Meetings 

"Charge Transfer  React ions of Argon Ions a t  Near Thermal Energies," 
by P .  Warneck a t  t h e  19 th  Annual Gaseous E l e c t r o n i c s  Conierence held a t  
t h e  At lan ta  Americana Motor Hotel ,  A t l a n t a ,  Georgia on October 12-14, 
1966. 

"The Kinet ic  Energies o f  Photoelectrons,"  by J. A. R. Samson, i n v i t e d  
t a l k  d e l i v e r e d  a t  t he  NASA-Ames Research Center,  10 January 1967. 

"Photoelectron Spectroscopy, by J .  A. R.  Samson, i n v i t e d  t a l k  d e l i v e r e d  
a t  the  Univers i ty  o f  Southern C a l i f o r n i a ,  13 January 1967. 

Conference on t h e  Atmospheres of Mars and Venus (F. F. Marmo), spon- 
sored by NASA-Goddard Space F l i g h t  Center (ISS) and Kitr Peak Nat ional  
Observatory,  and held i n  Tucson. Arizona, February 2 8  - March 2 ,  1967. 
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"Photoelectron Spectroscopy," by J. A.  R. Samson, i n v i t e d  t a l k  de-  
l i v e r e d  a t  seminar held a t  the  A i r  Force Cambridge Research Laboratory,  
A p r i l  10, 1967. 

"The S c a t t e r i n g  Cross Sec t ion  of Argon i n  the  Vacuum U l t r a v i o l e t , "  
by R. B. Cairns ,  J .  A.  R .  Samson, and F. F. Marmo, con t r ibu ted  paper p re -  
sen ted  by R. B. Ca i rns  a t  Meeting of t he  Op t i ca l  Soc ie ty  of  America, 
Columbus, Ohio, Apr i l  1 2 ,  1967. 

Vacuum U l t r a v i o l e t  Radia t ion ,"  by J .  A. R. Samson, i n v i t e d  t a l k  I t  

de l ive red  a t  seminar he ld  a t  Syracuse Univers i ty ,  A p r i l  21,  1967. 

"Laboratory S tudies  Employing a Photo ioniza t ion  Mass Spectrometer," 
by P. Warneck, i n v i t e d  t a l k  de l ive red  a t  seminar held a t  the A i r  Force 
Cambridge Research Labora tor ies ,  May 4 ,  1967. 

"Specif ic  Photo ioniza t ion  Cross Sec t ions  of X e ,  D r ,  and A r , "  by 
J. A .  R. Samson, i n v i t e d  t a l k  de l ive red  a t  F i f t e e n t h  Annual Conference 
on Mass Spectroscopy and Al l i ed  Topics, Denver, Colorado,May 14, 1967. 

"Ul t r a v  i o  le t Sa t e 1 1 i t e Obse rva t i on  of Noc t i 1 ucen t C 1  ouds , by F. 
F. Marmo. A.  Engelman, and H. A. Miranda, J r . ,  con t r ibu ted  paper p re -  
sented by F. F. Marmo a t  AGU Meeting held i n  Washington, D. C . ,  17-20 
A p r i l  1967. 

"Specif ic  Photo ioniza t ion  Cross Sec t ions  of Atoms and Molecules," 
by J .  A .  R .  Samson and R. B. Ca i rns ,  con t r ibu ted  paper presented  by 
J. A .  R. Samson a t  American Phys ica l  Society Meeting, Toronto, Canada, 
June 21, 1967. 

1 "Reactions of  D Oxygen Atoms, React ions wi th  N 0, N . and C02," 2 by P.  Warneck, presented  a t  I n t e r n a t i o n a l  Conference on Pzotochemiscry, 
Munich, Germany, September 6-9, 1967. (No t r a v e l  expense on the c u r r e n t  
c o n t r a c t  involved . )  

"Photoionizat ion Mass Spectrometry and I ts  Appl ica t ions  t o  Chemical 
Physics ,"  by P. Warneck, presented paper, Department of Chemistry, North- 
e a s t e r n  Univers i ty ,  March 25, 1968. 

"Photon S c a t t e r i n g  i n  the  WV," by F. F. Marmo, R. B. Cairns ,  and 
J .  A .  R. Samson, For ty-n in th  Annual Meeting of  AGU, Washington, D. C., 
A p r i l  10. 1968. 

The remainder of t h i s  r epor t  desc r ibes  the r e s u l t s  of the s e v e r a l  
p l ane ta ry  physics  i n v e s t i g a t i o n s  which have been performed under the 
p re sen t  c o n t r a c t  e f forL.  These d i scuss ions  a r e  b r i e f  s ince  a more com- 
prehensive d e s c r i p t i o n  of the  work is a v a i l a b l e  i n  the  c i t e d  re ferences .  
A s  such, t he  ensemble. of pub l i ca t ions  are summarized by t e c h n i c a l  areas, 
accompanied by a t a b u l a t i o n  o f  t h e  published papers .  For convenience, a 
dual  re ference  system i s  employed i n  which the  publ ished ma te r i a l  gener-  
a t e d  under the  c u r r e n t  program i s  ind ica t ed  by an appropr i a t e  le t ter-  
number des igna t ion ,  whereas o t h e r  r e fe rences  are des igna ted  by Arabic 
numerals. 
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11. SUMMARY OF TECHNICAL WORK PERFORMED FOR THE PERIOD 
15 SEPTEMBER 1966 THROUGH 29 FEBRUARY 1968 

The t e c h n i c a l  progress  accomplished under t h e  program i s  descr ibed  
i n  the  present  s e c t i o n  i n  f o u r  g e n e r a l  c a t e g o r i e s :  (A) photochemistry 
o f  p lane tary  atmospheric c o n s t i t u e n t s ,  (B) t h e o r e t i c a l  s t u d i e s ,  (6) 
per imental  i n v e s t i g a t i o n s  i n  the  VOV (2000-100013) and E W  (below LOO 
s p e c t r a l  r eg ions ,  and (D) p l a n e t a r y  aeronomy. S p e c i f i c a l l y ,  t h e  b r i e f  
d i s c u s s i o n s  under each ca tegory  inc lude  comprehensive b i b l i o g r a p h i e s  on 
the  s c i e n t i f i c  material publ ished elsewhere.  I n  t h i s  manner, t h e  i n t e r -  
e s t e d  reader  can  o b t a i n  d e t a i l e d  accounts  on any s p e c i f i c  t op ic  o f  
s p e c i a l  i n t e r e s t .  However, i n  o r d e r  t o  present  t h e  genera l  scope and 
na ture  of t h e  problems i n v e s t i g a t e d ,  b r i e f  t e c h n i c a l  summaries a r e  i n -  
cluded f o r  each major t op ic  f o r  which t h e  key d a t a  a r e  presented along 
wi th  cogent comments on t h e  a n a l y s i s ,  u t i l i t y  and s c i e n t i f i c  va lue  o f  
t he  d a t a  p e r t i n e n t  t o  c u r r e n t  problems on p l a n e t a r y  aeronomy. 

A .  Photochemistry of P l a n e t a r y  Atmospheric C o n s t i t u e n t s  

The d e t a i l e d  r e s u l t s  of t h e  photochemical s t u d i e s  accomplished under 
the  present  c o n t r a c t  e f f o r t  a r e  a v a i l a b l e  i n  t h e  s e v e r a l  publ ished r e p o r t s  
included i n  the  fol lowing b i b l i o g r a p h i e s  : 

A - 1 .  '"Mass Analysis  of Photo ioniza t ion  Products  i n  t h e  VW and EW 
S p e c t r a l  Regions," by F .  Warneck and F. F. Marmo, Q u a r t e r l y  Progress  
Report No. 9 ,  June 1967, pp. 8-18. 

A - 2 .  "Gas Analys is  by Photo ioniza t ion  Mass Spectrometer," by W.  
Poschenrieder  and P. Warneck, J .  Appl. Phys. 37, 2813 (1966). 

A - 3 .  "On the Quenching of t h e  63002 Radia t ion ,"  by P. Warneck and 
J .  0. S u l l i v a n .  P l a n e t .  Space S e i .  14, 1225 (1966). 

A-4. "Photochemical S tudies  of Minor C o n s t i t u e n t s  i n  P l a n e t a r y  
Atmospheres: 
Q u a r t e r l y  Progress  Report No. 10, pp. 13-15 and Quar te r ly  Progress  R e -  
p o r t  No. 11 ,  December 1967, pp. 8-12. 

P h o t o l y s i s  of H 2 0  and HCA," by P. Warneck and F. F. Marmo, 

A - 5 .  "Photochemical Generat ion of Precursors  t o  Sul fur  Containing 
Amino Acids." by P. Warneck and F. F. Marmo, Q u a r t e r l y  Progress  Report 
No. 1 2 ,  March 1968, pp. 12-16, and Q u a r t e r l y  Progress  Report No. 10, 
September 1967.  

1 A-6. "Reactions of D Oxygen Atoms 111. Ozone Formation i n  t h e  
1470A P h o t o l y s i s  of O,," by P. Warneck and J. 0. Sul l ivan ,  J.  Chem. Phys. 
46, 953 (1967). L 



A - 7 .  "Primary Processes i n  the Pho to lys i s  of SO a t  1849w," by 
J. N.  D r i s c o l l  and P .  Warneck, J. Chem. Phys. (submitged A p r i l  1968) 
and Q u a r t e r l y  Progress  Report No. 12 ,  March 1968, pp. 4-12. 

A-8. "Photochemistry of P lane ta ry  Gases i n  the  EUV (below l O O O ~ ) , "  
by P. Warneck, Quar t e r ly  Progress  Report No. 7 ,  December 1966, pp. 3-5 
and Q u a r t e r l y  Progress  Report No. 11, December 1967, pp. 4-8. 

A-9. "Studies of Ion-Neutral  Reactions by a Pho to ion iza t ion  Mass 
Spectrometer Technique, 11. Charge Trans fe r  Reac t ions  of Argon Ions  
a t  Near Thermal Energies," by P. Warneck, J .  Chem. Phys. 46, 513 (1967) 
and Quar t e r ly  Progress  Report No. 7 ,  December 1966, pp. 5-13. 

A-10. "Studies of Ion  Neut ra l  Reactions by a Pho to ion iza t ion  Mass 
Spectrometer Technique, 111. Several Ionospheric Reactions, ' '  by P. 
Warneck, P l ane t .  Space Sc i .  15, 1349-1359 (1967) and Quar t e r ly  Progress  
Report No. 7 ,  December 1967, pp. 7-13. 

A - 1 1 .  "Studies of Ion-Neutral  Reactions by a Pho to ion iza t ion  Mass 
-t Spectrometer Technique, I V .  Reactions of He wi th  Nitrogen and Oxygen," 

by P.  Warneck, J .  Chem. Phys. 47 ( l o ) ,  4279-4281 (15 November 1967); 
Quar te r ly  Progress Report No. 8, March 1967, pp. 4-10 and Quar t e r ly  Pro- 
g r e s s  Report No. 9, June 1967, pp. 3-8. 

A - 1 2 .  "Laboratory Rate C o e f f i c i e n t s  f o r  P o s i t i v e  Ion-Neutral  Reac- 
t i o n s  i n  the  Ionosphere," by P. Warneck, J.  Geophys. Res. 72, 1651 (1967) 
and Quar te r ly  Progress  Report No. 10, September 1967, pp. 3-7. 

The major con ten t  of t he  m a t e r i a l  d i scussed  i n  these  p u b l i c a t i o n s  i s  
b r i e f l y  summarized below. For t h i s  purpose, i t  i s  convenient t o  note 
t h a t  the o v e r a l l  r e s u l t s  a r e  d iscussed  i n  terms of the  f o u r  fo l lowing  
subtopics :  (1) WV photochemical i n v e s t i g a t i o n s  involv ing  minor con- 
s t i t u e n t s  i n  the  atmospheres of Ear th ,  Mars, and Venus, (2) photochemis- 
t r y  of p l ane ta ry  atmospheric gases  i n  s o l a r  EW r a d i a t i o n ,  (3) l abora -  
t o ry  measurements of  ion-molecule r e a c t i o n s  and mechanisms occur r ing  
i n  p l ane ta ry  ionospheres,  and (4) mass and i o n  energ  de te rmina t ions  of 
pho to ion iza t ion  products  due t o  s o l a r  VW (1000-20003ij and EUV ( A  < 1OOOg)  
r a d i a t i o n .  

1. WV photochemical i n v e s t i g a t i o n s  i n v o l v i w  minor c o n s t i t u e n t s  
i n  p l ane ta ry  atmospheres. - It has been we l l  e s t a b l i s h e d  t h a t  the  
presence of minor c o n s t i t u e n t s  i n  p l ane ta ry  atmospheres may p lay  a rnajor 
r o l e  i n  e s t a b l i s h i n g  s p e c i f i c  atmospheric and/or ionospher ic  parameters.  
This i s  u s u a l l y  a consequence o f  the i n i t i a l  i n t e r a c t i o n  between the  
minor c o n s t i t u e n t  and the  WV and/or EW inc iden t  s o l a r  f l u x ,  i . e . ,  the 
EW-VUV photochemistry of minor c o n s t i t u e n t s .  A p o r t i o n  of the  c u r r e n t  
program e f f o r t  has involved i n v e s t i g a t i o n  of the WV photochemistry i n  
the  fo l lowing  t h r e e  problem a r e a s :  ( a )  t he  photochemistry of  s imula ted  

6 



p l a n e t a r y  atmospheres con ta in ing  t r a c e  amounts of HCR and/or H 0 i n  CO 
and/or CO 

o f  p recu r so r s  t o  s u l f u r  con ta in ing  amino a c i d s  (A-5) .  Since the  d e t a i l e d  
r e s u l t s  and ana lyses  a r e  desc r ibed  i n  t h e  sources  c i t e d  above, on ly  
b r i e f  summary d i s c u s s i o n s  a r e  presented  below. 

a .  WV photochemical i n v e s t i g a t i o n s  on t h e  r o l e  o f  minor c o n s t i t u -  

2 (A-4),* (b) the  r o l e  of SO2 WV (A = 18498) pho to lys i s  i n  
the  Ea r th  ? s atmosphere (A-7) and, (c) t he  WV photochemical gene ra t ion  

e n t s  i n  the  atmospheres of Mars and Venus. -Recent  i n t e r f e r o m e t r i c  i n -  
v e s t i g a t i o n s  [1]** on the  atmospheres of Mars and Venus have demonstrated 
unambiguously the  presence of water vapor, hydrogen c h l o r i d e ,  and hydro- 
gen f l u o r i d e .  Although these  s p e c i e s  r ep resen t  minor c o n s t i t u e n t s ,  they 
may play  s i g n i f i c a n t  r o l e s  i n  t h e  aeronomy of t hese  atmospheres. It i s  
i n t e r e s t i n g  t o  note t h a t  none o f  t he  i d e n t i f i e d  o r  suspec t  major c o n s t i -  
t u e n t s  ( i . e . ,  C02,  N2, A r ,  Ne, and CO) absorb  r a d i a t i o n  f o r  X > 17508. 
On the  o t h e r  hand, water vapor, HCR, and HF absorb  r a d i a t i o n  a t  t hese  
longer wavelengths where the  major s o l a r  UV f l u x  i s  loca ted .  Thus, i n  
the  p l ane ta ry  atmospheres cons idered ,  i t  i s  expected t h a t  s o l a r  photo- 
decomposition of t hese  minor c o n s t i t u e n t s  should occur ;  furthermore,  
s ince  the  major c o n s t i t u e n t s  a r e  t r anspa ren t  t o  these  r a d i a t i o n s ,  t he  
photochemical r e a c t i o n s  can  occur a t  r e l a t i v e l y  low a l t i t u d e s  o r ,  indeed, 
i n  the  c a s e  of Mars, perhaps down t o  the  p l ane ta ry  su r face .  I n  o r d e r  t o  
b e t t e r  eva lua te  the  r o l e  of minor c o n s t i t u e n t s  i n  p l ane ta ry  atmospheres, 
a l abora to ry  study was i n i t i a t e d  f o r  t he  expres s  purpose of measuring the  
photodecomposition products  a s s o c i a t e d  wi th  simulated atmospheres con- 
t a i n i n g  c o n t r o l l e d  amounts of H20  and/or  HCR (HF involves  a number of ex-  
per imenta l  d i f f i c u l t i e s  which precluded i t  from the  p re sen t  i n v e s t i g a t i o n ) .  

Laboratory s t u d i e s  of H20  o r  HC& photodecomposition i n  the  presence 
of C 0 2  and/or CO a r e  complicated by s e v e r a l  f a c t o r s :  (i) the  quantum 
y i e l d s  f o r  decomposition of pure H20  and HCR a r e  low (of the  o rde r  o f  
0.01, presumably due t o  back r e a c t i o n s ) ;  (ii) t h e  abso rp t ion  i s  of a n  
in t e rmed ia t e  s t r e n g t h ;  (iii) no r e a d i l y  a v a i l a b l e  l i g h t  sources  ex is t  
i n  the s p e c t r a l  r eg ion  XX 1700-18002, where both minor s p e c i e s  absorb  
s t rong ly  . 

For the  p re sen t  ‘purpose, t he  r e l a t i v e l y  low i n t e n s i t y  1 7 4 d  atomic 
n i t rogen  (doublet)  resonance l i n e s  were genera ted  i n  a d i scharged  mixture 
of argon and n i t rogen ,  Experimental d e s c r i p t i o n s  involv ing  the  i r r a d i a -  
t i o n  o f  H 2 0  and HCJ i n  t he  presence of C02 and CO are presented  below 
even though on ly  nega t ive  resu l t s  were obta ined .  

The l i g h t  source employed f o r  the  p h o t o l y s i s  experiments w a s  a 
microwave-powered d ischarge  lamp [ 2 ]  opera ted  wi th  a flow of 20 percent  
n i t r o g e n  i n  a rgon  a t  a p re s su re  of 2 t o r r .  I m p u r i t i e s  i n  the  gas s t ream 
were removed by passage through a l i q u i d  n i t r o g e n  t r a p .  The emission 
* 
** Bibliography 

Numbers i n  [ ] r ep resen t  r e fe rence  numbers. 
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spectrum of t h i s  lamp was examined by Okabe [3], who found s t r o n g  l i n e  
groups a t  1493-14952 and 1743-17452. 
(14932) was removed by us ing  a GE q u a r t z  window between the  lamp and 
t h e  pho to lys i s  v e s s e l .  The lamp i n t e n s i t y  was determined wi th  the  ozone 
ac t inometer  [4]. Oxygen, a t  atmospheric p re s su re  and a flow ra te  of 
5 cc/sec, was i r r a d i a t e d  wi th  the  a rgon-n i t rogen  lamp, and the ozone 
produced was trapped i n  an  a c i d i c  s o l u t i o n  of potassium iodide .  Ozone 
ox id izes  t h e  iod ide  ion  t o  I which, i n  iod ide  s o l u t i o n ,  exists a s  I- 2 3' The absorbence of t h e  s o l u t i o n  was measured a t  3530g i n  a 5-cm ce l l  
wi th  a Perkin-Elmer 4000g spectrophotometer.  The concen t r a t ion  of t he  
t r i - i o d i d e  i o n  was c a l c  l a t e d  us ing  Beer's law and a n  e x t i n c t i o n  c o e f -  
f i c i e n t  o f  26400 M-lcm-' [5] .  The blank absorbence ( l i g h t  source  o f f )  
was s u f f i c i e n t l y  small t o  be n e g l i g i b l e  f o r  these  measurements. 

The s h o r t  wavelength l i n e  group 

Thel t igh t  f l u  from the  lamp, a s  determined by actinometry,  was 

c m - l ,  

about 10 quanta lsec ,  which i s  i n  good agreement wi th  t h e  r e s u l t s  of 
Okabe [3] .  
and HCR [ 7 ]  i n  t h i s  r eg ion  a r e  approximately 100 and 35 atm-l 
r e s p e c t i v e l y .  Because of t h e  divergence of the  l i g h t  source beam and 
t h e  low p a r t i a l  p re s su res  of the absorbing spec ie s  (H20 o r  HCR), a 
150 m a ,  6-mm diameter  hemispherical  r e a c t o r  was employed t o  ensure  t h a t  
a l l  the  r a d i a t i o n  from the lamp was absorbed by the  sample. 

A t  1743-17458, on ly  the  minor c o n s t i t u e n t s  such a s  H20 [6]  

The p h o t o l y s i s  v e s s e l  and vacuum system were evacuated wi th  a d i f -  
f u s i o n  pump p r i o r  t o  i r r a d i a t i o n .  The system was f i l l e d  t o  about 750 
t o r r  w i th  C 0 2  o r  CO, whereupon the  p h o t o l y s i s  v e s s e l  was sea l ed  o f f  
from the  main system wi th  a stopcock and 1 . 5  pa (approximately 10 t o r r )  
o f  d i s t i l l e d  water  was added wi th  a sy r inge  through a vacuum-tight 
septum. Following i r r a d i a t i o n ,  t he  sample was expanded i n t o  a n  evacu- 
a t e d  t r a n s f e r  c e l l  f o r  gas  chromatographic a n a l y s i s  w i th  an F & M Model 
700 gas chromatograph. A number of simulated p l ane ta ry  atmospheric mix- 
t u r e s  con ta in ing  between 1 and 10 t o r r  of H 0 i n  carbon monoxide were 
i r r a d i a t e d  f o r  pe r iods  of one to  th ree  hours i n  t h e  s p e c t r a l  r eg ion  
where water vapor r e p r e s e n t s  the  only  absorber  (1 = 1744a). Decomposi- 

r e l a t i v e l y  low i n t e n s i t y  of t he  microwave powered l i g h t  source employed 
i n  the experiment (20 percent  N i n  argon) and t o  the  l imi t ed  s e n s i -  
t i v i t y  of t he  chromatograph (108 ppm), 
phas i s  was a p p l i e d  both i n  opt imiz ing  the  source i n t e n s i t y  and inc reas ing  
the  d e t e c t i o n  c a p a b i l i t y  of t h e  system. Concerning the  former, the  add i -  
t i o n a l  e f f o r t  r e s u l t e d  i n  the  inc rease  of source  i n t e n s i t y  from about 
1 x 1014 t o  5 x 
redesigned t o  e l i m i n a t e  the  t r a n s f e r  c e l l  and t o  decrease  the  t o t a l  
volume of the  r e a c t i o n  v e s s e l .  The new r e a c t o r  c o n s i s t s  of a 1.75-cm 
diameter Pyrex tube, 10 cm i n  length ,  w i t h  a s u p r a s i l  qua r t z  window ce- 
mented on one end. 
j o i n t  which can be i n s e r t e d  d i r e c t l y  i n t o  the  lamp housing. Following 
evacuat ion  wi th  a d i f f u s i o n  pump, t h e  v e s s e l  was f i l l e d  t o  atmospheric 
p re s su re  wi th  carbon monoxide, s ea l ed  by a t e f l o n  stopcock, and placed 

2 

. t i o n  products could not be de t ec t ed  by gas chromatography owing t o  t h e  

On t h i s  b a s i s ,  a d d i t i o n a l  e m -  

quanta l sec .  Addi t iona l ly ,  t he  r e a c t i o n  vessel was 

This tube was fused on to  a 34/35 s tandard  t a p e r  
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i n  t he  lamp housing f o r  i r r a d i a t i o n .  
added through a vacuum-tight septum incorpora ted  i n t o  the  ves se l .  Af t e r  
i r r a d i a t i o n  f o r  one t o  th ree  hours with the  a rgon-n i t rogen  lamp, the  
v e s s e l  was removed and the  sample was expanded i n t o  a n  evacuated sample 
loop on the  gas  chromatograph. 

The minor c o n s t i t u e n t  (H20) was 

The F & M Model 700 chromatograph i s  equipped wi th  a thermal con- 
d u c t i v i t y  d e t e c t o r  w i th  a temperature programming c a p a b i l i t y .  The 
chromatograph was operated a t  maximum s e n s i t i v i t y  ( f i lament  c u r r e n t  
275 mA) with  the  sample being introduced through the  gas  sampling valve.  
The o r i g i n a l  0.5-cc sample loop was replaced by a 10-cc loop t o  inc rease  
the  s e n s i t i v i t y  t o  a d e t e c t i o n  l i m i t  of 5 ppm. 

Since the  s t r u c t u r e s  of t he  poss ib l e  pho to lys i s  products  exh ib i t ed  
cons iderable  v a r i a t i o n ,  good sepa ra t ion  could not  be obtained with a 
s i n g l e  column. Therefore,  the  two bes t  s u i t e d  columns were s e l e c t e d  from 
F & M Company (Hewlett Packard), the  f i r s t  of which was a 6- foot  molecu- 
l a r  s i eve  5A column. Although oxygen, hydrogen, carbon oxides,  a lkanes,  
e t c .  a r e  e a s i l y  separa ted ,  aldehydes o r  ketones a r e  no t .  The second 
column was s e l e c t e d  because of i t s  a b i l i t y  t o  sepa ra t e  formaldehyde o r  
o t h e r  carbonyl  compounds. The experimental  r e s u l t s  employing e i t h e r  
column ind ica t ed  t h a t  no o t h e r  new products  were de t ec t ed .  

I f  i t  i s  assumed t h a t  t he  quantum y i e l d  W 0.01 f o r  the  photochemi- 
c a l  process ,  then i r r a d i a t i o n  of the  sample f o r  one hour would be ex-  
pected t o  produce product concen t r a t ions  of about 50 ppm. This  i s  an 
order  of magnitude above the  d e t e c t i o n  l i n e  of approximately 5 ppm. 
This i s  an i n d i c a t i o n  t h a t  the  quantum y i e l d  of t h i s  process  i s  e i t h e r  
extremely low ( i . e . ,  < 0.01) o r  nonexis ten t .  The new improved system 
was then a l s o  employed t o  i n v e s t i g a t e  CO-HCR and C02-HCR mixtures.  
The procedure adopted e s s e n t i a l l y  dupl ica ted  t h a t  employed f o r  the  H20 
photochemistry s t u d i e s .  Here aga in ,  a l though runs  were performed f o r  
per iods  a s  long a s  t h r e e  hours,  no new products  were de t ec t ed .  Thus, 
the  comments t h a t  apply t o  the  nega t ive  r e s u l t s  observed f o r  the  CO-H20 
and C02-H20 c a s e s  apply  here  as we l l .  No f u r t h e r  experimental  e f f o r t  
was performed s ince  the  nega t ive  r e s u l t s  i nd ica t ed  t h a t  ( a t  l e a s t  f o r  
s o l a r  r a d i a t i o n  i n  the  wavelength v i c i n i t y  of 1700-18002) the  photochem- 
i s t r y  of t he  minor c o n s t i t u e n t s  ( in  the  atmospheres of Mars and Venus) 
HCR and H20 does not s i g n i f i c a n t l y  a f f e c t  any of the  major atmospheric 
parameters which can  be measured with p re sen t  experimental  c a p a b i l i t y .  

b. Photochemical genera t ion  of p recu r so r s  t o  e s s e n t i a l  s u l f u r  
con ta in ing  amino ac ids .  - A  number of s u l f u r  con ta in ing  amino a c i d s  
(e .g . ,  c r y s t e i n e ,  methionine, e t c . )  a r e  e s s e n t i a l  t o  t he  o r i g i n ,  develop- 
ment, and sustenance of l i f e .  For t h i s  reason, i t  i s  of i n t e r e s t  t o  i n -  
q u i r e  a s  t o  the  source of t hese  i n g r e d i e n t s  i n  p r imi t ive  atmospheres. 
For example, i t  is  poss ib l e  t h a t  these  compounds (or t h e i r  p recursors )  
a r e  r e a d i l y  produced under cond i t ions  which reasonably s imula te  the  
p e r t i n e n t  environmental  cond i t ions  t h a t  o b t a i n  f o r  so l a r - i l l umina ted  
p r imi t ive  p l ane ta ry  atmospheres. On the  b a s i s  of present  evidence, i t  
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appears  t h a t  t hese  atmospheres were reducing i n  c h a r a c t e r  ( i .e. ,  NH3, 
CH4, C2H4, H2, e tc . )  and could have contained trace elements  such a s  
H S (due t o  volcanism) [ 8 ]  which absorbs s t r o n g l y  a t  wavelenths g r e a t e r  
t i a n  2500g [9] .  
u l t r a v i o l e t  s o l a r  f l u x  r e p r e s e n t s  the s t r o n g e s t  a v a i l a b l e  source  i n  
p r i m i t i v e  times [lo]. On t he  b a s i s  of e n e r g e t i c  cons ide ra t ions  t h e  
bulk  of t h i s  W r a d i a t i o n  r e s i d e s  a t  wavelengths exceeding 2500 a . 
t he  presence o f  H2S i n .  t h e  p r i m i t i v e  atmosphere makes a v a i l a b l e  a n  
u l t r a v i o l e t  s e n s i t i z e r  (absorbs inc iden t  [ X  > 2500x1 photons, t hen  
t r a n s f e r s  t h i s  energy to  o t h e r  molecular c o n s t i t u e n t s  by c o l l i s i o n s )  so 
t h a t  the  s o l a r  energy can  be e f f i c i e n t l y  t r a n s f e r r e d  i n t o  the  genera-  
t i o n  of  new chemical spec ie s  (no o t h e r  l i k e l y  c o n s t i t u e n t s  absorb  X > 
2500g). Previous i r r a d i a t i o n  (1849g and 2537g) experiments (A-5) i n -  
vo lv ing  s imulated (CHq, NH3, H20 and H2) p r i m i t i v e  atmospheres [8] 
have demonstrated the  photochemical gene ra t ion  of  amino ac ids .  The 
exposure of s imulated atmospheres con ta in ing  H2S t o  an  i n t e n s e  2537A 
r a d i a t i o n  source could y i e l d  s u l f u r  con ta in ing  amino a c i d s  which are 
e s s e n t i a l  t o  the  development of l i f e  under p r i m i t i v e  cond i t ions .  The 
above experiments were performed under the  c u r r e n t  program, t h e  re- 
s u l t s  of  which a r e  s u m r i z e d  b r i e f l y  below. 

Concerning the  l a t t e r ,  t he  photochemically act ive 

Thus, 

A mercury l i g h t  source wi th  10 wat t s  ou t  u t  was employed wi th  96 

source was loca ted  i n  the  c e n t r a l  wel l  o f  a 5 - l i t e r  qua r t z  vessel . .  A 
complete g l a s s  magnetic p i s t o n  pump of the  Watson des ign  w a s  incorpor-  
a t e d  t o  c i r c u l a t e  the gas  mixtures  success ive ly  through the  r e a c t i o n  
vesse l ,  a condenser, and over  a water r e s e r v o i r  where the p h o t o l y t i c  
products  were washed ou t .  I n  t h i s  manner, the products  were removed 
from the  gas  phase before  the  mixture was r e c i r c u l a t e d  through the re- 
a c t i o n  vesse l .  A photograph of this system i s  reproduced i n  Figure 1. 
The system i s  a t t ached  t o  a vacuum and gas  handl ing manifold,  on ly  a 
p o r t i o n  of which i s  shown i n  the  photograph. 

percent  of t h e  r a d i a t i o n  r e s i d i n g  i n  t h e  2537 P mercury l i n e .  The 

The experiments were performed a t  710- to r r  pressure  involv ing  a 
mixture of 30 percent  methane, 30 percent  ammonia, 30 percent  hydro- 
gen s u l f i d e  and 2 . 1  percent  water  vapor. The i r r a d i a t i o n  was performed 
wi th  water  coo l ing  of t he  mercury lamp, so t h a t  on ly  the  2537g l i n e s  
was a c t i v e  and H S c o n s t i t u t e d  the  only i n t e r a c t i n g  spec ies .  The i r -  
r a d i a t i o n  t i m e  employed was 14 hours,  wi th  gas samples being withdrawn 
a t  va r ious  i n t e r v a l s  dur ing  t h i s  per iod f o r  d e t a i l e d  examination by 
f r a c t i o n a l  d i s t i l l a t i o n ,  i n f r a r e d  spectroscopy, mass spectrometry,  and 
gas  chromatography. The l i q u i d  sample was examined by paper chroma- 
tography, mass spectrometry,  and mel t ing  p o i n t  de te rmina t ion  of e x t r a c t -  
a b l e  p r e c i p i t a t e s .  

2 

\ 

The r e s u l t s  ob ta ined  can  be summarized a s  fo l lows:  a f t e r  the 
te rmina t ion  of the  pho to lys i s ,  only 1380 c c  of gas  remained as  compared 
t o  3450 cc in t roduced  i n t o  t h e  r e a c t i o n  vessel. 
consumed gas  underwent photochemical r eac t ions ,  while the remainder was 

Only a p o r t i o n  of  t he  
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Figure 1 .  Experimental apparatus f o r  invest igations on the photo- 
chemical generation of amino acids.  
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simply d isso lved  i n  the  water r e s e r v o i r .  Of the  remaining gas 903 cc 
were noncondensable wi th  l i q u i d  n i t rogen ,  i n d i c a t i n g  t h a t  apprec i ab le  
amounts of hydrogen were formed. 
samples ind ica t ed  only  the  presence of t he  i n i t i a l  r e a c t a n t s  and the  
formation of no new products .  Mass spectrometry and gas  chromatography 
ind ica t ed  the  formation of minor products  i n  the  10 ppm range. No de-  
f i n i t e  i d e n t i f i c a t i o n  of t hese  products  could be e s t a b l i s h e d ,  but t he  
mass spectrometer  traces a r e  c o n s i s t e n t  w i th  the  products  (NH4)HS and 
(NH4)2S which r e s u l t  from the  admixture o f  ammonia and H2S. 

The i n f r a r e d  a n a l y s i s  of  the  gas 

During i r r a d i a t i o n  the  l i q u i d  underwent a c o l o r  change from c o l o r -  
less t o  yellow. Melt ing p o i n t  de te rmina t ion  and mass spectrometry of 
t he  e x t r a c t a b l e  p r e c i p i t a t e  i nd ica t ed  the  presence of s u l f u r  i n  the  
form S1 through S7 which confirms t h a t  d i s s o c i a t i o n  of H2S has  indeed 
occurred.  

Paper chromatography showed a n inhydr in  p o s i t i v e  spot  sugges t ing  
t h a t  one or more amino a c i d s  may have been formed. 
of  the  r e a c t i o n  v e s s e l  r e s u l t e d  i n  the  c o l l e c t i o n  of 0 . 3 3  grams of 
s u l f u r  from the  ves se l  wal ls ,  which toge the r  w i th  the  s u l f u r  found i n  
the  so lu t ion ,  c o n s t i t u t e d  22 percent  of t he  i n i t i a l  H2S. 
t h a t  about  253 c c  of  the H2 evolved o r ig ina t ed  from H2S, whereas - (900 - 250) = 650 cc H2 must have o r i g i n a t e d  from o t h e r  sources ,  i . e . ,  
r e a c t i o n s  wi th  methane and/or  ammonia. Other products  r e s u l t i n g  from 
these  r e a c t i o n s  must have accummulated i n  the  so lu t ion ,  s i n c e  none were 
found i n  the  gas  phase. 

Repeated r i n s i n g  

This  impl ies  

c .  Primary processes  i n  the  pho to lys i s  of  SO3 a t  18492. - A s  noted 
previous ly ,  i t  i s  widely accepted t h a t  minor c o n s t i t u e n t s  can  play a 
major r o l e  i n  e s t a b l i s h i n g  many of  t he  important c h a r a c t e r i s t i c s  of a 
p l ane ta ry  atmosphere. A known t e r r e s t r i a l  atmospheric minor c o n s t i t u e n t  
which i s  suspected t o  be present  i n  the  atmospheres of Venus and Mars i s  
SO2. The r e s u l t s  of a previous experimental  program [ll] i nd ica t ed  t h a t  
SO 
22802 the  spectrum i s  cha rac t e r i zed  by a continuum a t t r i b u t e d  t o  the  
formation of SO and 0 i n  t h e i r  ground s t a t e s .  Thus, under the  present  
e f f o r t ,  a n  i n v e s t i g a t i o n  was performed t o  determine the  p e r t i n e n t  photo- 
chemical processes  involved when atmospheric SO2 i s  exposed t o  t h i s  
s o l a r  pho tod i s soc ia t ing  photon f l u x .  

begins  t o  absorb s t r o n g l y  f o r  XA < 3000%. S p e c i f i c a l l y ,  f o r  h A  < 

The experimental  appara tus  and procedure employed are d iscussed  i n  
d e t a i l  elsewhere (A-7)  so t h a t  on ly  a b r i e f  review of t h i s  a spec t  of  t he  
i n v e s t i g a t i o n  i s  included here .  The present  arrangement employed a flow 
system whereby product SO3 was removed cont inuous ly  from the  absorp t ion  
region.  The l i g h t  source employed was a U-shaped Hanovia medium p res su re  
mercury lamp coupled wi th  a Baird i n t e r f e r e n c e  f i l t e r  t o  i s o l a t e  t he  
1850% re ion .  F e r r i o x a l a t e  act inometry was performed i n d i r e c t 1  wherein 
t h e  1849 f reg ion  l i g h  f l u x  was determined t o  be 7 . 2  + 0 . 3  x l0ly photons/ 
sec .  For a t y p i c a l  run, t he  p u r i f i e d  SO2 was photolyzed f o r  2 t o  4 hours a 
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3 a t  atmospheric pressure  fed a t  a flow r a t e  of  150 cm /min. The barium 
c h l o r a n i l a t e  method 1121 was employed t o  deduce the  SO3 con ten t  of t h e  
photolyzed sample. The r e s u l t a n t  d a t a  are shown i n  Figure 2. The d a t a  
were analyzed i n  terms of the  fol lowing primary and da rk  r eac t ions :  

(P,) SO2 + hv 3 SO + 0 Continuum cpl = 0.27 
* 

(P,) so2 + hv 3 so2 E x c i t a t i o n  l -cp l  = 0.73 
>* 

kl (1) so2 + so2 + so2 + so2 s 

e * 
(2) so2 + so2 -+ so3 + so k2 * 

(P3) so + so + 0 
* 

(P4) so2 3 s + o2 
3 

4 

P r e d i s s o c i a t i o n  cp 

P r e d i s s o c i a t i o n  cp 

k3 (3) 0 + SO2 + M + SO3 + M 

On the  b a s i s  of the measured quantum y i e l d  cp(S0 ) = 0.5 and the  3 previous ly  determined quantum y i e l d  of d i r e c t  d i s s o c i a t i o n  of SO2 due 
t o  the  continuum absorp t ion ,  cpl = 0.27, upper l i m i t s  were der ived  f o r  
t h e  o t h e r  primary processes .  
1 - cpl = (p2 + cp3 + cp 
and quenching wi th  Sa3 formation k2cp2/(kl+k2) <, 0.23, ana t h a t  f o r  p re -  
d i s s o c i a t i o n  i n t o  S + O2 i s  cp4 5 0.5. 
ce rn ing  t h e  r e l a t i v e  c o n t r i b u t i o n s  of t hese  primary processes  were ob- 
ta ined  from t h e  r e s u l t s  f o r  SO2 - O2 by cons ide r ing  the fol lowing r eac t ions :  

Of the  t o t a l  exc i t ed  SO3 product ion 
= 0.73, simple quenching assumes k cp2/(kl+k2)< 0.5, 

1 

Supplementary information con- 

( 4 )  so2 + o2 4 so2 + o2 
* 

( 5 )  so2 + o2 3 sog + 0 

( 6 )  SO + O2 4 SO2 + 0 

(7) 

(8) 

SO + O2 + M + SO3 + M 

S + O2 3 SO + 0 
(9) 0 + 0 2  + M + 0 3  + M  

The p l a t e a u  observed f o r  the  SO3 quantum y i e l d s  i n  mixtures con ta in ing  
about equal  q u a n t i t i e s  of SO2 and oxygen shows t h a t  t he  r e a c t i o n s  respon- 
s i b l e  f o r  t he  a d d i t i o n a l  SO3 formation e s s e n t i a l l y  go t o  completion. It 
i s  i n t e r e s t i n g  t o  no te  the r e a c t i o n  (8), involv ing  s u l f u r  atoms from the  
primary process  (P ) r e s u l t s  i n  equal  amounts of SO r a d i c a l s  and oxygen 4 
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atoms, thereby making i t  impossible  t o  d i s t i n g u i s h  between primary pro- 
ces ses  (P ) and ( P 4 )  on the  b a s i s  of SO3 evolu t ion .  
c l i n e  i n  ?he SO3 9-value y i e l d  (when the  SO2 concen t r a t ion  i n  the  SO - 
Equation (9) i n  a r e l a t i v e l y  complex argument given i n  the  o r i g i n a l  
paper (A-7) .  Fina l ly ,  i t  has been shown t h a t  based on the  va lues  of cp 
(0) = 9, (SO2) = 0 . 5 3  i t  i s  poss ib l e  t o  de r ive  the  c o r r e s  
l i m i t  quantum y i e l d  f o r  p r e d i s s o c i a t i o n  of 
b a s i s ,  i n  t he  d e t a i l e d  ana lyses  i t  was shown t h a t  n e i t h e r  p r e d i s s o c i a t i o n  
nor quenching could s i n g l y  account f o r  t he  f a t e  of S q .  
concluded t h a t  both processes  (quenching and p red i s soc ia t ion )  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  i t s  removal. 

The observed de-  

O2 mixture is  decreased below 30 pe n t )  can be explained by involv  1 ng 

+ 'p4 < 0.26. On t h i s  

Thus, i t  was 

3 

(i .e. ,  
i ng  t o  the  high energy photons involved, the  i n i t i a l  ab- 

s o r p t i o n  a c t  can  r e s u l t  i n  p red i s soc ia t ion ,  d i r e c t  photodissoc ia t ion ,  
and/or  photo ioniza t ion .  
s ide rab ly  exceed the  pho tod i s soc ia t ion  and photo ioniza t ion  thresholds  
so t h a t  the  corresponding products  can be formed wi th  s i g n i f i c a n t  excess  
k i n e t i c  energy. The s o l a r  f l u x  inc iden t  on a p l ane ta ry  atmosphere i n -  
c ludes  a l a rge  number of r e l a t i v e l y  i n t e n s e  l i n e s  i n  the  EUV s p e c t r a l  
region.  Thus, the  i n t e r a c t i o n  of t h i s  r a d i a t i o n  wi th  c o n s t i t u e n t s  i n  
the  upper atmosphere r e s u l t s  i n  a hos t  of primary processes  in t ima te ly  
r e l a t e d  t o  the  aeronomy of t he  p l ane t  involved. Since l i t t l e  o r  no 
experimental  d a t a  e x i s t  f o r  t h i s  s p e c t r a l  region,  a l abora to ry  i n v e s t i -  
ga t ion  was performed on the  EW photochemistry of p l ane ta ry  gases  as 
summarized b r i e f l y  be low. 

Furthermore, E W  photon ene rg ie s  of t en  con- 

Two major sources  of d i f f i c u l t y  encountered i n  the  conduct of the  
photochemical i n v e s t i g a t i o n s  i n  the  EW s p e c t r a l  reg ion  a r e  (1) the  
genera l  l a c k  of o p t i c a l  windows and (2) t he  v a r i e t y  of problems involved 
i n  conjunct ion  wi th  high vacuum systems. A l t e r n a t i v e l y ,  i n  p r i n c i p l e  
seve ra l  s u i t a b l e  l i g h t  sources  a r e  a v a i l a b l e  inc luding  the  helium re so -  
nance emission a t  5848 and the  neon emissions a t  736 and 7448. 
t i c e ,  a s u i t a b l e  l i g h t  source was developed wherein i t  was demonstrated 
t h a t  the photon f l u x  generated i n  conjunct ion  wi th  a 125-watt micro- 
therm u n i t  can  be a s  h igh  a s  
s u f f i c i e n t  ou tput  f o r  the  EW photochemical i n v e s t i g a t i o n s .  However, an 
a d d i t i o n a l  major experimental  problem involved the  l o c a t i o n  and s u i t a b l e  
employment of a t h i n  f i l m  m e t a l l i c  window which t r ansmi t s  s e l e c t i v e l y  i n  
the  region of t he  r a r e  gas  resonance l i n e s .  I n  t h i s  regard,  i t  should 
be recognized t h a t  only a small s e l e c t  number of ma te r i a l s  can be made 
s u f f i c i e n t l y  mechanically se l f - suppor t ing  t o  o f f s e t  the  adverse e f f e c t s  
of stress, b r i t t l e n e s s ,  e t c .  Published d a t a  suggest  t h a t  both aluminum 
and indium t h i n  f i lms  possess  the  des i r ed  mechanical c h a r a c t e r i s t i c s .  
Vi th  r e spec t  t o  the  o p t i c a l  p r o p e r t i e s  of aluminum f i lm,  an 8008 t h i c k  
f i l m  t r ansmi t s  about 20 percent  of the  inc iden t  r a d i a t i o n  a t  584a and l e s s  
than 5 percent  a t  7408. 

I n  prac-  

photons cm" sec'l, which i s  considered 

Indium t r ansmi t s  only i n  the  s p e c t r a l  reg ion  
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XX 750 t o  l050g so t h a t  t he  lower wavelength l i m i t  i s  j u s t  beyond the  
two c i t e d  neon resonance l i n e s ,  i . e . ,  736 and 744g. 
cen t  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  t i n  and lead a l s o  t ransmi t  i n  the  
s p e c t r a l  reg ion  conta in ing  the  two neon resonance l i n e s ,  a l though t h e i r  
mechanical c h a r a c t e r i s t i c s  a r e  not a s  s u i t a b l e  a s  those of aluminum and 
indium. 

Addi t iona l ly ,  re- 

I n  view of t hese  and o t h e r  d e t a i l e d  requirements,  a s u i t a b l e  photo- 
chemical r e a c t i o n  ce l l  was designed and f a b r i c a t e d  a s  shown i n  Figure 3. 
It was decided t o  perform the  i n i t i a l  EW photochemical experiments wi th  
a i r  samples and using the  neon source emissions (736 and 744g 
fol lowing reasons.  The energy of t he  helium r a d i a t i o n  a t  584 B i s  Or su f -  the 
f i c i e n t  t o  ion ize  a l l  gases  except  neon and helium. Furthermore, t he  
i o n i z a t i o n  e f f i c i e n c i e s  a t  58453 a r e  e s s e n t i a l l y  u n i t y  f o r  most gases  of 
i n t e r e s t ,  so t h a t  the  r e s u l t a n t  primary products  a r e  i o n i c  i n  na ture .  
The chemistry of such a system is  governed by (1) the  primary i o n  d i s -  
t r i b u t i o n ,  (2) the subsequent s e r i e s  of i o n  r e a c t i o n s  wi th  the  n e u t r a l  
c o n s t i t u e n t s ,  and (3) the  recombination of  the  f i n a l  long- l ived  pos i -  
t i v e  ions with e l e c t r o n s  o r  negat ive ions  formed by e l e c t r o n  a t t a c h -  
ment. While i t  should be poss ib l e  t o  o b t a i n  a cons iderable  amount of 
information on these processes  from a d e t a i l e d  f i n a l  product a n a l y s i s ,  
p rec i se  information on i tems (1) and (2), above can  be obtained both 
more convenient ly  and accu ra t e ly  by o t h e r  techniques,  e . g . ,  by the  
photo ioniza t ion  mass spectrometer  experiments descr ibed  elsewhere i n  
t h i s  r epor t .  

f 

I n  c o n t r a s t ,  a d i f f e r e n t  s i t u a t i o n  e x i s t s  wi th  r e spec t  t o  using 
A t  these  wavelengths, t he  neon resonance emissions a t  736 and 7 4 d .  

t he  i o n i z a t i o n  e f f i c i e n c i e s  a r e  gene ra l ly  less than  un i ty ,  s o  t h a t  a n  
apprec iab le  po r t ion  of the  energy i s  u t i l i z e d  i n  the  formation of super -  
exc i t ed  molecules, which subsequent ly  e i t h e r  d i s s o c i a t e  o r  r e a c t  wi th  
the  o the r  c o n s t i t u e n t s  i n  the  system. I n  c o n t r a s t  to  the  chemical re- 
a c t i o n s  of t he  ions ,  t he re  p r e s e n t l y  e x i s t s  only scan t  information on 
the  r e a c t i v i t y  behavior of those highly e x c i t e d  n e u t r a l  spec ie s  which 
are produced by the  e n e r g e t i c  r a d i a t i o n  i n  the EW s p e c t r a l  region.  
Accordingly, the  more f r u i t f u l  i n v e s t i g a t i v e  a rea  f o r  experimentat ion 
involved the  u s e  of a neon r a t h e r  than a helium l i g h t  source.  On the  
b a s i s  of the  above arguments, i t  was decided t o  employ the  neon source 
and the indium o p t i c a l  f i lms  i n  the  i n i t i a l  EW photochemical i n v e s t i -  
ga t ion .  

The indium f i l m  f a b r i c a t i o n  was predica ted  on a well-known proce- 
dure involv ing  evaporat ion of indium onto a water so lub le  s u b s t r a t e  
Victawet which was sprayed on to  a g l a s s  s l i d e .  Conditions of high 
vacuum and c l e a n l i n e s s  were observed i n  o rde r  t o  o b t a i n  smooth and u n i -  
form f i lms .  Following despos i t i on ,  t he  g l a s s  s l i d e  w a s  immersed slowly 
i n  water so t h a t  t he  s u b s t r a t e  was d isso lved  and the  indium f i l m  f l o a t e d  
o f f .  The f i l m  was then l i f t e d  o f f  t he  water su r face  wi th  a p iece  of 80 
percent  t r anspa fen t  steel mesh, which subsequent ly  served a s  the  holder  
and mechanical support  f o r  t he  f i lm.  
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It was found t h a t ,  a l though f i lms  of approximately 2000g th ickness  
had s u f f i c i e n t  mechanical s t r e n g t h  t o  withstand the  requi red  p res su re  
d i f f e r e n c e s  of about 1 t o r r ,  t h e i r  o p t i c a l  p r o p e r t i e s  were unsu i t ab le .  
For example, the  requi red  t ransmi t tance  measurements i nd ica t ed  t h a t  
r a d i a t i o n  of an  argon spark  source through a 2000g t h i c k  indium f i l t e r  
su f f e red  a tenfo ld  reduct ion  of i n t e n s i t y  i n  the  peak t ransmiss ion  re- 
g ion ,  770 t o  9808. A t  t he  des i r ed  wavelengths, i . e . ,  736 and 7442, t h e  
r e s u l t a n t  t ransmiss ions  were only  about 5 percent .  Although these  ob- 
served reduced t r a n s m i s s i v i t i e s  were not  excess ive ly  c r i t i c a l ,  s e p a r a t e  
experiments encompassing t h e  1000-13008 s p e c t r a l  reg ion  ind ica t ed  t h a t  
t he  u n f i l t e r e d  i n t e n s i t y  of the  Lyman-alpha l i n e  a t  12168 was essen-  
t i a l l y  equ iva len t  t o  t h a t  of the  primary neon l i n e s .  On the  b a s i s  of  
t he  above, i t  was concluded t h a t  the  indium f i l t e r  d id  not  provide the  
requi red  s p e c t r a l  d i sc r imina t ion .  

A t  t h i s  po in t ,  the  experimental  s i t u a t i o n  was reappra ised .  A 
f u r t h e r  search  of the  l i t e r a t u r e  ind ica t ed  t h a t  a lead f i l t e r  might 
possess the  requi red  s u i t a b l e  o p t i c a l  p r o p e r t i e s .  I n  t h i s  case ,  t he  
absorp t ion  edge occurs  i n  the  v i c i n i t y  of 690g, so t h a t  t he  p o s i t i o n s  
of the neon l i n e s  a r e  loca ted  c l o s e  t o  the  t ransmiss ion  maximum. With 
r e spec t  t o  longer  wavelengths, the  t a i l  extends t o  about 11002 which 
i s  s i m i l a r  t o  the  case  of indium. A number of appropr i a t e  experiments 
were performed t o  v e r i f y  both the  mechanical p r o p e r t i e s  and the  abso lu te  
t ransmi t tance  of lead  as compared t o  indium. The lead  f i l m s  were f a b r i -  
ca t ed  wi th  s p e c i a l  c a r e  t o  in su re  a th ickness  of only about 10008. Sub- 
sequent experimental  r e s u l t s  employing these  samples demonstrated t h a t  
these  lead t h i n  f i lms  a l s o  d i d  not possess  the  requi red  mechanical 
s t r e n g t h ,  and i n  a d d i t i o n ,  even f o r  t he  10002 t h i c k  case ,  the  EUV (neon 
l i n e s )  t ransmi t tance  w a s  only 3 percen t .  I n  any case ,  on the  b a s i s  of 
t he  above f ind ings ,  i t  appeared t h a t  a proper  s o l u t i o n  t o  the  problem 
of EW o p t i c a l  f i l t e r s  would involve a cons iderable  development e f f o r t  
involving new techniques on t h i n  f i l m  depos i t i on .  The requi red  e f f o r t  
was es t imated  t o  exceed the  scope of the  p re sen t  work requirements.  
Thus, no a d d i t i o n a l  e f f o r t  was devoted t o  t h i s  a r e a  of i n v e s t i g a t i o n .  

3. Laboratory measurements of ion-molecule r e a c t i o n s  and mechanisms 
occurr ing  i n  p l ane ta ry  ionospheres .  - The s i g n i f i c a n c e  of i on -neu t r a l  re- 
a c t i o n s  i n  c o n t r o l l i n g  the  abundance and d i s t r i b u t i o n  of ions  i n  p lane-  
t a r y  ionospheres has been widely d iscussed  so  t h a t  i t  i s  now ev iden t  t h a t  
t he  l o c a l  concen t r a t ions  of s p e c i f i c  i o n i c  spec ie s  depend not only upon 
t h e i r  d i f f u s i o n  p r o p e r t i e s  and d r i f t  v e l o c i t i e s  but a l s o  on the  r a t e s  and 
mechanisms a s soc ia t ed  wi th  s p e c i f i c  i on -neu t r a l  r e a c t i o n s  owing t o  the  
s o l a r  WV and/or  EW f l u x  inc iden t  on a p l ane ta ry  ionosphere.  Clear e v i -  
dence f o r  t he  predominant e f f e c t s  of i o n i c  r e a c t i o n s  has  been acquired 
i n  r ecen t  rocke t  probe mass spec t romet r ic  experiments wherein i o n  d e n s i t y  
a t t i t u d e  p r o f i l e s  have been measured [14]. However, u n t i l  r ecen t ly ,  t he  
r e l a t i v e  importance of many r e a c t i o n s  i n  the  ionosphere could not be 
assessed  because a d e t a i l e d  knowledge of t he  ind iv idua l  thermal r a t e  co-  
e f f i c i e n t s  was e i t h e r  lack ing  o r  r e l a t i v e l y  unce r t a in  a s  a review by 
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Paulson [15] demonstrated. Since then, t h e  cons ide rab le  e f f o r t  repor ted  
h e r e i n  has  r e s u l t e d  i n  the  experimental  de t e rmina t ion  of many of t h e  re- 
qui red  r a t e  cons t an t  va lues  thereby provid ing  a set of accep tab le  p e r t i -  
nent  d a t a .  The major experimental  f e a t u r e s  and t h e  r e s u l t a n t  d a t a  are 
b r i e f l y  summarized below s i n c e  d e t a i l e d  d e s c r i p t i o n s  have been presented  
elsewhere (A-12). 

The p r e s e n t  l abora to ry  i n v e s t i g a t i o n  involved the  coupled VW mono- 
chromator-mass spec t rometer  appa ra tus  shown photographica l ly  i n  Figure 4 ,  
and schemat ica l ly  i n  F igure  5. This c o n f i g u r a t i o n  avoids  a hos t  of d i s -  
advantages inhe ren t  t o  common mass spec t romet r i c  s t u d i e s  of i on -neu t r a l  
r e a c t i o n s .  For example, the  employment o f  the  common i o n  sources  i s  
u s u a l l y  complicated by the  f a c t  t h a t  e l e c t r o n  impact r e s u l t s  i n  many d i f -  
f e r e n t  primary ions  i n  undefined e n e r g e t i c  s t a t e s .  The technique deve l -  
oped and app l i ed  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  d i f f e r s  from t h a t  employed 
previous ly  i n  two r e s p e c t s :  (1) pho to ion iza t ion  r e p l a c e s  the  more com- 
monly employed e lec t ron- impact  mode of i o n  formation, and (2) a pulse  de -  
l a y  measurement i s  used t o  determine ion  res idence  time& i n  the  mass 
spec t rometer  source i n  the  presence of a cons t an t  r e p e l l e r  f i e l d .  The e n -  
su ing  advantages a r e :  
s i n c e  the  i o n i z i n g  wavelength i s  s e l e c t e d  by a WV monochromator, and 
(2) res idence  times can  be obta ined  without d e t a i l e d  knowledge of t he  
e lec t r ic  f i e l d  c o n f i g u r a t i o n  i n  the  ion  source.  

(1) the  s t a t e  of t he  primary ions  i s  wel l -def ined  

For the  p r e s e n t  s p e c i f i c  purpose, t he  appara tus  involved a pulsed 
spark  l i g h t  source,  a 1/2-meter Seya monochromator e x i t ,  a 180-degree 
magnetic ana lyze r  wi th  a wedge-shaped a i r  gauge f o r  s t i g m a t i c  focusing, 
a 20-stage e l e c t r o n  m u l t i p l i e r  i o n  d e t e c t o r ,  and a s s o c i a t e d  e l e c t r o n i c s .  
D i f f e r e n t i a l  pumping was employed t o  achieve  ion-source p re s su res  up to 
200 microns while main ta in ing  the  ana lyze r  p re s su re  i n  t h e  
range and the  monochromator chamber a t  about t o r r .  Fu r the r  d e s c r i p -  
t i o n  of t he  experimental  appa ra tus  i s  no t  presented  h e r e i n .  

t o r r  

Ion r e s idence  times a r e  determined from the  time d e l a y  between the  
formation of the  ions  i n  the  source aird t h e i r  a r r i v a l  a t  t he  mass spec-  
t rometer  c o l l e c t o r  u s ing  a c a l i b r a t e d  o s c i l l o s c o p e  (Tektronix Type 5 4 5 ) .  
Since the  t o t a l  de l ay  time is  a composite of t h e  r e s idence  t i m e  i n  t h e  
source and the  i o n  f l i g h t  t i m e  i n  the  spectrometer,  measurements a r e  
performed a t  va r ious  r e p e l l e r  f i e l d s ,  and an  e x t r a p o l a t i o n  t o  i n f i n i t e  
r e p e l l e r  f i e l d s  i s  performed t o  o b t a i n  the  i o n  f l i g h t  time i n  t h e  spec-  
t rometer  independently.  Residence times can  then  be deduced by d i f f e r e n t  
measurements. Since the  i o n  f l i g h t  time i n  the  spec t rometer  is indepen- 
den t  of t he  r e p e l l e r  f i e l d  only  w i t h i n  c e r t a i n  l i m i t s ,  t h e  method r e q u i r e s  
a c o r r e c t i o n  which can  be c a l c u l a t e d  from t h e  app l i ed  a c c e l e r a t i o n  poten- 
t i a l s  and the  known i o n  o r b i t s .  Details of the  procedure have been des -  
c r i b e d  i n  prev ious  p u b l i c a t i o n s  (A-9). I n  any even t ,  a p p l i c a t i o n  of t he  
experimental  appa ra tus  and procedures o u t l i n e d  above r e s u l t e d  i n  the  
measurement of a s i g n i f i c a n t  number of ion-molecule r e a c t i o n s  d i r e c t l y  
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Figure 4 .  Photograph of photoionization-mass spectrometer 
se tup  ., 
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p e r t i n e n t  t o  p l ane ta ry  ionospheres .  Previous publ ished r e p o r t s  (A-9, 
A-10) c o n t a i n  d e t a i l e d  ana lyses  and i n t e r p r e t a t i o n s  of t he  experimental  
d a t a  a s  wel l  a s  suggested mechanisms appropr i a t e  t o  s t u d i e s  i n  p l ane ta ry  
ionospheres .  

The ex tens ive  d a t a  presented i n  Table 1 were compared t o  c o r r e s -  
ponding d a t a ,  where p o s s i b l e ,  from o t h e r  major i n v e s t i g a t i n g  teams. I n  
genera l ,  good agreement was achieved so t h a t  i t  appears  t h a t  a s a t i s -  
f a c t o r y  working set of ion-molecule r a t e  cons t an t  va lues  a r e  now a v a i l -  
ab l e  f o r  a p p l i c a t i o n  t o  c u r r e n t  problems on p l ane ta ry  ionospheres.  

4 .  Mass and i o n  k i n e t i c  energy de termina t ions  of VW and EUV photo- 
i o n i z a t i o n  products .  - The VW and EUV s o l a r  r a d i a t i o n  inc iden t  on a 
p lane tary  ionosphere g ives  rise t o  photo ioniza t ion  processes  which r e s u l t  
i n  the product ion of e n e r g e t i c  (superthermal) photoe lec t rons  a s  w e l l  as 
i o n  products  wi th  excess  k i n e t i c  energy. The t h e o r e t i c a l  and l abora to ry  
s t u d i e s  (performed under t h i s  program) a s soc ia t ed  wi th  the  r o l e  of super -  
thermal e l e c t r o n s  a r e  d iscussed  i n  Sec t ions  B5 and C 3  r e s p e c t i v e l y  of 
t h i s  r e p o r t .  For p l ane ta ry  ionospheric  s t u d i e s ,  i t  is  equa l ly  important  
t o  measure the  degree and e f f i c i e n c y  of t he  photo ioniza t ion  fragmentat ion 
i n t o  s p e c i f i c  i o n  products  s i n c e  these r ep resen t  c r i t i c a l  parameters i n  
e s t a b l i s h i n g  atmospheric ion  product ion r a t e s .  An e a r l y  GCA i n v e s t i g a -  
t i o n  (A-2) involved the  successfu l  coupl ing of a mass spectrometer  and a 
VLTV-EW monochromator f o r  t he  purpose of performing mass i d e n t i f i c a t i o n  
and ana lyses  of photo ioniza t ion  products  (see F igures  4 and 5 ) .  The i o n  
source used i n  t h i s  i n v e s t i g a t i o n  was s i m i l a r  t o  t h a t  employed i n  conven- 
t i o n a l  mass spectrometers ,  involv ing  a s i m p l e  box- l ike  s t r u c t u r e  wi th  
o r i f i c e s  providing f o r  passage of the l i g h t  beam and e x t r a c t i o n  of ions  
a s  shown schemat ica l ly  i n  Figure 6 .  This source has provided va luable  
s e r v i c e  i n  the  s t u d i e s  of i on -neu t r a l  r e a c t i o n s  (as d i scussed  i n  the  p r e -  
v ious  sec t ion )  s i n c e  i t  al lows the  maintenance of r e l a t i v e l y  high p r e s -  
su res  i n  the  system. However, i n v e s t i g a t i o n s  of t he  balance between 
products  and consumed r e a c t a n t s  i n  ion-molecule r e a c t i o n s  had ind ica t ed  
t h a t  the box source d i s c r i m i n a t e s  seve re ly  aga ins t  f a s t  ions.  Fur ther ,  
i t  was shown by some s p e c i f i c  r e t a r d a t i o n  measurements of photoioniza-  
t i o n  products  t h a t  fragment ions  can  be formed wi th  cons iderable  excess  
k i n e t i c  energy. Since e s s e n t i a l l y  a l l  previous mass spec t romet r ic  
measurements were obtained wi th  box sources ,  i t  t u r n s  ou t  t h a t  these  
e x i s t i n g  d a t a  are now suspec t ,  s ince ,  t o  the b e s t  of t h e  writer's know- 
ledge t h i s  problem has not  been recognized previous ly .  

To demonstrate t he  e x t e n t  of e n e r g e t i c  i o n  formation, the  box source 
was f i t t e d  wi th  a r e t a r d i n g  g r i d  loca ted  between the  e x i t  o r i f i c e  and 
the  f i r s t  a c c e l e r a t o r  p l a t e  a s  shown i n  Figure 6 .  Retarda t ion  measure- 
ments were performed f o r  the  fragment i o n  0 produced by photo ioniza t ion  
of 02. The r e s u l t s  shown i n  Figures  7 and 8 demonstrate t h a t  (1) the  
k i n e t i c  energy of O+ i ons  i s  inve r se ly  p ropor t iona l  t o  wavelength and 
(2) t h a t  i nc reas ing  the  p re s su re  i n  the i o n  source moderates t he  energy 
of the O+ i ons  toward thermal ene rg ie s .  One p o s s i b i l i t y  f o r  t he  unam- 
biguous de te rmina t ion  of the  ion  fragmentat ion r a t i o ,  t he re fo re ,  i s  to  

+ 
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TABLE 1 

ION-MOUECULE REACTION RATES MEASURED BY THE 
PHOTO IONIZATION -MAS S SPEC TROMETER TECHNIQUE 

3 Ion-Molecule React ion Measured Rate Constant ,  k(cm /sec) 

1. 

2.  

3.  

4. 

5 .  

6. 

7 .  

8.  

9 ,  

10. 

11. 

12. 

13. 

14. 

15. 

React ions Involving O+ 

-11 

-12 

kl = 2.0 x 10 

k2 = 4.6  x 10 

0 + +02+o;+o 

+ 0 + N2 + NO' + N 

+ React ions Involv inp  N2 

-10 

-14 
k3 = 1.1 x 10 

k 4 = < 3 x  10 

k5 = 8 .5  x 

k6 = 4 .8  x 10 

k7 = 9.1 x 10 

k8 = 1 . 4  x 10 

kg = 1.3 x 10 

k10 = 6 .8  x 10 

kll = 4.1 x 10 

k12 = 4.3 x 10 

k13 = 1.4  x 10 

+ + 
+ 

+ + 
+ + 
+ + 
+ + 
2 
+ 
+ + 

2 + N2 N 2 + 0 2 + 0  

N2 + O2 -* NO+ + NO 

3 N4 + N2 N2 + 2N2 

N2 + NO 3 NO + N2 

N2 + C 0 2  + COS + N2 

N + H2 + N2H + H 

N2 + CH4 + Cg + N2H 

N2 + N 2 0  --* N 2 0  

+ $ + SO2 -* SO2 + N2 

+ + N2 + C2H2 + C2H2 

+ N2 + COS -* S+ + N2 + CO 

6 ( c m  / sec)  

-10 

- 10 

-9 

-9 

-10 

-10 

-10 

-9 

+ N2 

+ N2 

0; React ions Involving 

kI4 < 3 x 

k15 = 7.7 x 10 

+ 
+ 

O2 + N2 + NO+ + NO 

O2 + NO -+ NO' + 0 -10 

React ions Involv ing  N+ 

-10 

-10 

-10 

k16 = 1.6  x 10 

k17 = 4.5 x 10 

k18 = 6.5 x 10 

+ 16. N + O2 + N O + +  0 

2 1 7 .  N + O2 -* O:+ N 

18. N+ + NO + NO + N 
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TABLE 1 (continued) 

- 
3 Ion-Molecule Reaction Measured Rate Constant, k(cm /sec) 

-4 19. Ar + O2 + 0; + A r  

+ Reactions Involving A r  

-10 k19 = 1.1 x 10 
-10 

-10 

-10 

-10 

20. 

21. 

22. 

23. 

Ar+ + CO --+ CO+ + A r  

Ar + C 0 2  + CO; + A r  

Ar' + NO + NO' + A r  

Ar + N2 + N; + A r  

k20 = 1 . 2  x 10 

k21 = 7.0 x 10 

k22 = 3 . 9  x 10 

k23 = 0 . 6  x 10 

+ 

+ 

Reactions Involving co; 
-9 

-9 

-10 

-10 

-9 

-10 

k24 = 1.4 x 10 

k25 = 1 . 1  x 10 

k26 = 2.0  x 10 

kZ7 = 4.1 x 10 

k28 = 1.6 x 10 

k29 = 5.0 x 10 

+ 
+ 
+ 

24. 

25. 

26. 

27. 
+ + 28. C 0 2  + COS + COS 4- C 0 2  

+ 29. 

C 0 2  + H2 + COH+ + OH 

C 0 2  + C 0 2  -+ CO; + C 0 2  

C 0 2  + O2 + 0; + C 0 2  

C02 + + C2H2 + C 2 H l  + C 0 2  

C 0 2  + NO + NO+ + C 0 2  

+ 30. C 0 2  + CH4 -+ mjor  Products: 

* 
= 1.1 k31 31. 

32 ,  

C 0 2  + + N 2 0  + [N20+(60%) NO + (40%)] 
C 0 2  + f SO2 + [S0;(40%) S0+(60%) ]* -9 k32 = 3 .1  x 10 

Reactions Involving He+ 
+ 33. He + N2 + Major Products : 

-9 

+ + * -9 

[N;(48%) N+(52%) ]* k33 = 1.5  x 10 

k34 = 1 . 2  x 10 34. He + N2 + [only 0 (16%) observed] 

* 
see orig inal  publication (A-9) for d e t a i l s .  
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opera t e  a t  h igher  p r e s s u r e s  i n  the source .  While t h i s  procedure i s  
appropr i a t e  f o r  source gases ,  the  genera l  occurrence of i on -neu t r a l  re- 
a c t i o n s  i s  cor respondingly  enhanced, thereby  compl ica t ing  the d a t a  i n -  
t e r p r e t a t i o n .  Even i n  the  c a s e  of oxygen, f o r  which the  i n t e r a c t i o n  
between 0' and O2 i s  r e l a t i v e l y  slow, the  r e s u l t s  ob ta ined  a r e  doub t fu l .  

Recognition of a l l  the  f a c t o r s  involved ind ica t ed  t h a t  a new type 
of i on  source was requi red .  
p l e t e  c o l l e c t i o n  of a l l  formed ions  a s  w e l l  as a minimum dimension re- 
a c t i o n  reg ion .  It was envis ioned t h a t  t h i s  i d e a l  s i t u a t i o n  might be 
r e a l i z e d  i n  a p r a c t i c a l  system by c r o s s i n g  a photon beam wi th  a molecu- 
l a r  beam. An i o n  source involv ing  t h i s  concept has  been developed, and 
tests have demonstrated t h a t  the  approach i s  f e a s i b l e .  Front  and top  
schematic views of  t h e  f i n a l  c o n f i g u r a t i o n  of t he  i o n  source which has 
been developed, f a b r i c a t e d ,  t e s t e d ,  and employed i n  the  c u r r e n t  i n v e s t i -  
g a t i o n  are shown i n  F igure  9. The source has  been coupled t o  the  mono- 
chromator e x i t  s l i t  a t  the p o s i t i o n  ind ica t ed  i n  the  f i g u r e .  The gas  
j e t  molecular  beam i s  formed a t  the  terminus of t h e  b r a s s  c a p i l l a r y  
(16 mm long x 1 mm i n t e r n a l  d iameter ) .  The gas beam d i r e c t i o n  i s  pe r -  
pendicular  t o  the  i n t e r s e c t i n g  l i g h t  beam and p a r a l l e l  t o  the  mono- 
chromator e x i t  s l i t .  Ions  c r e a t e d  by the  i n t e r a c t i o n  of monochromatic 
W l i g h t  w i t h  the  gas  beam are e x t r a c t e d  by the s t r o n g l y  inhomogeneous 
f i e l d  e s t a b l i s h e d  between the  s p h e r i c a l  r e p e l l e r  p l a t e  and a concen t r i c  
drawout g r i d  ; t h e r e a f t e r ,  they a r e  focused upon the  en t r ance  a p e r t u r e  of 
t h e  180-degree magnetic ana lyze r  of the mass spec t rometer ,  The inhomo- 
geneous e x t r a c t i o n  f i e l d  has two advantages:  (1) i t  provides  a f avor -  
a b l e  c o l l e c t i o n  e f f i c i e n c y  and (2) the ions  a r e  a c c e l e r a t e d  mainly near  
t h e  f r i n g e  of t he  gas  beam where d e n s i t i e s  are much lower than  i n  the  
c e n t e r ,  so t h a t  energy l o s s e s  by c o l l i s i o n s  become n e g l i g i b l e .  To achieve  
the  d e s i r e d  f i e l d  c o n f i g u r a t i o n ,  t he  e x t r a c t i o n  r eg ion  is sh ie lded  from 
the  drawout e l e c t r o d e  - except  f o r  the  112-inch g r i d  a p e r t u r e  - and the  
s h i e l d  p o t e n t i a l  is  equ iva len t  t o  t h a t  of t he  r e p e l l e r .  The p o t e n t i a l  of 
the  j e t  i n l e t  i s  ad jus t ed  a p p r o p r i a t e l y  t o  a va lue  between t h a t  of t h e  
r e p e l l e r  and the  drawout p o t e n t i a l .  The p o s i t i o n  of t he  j e t  re la t ive t o  
the  l i g h t  beam i s  maximized by means of a micrometer screw. 
d e t a i l s  a r e  not  presented  he re  s i n c e  they  are a v a i l a b l e  elsewhere (A-1). 

The optimum source would provide both com- 

Addi t iona l  

One of the  more important  c h a r a c t e r i s t i c s  of  t he  i o n  source i s  t h e  
r e s u l t a n t  e x t e n t  and d e n s i t y  d i s t r i b u t i o n  of t he  gas  beam. These beam 
dimensions were determined exper imenta l ly  by a p p l i c a t i o n  of t h e  r a m  
e f f e c t .  
t o r  p o s i t i o n  are shown i n  Figure 10 f o r  s e v e r a l  i n l e t  p re s su res ,  us ing  
a i r  as the  gas sample. Owing t o  the  p re s su re  drop  produced by the  
v iscous  flow i n  the  i n l e t  l i n e ,  the  ind ica t ed  va lues  do not  r ep resen t  the  
p re s su res  e x i s t i n g  a t  the  s t a r t  of the j e t  c a p i l l a r y .  Nevertheless ,  the  
b e s t  estimate i n d i c a t e s  t h a t  the  p re s su res  a t  t h a t  po in t  are s t i l l  h ighe r  
than  compatible  wi th  f r e e  molecular flow f o r  t h e  g iven  c a p i l l a r y  dimen- 
s i o n .  The gas  beam p r o f i l e s ,  t he re fo re ,  are not  c a l c u l a b l e ,  and no a t -  
tempt has  been made t o  compare the  measured and t h e o r e t i c a l  p r o f i l e s .  A t  

P l o t s  of  p re s su re  d i f f e r e n c e s  observed a s  a f u n c t i o n  of  d e t e c -  
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Figure 9.  Front and top schematic views of the fragmentation 
ion source. 
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i n l e t  p re s su res  f o r  which molecular flow i s  achieved, t he  r e s u l t i n g  beam 
d e n s i t i e s  a r e  i n s u f f i c i e n t .  For the p re s su res  a c t u a l l y  employed, t he  ex-  
i s t i n g  flow is  probably i n  the  t r a n s i t i o n  reg ion  from free molecular mo- 
t i o n  t o  a many c o l l i s i o n  behavior ,  s ince  wel l -def ined gas  beams a r e  ob- 
served. I n  t h i s  r e spec t ,  i t  i s  important t o  note  t h a t  the beam probing 
was performed r e l a t i v e l y  c l o s e  t o  the o r i g i n .  The d a t a  i n  Figure 10 show 
t h a t  the beams a r e  symmetrical and t h a t  t he  t o t a l  width ( for  900 micron 
i n l e t  p ressure)  i s  about 13 m. For an i n t e r s e c t i n g  l i g h t  beam 5 mm i n  
he ight ,  the  maximum i o n i z a t i o n  reg ion  would be 5 x 13 mm. However, by 
i n t e g r a t i o n  i t  is found t h a t  n ine - t en ths  of the e n t i r e  beam d e n s i t y  i s  
loca ted  wi th in  3.5 mu of t he  c e n t e r ,  so t h a t  i n  the  p r a c t i c e  the  s i g n i f i -  
c a n t  i o n i z a t i o n  reg ion  i s  5 x 7 m wide. This  a r e a  is  l a r g e r  than the  
o r i f i c e s  employed previous ly  i n  conjunct ion  with the  box source,  and 
proper  allowance must be made i n  t h i s  regard when t o t a l  i on  c o l l e c t i o n  i s  
des i r ed .  

To test the  i o n  source with r e spec t  t o  i t s  c o l l e c t i o n  e f f i c i e n c y  f o r  
f a s t  fragment ions ,  t he  c u r r e n t s  obtained from the  photo ioniza t ion  of oxy- 
gen were inves t iga t ed  a t  two d i f f e r e n t  wavelengths.  
ions  formed a r e  endowed wi th  cons iderable  k i n e t i c  energy whereas near  
6408. t h e i r  k i n e t i c  energy excess  i s  minimal. Any d i f f e r e n c e  i n  behavior,  
t h e r e f o r e ,  would i n d i c a t e  a d i sc r imina t ion  a g a i n s t  f a s t  ions.  The r e s u l t s  
revealed t h a t  the  new i o n  source functioned proper ly  wi th  l i t t l e  o r  no d i s -  
c r imina t ion  experienced,  but owing t o  the  l a r g e r  exposed source a rea ,  t he  
ape r tu re  of the  mass spectrometer  ana lyzer  was i n s u f f i c i e n t  t o  acce t a l l  
ions .  Therefore ,  a l imi t ed  amount of d i s c r i m i n a t i o n  a g a i n s t  f a s t  Op ions  
was ev ident .  This  s i t u a t i o n  was improved by en la rg ing  the  ana lyzer  en- 
t r ance  and e x i t  o r i f i c e s  from 1 x 1 mm t o  2.5 x 5 mm. This increased  the  
ana lyzer  acceptance a p e r t u r e  s u f f i c i e n t l y  t o  match i t  t o  the  new source 
a rea  and t o  a l low c o l l e c t i o n  of a l l  ions  wi th  ene rg ie s  up t o  3 eV. 

Near 4902, t he  O+ 

For a p r e c i s e  measurement of fragment i o n  abundances, t h e  conversion 
e f f i c i e n c i e s  of the  ion -e l ec t ron  m u l t i p l i e r  d e t e c t o r  must a l s o  be taken 
i n t o  account. I n  view of the  small  i on  c u r r e n t  encountered, the  measure- 
ment of conversion e f f i c i e n c i e s  r e q u i r e s  an  a u x i l i a r y  e l e c t r o n  impact 
source.  Appropriate  ins t rumenta t ion  has been designed and cons t ruc ted ,  
but performance tests have not  y e t  been undertaken.  

B. Theore t ica l  S tud ie s  

Deta i led  d i scuss ions  of the  resu l t s  obtained i n  the  t h e o r e t i c a l  s tudy 
phase of the p re sen t  program are contained i n  the  fol lowing pub l i ca t ions :  

B-1 .  "The Diurnal  Var ia t ion  of Ionospheric  Temperature," by A.  
Dalgarno, M. B. McElroy and J. C. G. Walker, P l ane t .  Space Sci .  l5, 331 
(1967), and Quar te r ly  Progress  Report No. 7 ,  December 1966, pp. 4-14. 

B-2. "Electron Cooling i n  the  Upper Atmosphere," by A .  Dalgarno 
and T. C. Degges, P lane t .  Space Sci .  16 (l), 125-127 (1968), and Quar t e r ly  
Progress  Report No .  10, September 1967, pp. 36-43. 
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B-3.  "Ion Temperatures i n  the Topside Ionosphere," by A. Dalgarno 
and J. C.  G.  Walker, P lane t .  Space Sc i .  IS, 200 (1967). 

B-4. "Dipole P r o p e r t i e s  of Molecular Nitrogen," by A .  Dalgarno, 
T. C .  Degges, and D. A .  Williams, Proc. Phys. SOC. (London) 92, 291-295, 
and Quar te r ly  Progress  Report No.  9, June 1967, pp. 19-27. 

B-5. "Optical  P r o p e r t i e s  of Molecular Hydrogen, by A .  Dalgarno 
and G. Victor ,  Proc. Phys. SOC. (London) 92,  42-49, and Q u a r t e r l y  Pro- 
g r e s s  Report No. 10, September 1967, pp. 19-44. 

B-6. "Electron Impact E x c i t a t i o n  of t he  Dayglow," by A. Dalgarno, 
M. B. McElroy and A .  I. Stewart ,  P lane t .  Space Sc i .  (submitted A p r i l  
1968); Q u a r t e r l y  Progress  Report No. 11, December 1967, pp. 13-19 and 
Quar t e r ly  Progress  Report No. 1 2 ,  March 1968, pp. 17-30. 

Brief summaries are presented  below i n  the o r d e r  i nd ica t ed  i n  the  
above b ib l iography.  

1. The d i u r n a l  v a r i a t i o n  of ionospheric  temperatures .  - It has 
been e s t a b l i s h e d  by d i r e c t  measurements us ing  probes c a r r i e d  on rocke t s  
and s a t e l l i t e s  [16-221 t h a t  the  e l e c t r o n  temperature exceeds t h e  n e u t r a l  
p a r t i c l e  temperature a t  a l t i t u d e s  above about 120 km dur ing  the  day. 
Measurements us ing  the backsca t t e r  technique a l s o  i n d i c a t e  t h a t  the  ion  
temperature exceeds the  n e u t r a l  p a r t i c l e  temperature above about  300 km 
and apparent ly  tends towards the  e l e c t r o n  temperature a t  extended a l t i t u d e s .  

Theore t i ca l  s t u d i e s  [23-251 i n d i c a t e  t h a t  s o l a r  UV r a i d a t i o n  r e p r e -  
s e n t s  a major h e a t  source.  The ambient e l e c t r o n s  a r e  heated by e l a s t i c  
c o l l i s i o n s  wi th  f a s t  photoe lec t rons  and the  p o s i t i v e  i o n s  a r e  heated by 
c o l l i s i o n s  wi th  ho t  ambient e l e c t r o n s  [24,25] whi le  e a r l y  t h e o r e t i c a l  
s t u d i e s  were p red ica t ed  on t h e  assumption of l o c a l  equi l ibr ium.  
noted t h a t  thermal conduct ion i n  the  e l e c t r o n  gas  would modify the  t e m -  
pe ra tu re  p r o f i l e  a t  extended a l t i t u d e s  and Geisler and Bowhill [26] con- 
firmed the  importance of conduction. 

Hanson [ 24 ]  

The p resen t  i n v e s t i g a t i o n  was s t imula ted  by the  a v a i l a b i l i t y  of de-  
t a i l e d  obse rva t iona l  d a t a  on the  d i u r n a l  v a r i a t i o n s  of the  e l e c t r o n  and 
i o n  temperatures.  
a v a i l a b l e  and a f f o r d  a n  oppor tuni ty  of ex tens ive ly  t e s t i n g  the t h e o r e t i c a l  
model. I n  p a r t i c u l a r ,  i t  was p r o p i t i o u s  t o  a s c e r t a i n  whether a d d i t i o n a l  
h e a t  sources  were requi red  t o  e x p l a i n  the  d a t a  d i sc repanc ie s .  

Simultaneous measurements of e l e c t r o n  d e n s i t y  are also 

This p o s s i b i l i t y  w a s  examined by developing a new t h e o r e t i c a l  pro-  
cedure which i s  descr ibed  elsewhere i n  d e t a i l  (B-1).  B r i e f ly ,  t h e  tech-  
nique involved the  gene ra t ion  of model atmospheres f o r  t he  e a r t h  n e u t r a l  
and ionospheric  components which were employed subsequent ly  t o  c a l c u l a t e  
t he  e l e c t r o n  hea t ing  and coo l ing  rates i n  accordance wi th  a technique due 
t o  Dalgarno [24]. The theory assumes hea t ing  by s o l a r  u l t r a v i o l e t  r a d i a -  
t i o n ,  coo l ing  by c o l l i s i o n s  and a l s o  al lows f o r  h e a t  t r a n s p o r t  by conduction. 
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The appropr ia te  form of the  hea t  balance equat ion  was solved numerical ly  
using the  Runge-Kutta technique. The c a l c u l a t i o n s  performed y ie lded  p r e -  
d i c t i o n  d a t a  on the  average d i u r n a l  v a r i a t i o n s  of ionospheric  e l e c t r o n  
and ion  temperatures f o r  Apr i l ,  Ju ly ,  and November 1963 a t  a typical mid- 
l a t i t u d e  s t a t i o n .  The magnitudes of the  p red ic t ed  temperatures ag  
s a t i s f a c t o r i l y  wi th  observa t ion  but t he re  are a l s o  some s p e c i f i c  s 
c a n t  d i f f e r e n c e s  between measured and computed p r o f i l e s  of e l e c t r o n  t e m -  
pera tu re .  I n  gene ra l ,  the  present  resul ts  a r e  c o n s i s t e n t  (above 140 km) 
with  r e s u l t s  of rocke t  f l i g h t s  but not  f o r  a l t i t u d e s  below 140 km and 
not  wi th  resu l t s  der ived  from measurements of incoherent  back s c a t t e r .  
On the  b a s i s  of these  r e s u l t s ,  i t  may be necessary t o  p o s t u l a t e  and add i -  
t i o n a l  hea t  source a t  low a l t i t u d e s .  

2. Elec t ron  cool ing  i n  the  e a r t h ' s  upper atmosphere. - I n  s t u d i e s  
of the e l e c t r o n  temperature i n  the t e r r e s t r i a l  ionosphere,  i t  has been 
assumed t h a t  cool ing  by c o l l i s i o n s  of the  thermal e l e c t r o n  gas  occurs  
through e l a s t i c  s c a t t e r i n g  by p o s i t i v e  ions ,  through e x c i t a t i o n  of t h e  
r o t a t i o n a l  and v i b r a t i o n a l  l e v e l s  of molecular n i t rogen  and oxygen, and 
through e x c i t a t i o n  of the  ID l e v e l  of atomic oxygen. 
another  c o l l i s i o n  process ,  

There is, however, 

which may be the  dominant cool ing  mechanism over c e r t a i n  temperature and 
a l t i t u d e  ranges i n  the  atmosphere. This i n t e r e s t i n g  and important p o s s i -  
b i l i t y  was inves t iga t ed  by performing t h e o r e t i c a l  c a l c u l a t i o n s  which are 
descr ibed  i n  d e t a i l  elsewhere (B-2) .  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  
a r e  presented i n  the  curves  of Figure 11 showing the  c a l c u l a t e d  mean 
cool ing  r a t e s  f o r  e l e c t r o n  temperatures up t o  10,OOO°K and f o r  n e u t r a l -  
p a r t i c l e s  temperatures between 100°K and 3000°K. I n  order  t o  ob ta in  
cool ing  r a t e s  f o r  e l e c t r o n  temperatures above 2000°K, i t  was assumed, 
t h a t  above a v e l o c i t y  corresponding t o  10, OOO°K, t he  c r o s s  s e c t i o n s  e i t h e r  
remained cons t an t  o r  decreased as e-'. 
between these  two l i m i t s .  

The a c t u a l  behavior probably lies 

The r e l a t i v e l y  h igh  e l e c t r o n  coo l ing  rates shown i n  Figure 11 i n d i -  
c a t e s  t h a t  process  (1) i s  the  dominant coo l ing  mechanism over  a wide 
range of temperatures throughout the  E and F reg ions  of t he  ionosphere.  
This  r ep resen t s  an important conclus ion  s ince ,  on t h i s  bas i s ,  i t  can  be 
s t a t e d  t h a t  a l l  previous c a l c u l a t i o n s  of e l e c t r o n  temperatures are quan t i -  
t a t i v e l y  i n c o r r e c t  below about 300 km. I n  p a r t i c u l a r ,  the  inc lus ion  of 
process  (1) may reso lve  the  d i sc repanc ie s  t h a t  e x i s t ,  a t  a l t i t u d e s  between 
200 and 300 km, between the  backsca t t e r  d a t a  of Evans [27] and the  t h e o r e t -  
i c a l  p red ic t ions  of Dalgarno, e t  a l .  [28]. 

3 .  Ion  temperatures i n  the  tops ide  ionosphere.  - A n a l y s i s  of back- 
s c a t f e r  observa t ions  [ 2 7 ]  has e s t a b l i s h e d  t h a t  t he  p o s i t i v e  i o n  temperature 
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i n  the ionosphere exceeds the  n e u t r a l  p a r t i c l e  temperature a t  a l t i t u d e s  
above 300 km dur ing  the  daytime, and the  r e s u l t s  a r e  i n  genera l  accord 
wi th  t h e o r e t i c a l  p r e d i c t i o n s  which assume t h a t  the  ions  a r e  heated by 
c o l l i s i o n s  wi th  the hot  ambient e l e c t r o n s  and cooled by c o l l i s i o n s  wi th  
the  n e u t r a l  p a r t i c l e s  [28]. Since the  e f f i c i e n c y  of t he  hea t ing  and 
cool ing  mechanisms depends upon the  i o n i c  s p e c i e s  involved, t h e  va r ious  
p o s i t i v e  ions  may be cha rac t e r i zed  by d i f f e r e n t  temperatures .  This  pos- 
s i b i l i t y  was examined by performing a t h e o r e t i c a l  a n a l y s i s  of a v a r i e t y  
of hea t ing  and coo l ing  processes  a s soc ia t ed  wi th  the  ions  O+, He+, and 
H r e s i d e n t  i n  the  e a r t h  tops ide  ionosphere.  + 

Equating the  hea t ing  and cool ing  r a t e s  of t h e  above ions  resul ts  
i n  a set of coupled equat ions  f o r  t he  i o n  temperature which can  be 
solved i t e r a t i v e l y .  The r e s u l t i n g  i o n  temperature p r o f i l e s  a r e  i l l u s -  
t r a t e d  i n  Figure 12. Owing t o  the  high e f f i c i e n c y  of energy exchange 
i n  ion- ion  c o l l i s i o n s ,  t he  H+ - O+ temperature d i f f e r e n c e  does not  ex -  
teed 200°K. and the  He+ - 0 
50°K. I n  most c i rcumstances i t  w i l l  s u f f i c e  t o  c h a r a c t e r i z e  the  i o n i c  
d i s t r i b u t i o n  by a s i n g l e  i o n  temperature.  

+ temperature d i f f e r e n c e  does not  exceed 

The hea t  flow from e l e c t r o n s  t o  n e u t r a l s  a t  700 km i s  shown i n  + + Figure 13.  A t  t h i s  a l t i t u d e  the  H+ and 0 
equal  importance. A t  lower a l t i t u d e s  the  h e a t  f lows p r i n c i p a l l y  t o  0 + and then t o  0, and H+ l o s e s  most of i t s  h e a t  t o  0 . 
hea t  f lows p r i n c i p a l l y  t o  H+ and t h  n t o  H and He, and O+ r ece ives  most 
of i t s  h e a t  from H+. The r o l e  of He 

ions  a r e  of approximately 

A t  h igher  a l t i t u d e s ,  

% is  n e g l i g i b l e  a t  a l l  a l t i t u d e s .  

4 .  Theore t i ca l  i n v e s t i g a t i o n s  on VW photon s c a t t e r i n g  by p l ane ta ry  
gases - molecular n i t rogen  and molecular hydrogen. - A new semi-empirical  
model of t he  d i p o l e  spectrum of molecules was developed and appl ied  t o  the  
de te rmina t ion  of d ipo le  p r o p e r t i e s  of molecular n i t rogen  (B-4). With the  
techniques developed he re in ,  'vw molecular s c a t t e r i n g  c r o s s  s e c t i o n s  were 
der ived  wherein the  r e s u l t a n t  model e x t r a p o l a t e s  t o  s h o r t e r  wavelengths 
(where l abora to ry  measurements a r e  a v a i l a b l e )  and long wavelengths without  
us ing  the  convent ional  assumption t h a t  the  c r o s s  s e c t i o n  v a r i e s  as t h e  i n -  
ve r se  f o u r t h  power of t he  wavelength. The r e s u l t s  i n d i c a t e  t h a t  a marked 
inc rease  appears  i n  the  c r o s s  s e c t i o n  toward s h o r t e r  wavelengths. 

Owing t o  the  severe  experimental  d i f f i c u l t i e s  involved i n  performing 
abso lu te  measurement of VW molecular s c a t t e r i n g ,  an  e f f o r t  was made t o  
c a l c u l a t e  t he  molecular s c a t t e r i n g  c r o s s  s e c t i o n s  from f i r s t  p r i n c i p l e s  
( i . e . ,  wi thout  r e s o r t i n g  t o  l abora to ry  d a t a ) .  A new and s u i t a b l e  method 

w a s  developed which i s ,  i n  p r i n c i p l e ,  capable  of achiev ing  t h i s  goa l  (B-5) .  
I n i t i a l  resu l t s  were obtained f o r  molecular hydrogen f o r  X > 25008 s i n c e  
t h i s  model is  more a p p l i c a b l e  t o  long wavelengths; s p e c i f i c a l l y ,  numerical 
u n c e r t a i n t i e s  e x i s t i n g  a t  p re sen t  have prevented the  a p p l i c a t i o n  of t he  
method a t  s h o r t e r  wavelengths.  However, more r e f ined  procedures  can  be 
developed a s  requi red ,  so  t h a t  the  above t h e o r e t i c a l  approach should be 
capable  of y i e l d i n g  c r o s s  s e c t i o n  va lues  wi th  an  accuracy not  achievable  
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t o  d a t e .  The new model can  be appl ied  t o  H2 ( to  below 10008) and the  
experience gained from t h i s  s tudy  i n  an  absorbing r eg ion  should i n d i -  
c a t e  an  e x p l i c i t  procedure f o r  c a l c u l a t i n g  abso lu te  c r o s s  s e c t i o n  
va lues  f o r  t he  p l ane ta ry  gases  N2, O2 and C 0 2 .  
t h a t  the r e l a t i v e  WV s c a t t e r i n g  c r o s s  s e c t i o n s  of t hese  gases  w i l l  be 
measured i n  the  l abora to ry  i n  the  near  f u t u r e ,  the  new theory should 
be of  p a r t i c u l a r  va lue  i n  e s t a b l i s h i n g  abso lu te  va lues .  I n  any event ,  
even the r e s u l t s  f o r  H should be u s e f u l  f o r  d i r e c t  a p p l i c a t i o n  t o  
c a l c u l a t i o n s  on the  d albedo of J u p i t e r .  For completeness,  b r i e f  
summaries a r e  included he re  of the  material contained i n  the  o r i g i n a l  
p u b l i c a t i o n s  (B-4,B-5). 

Since i t  i s  c e r t a i n  

a .  Dipole p r o p e r t i e s  of molecular n i t rogen .  -Exper imenta l  d a t a  
a v a i l a b l e  on the  o s c i l l a t o r  s t r e n g t h  d i s t r i b u t i o n  of  molecular n i t rogen  
which, supplemented by r e f r a c t i v e  index d a t a  and sum r u l e s ,  can  be e m -  
ployed t o  c o n s t r u c t  a model of the  complete d i p o l e  spectrum. On the  
o t h e r  hand, no experimental  d a t a  o r  abso lu t e  molecular s c a t t e r i n g  c r o s s  
s e c t i o n s  a r e  a v a i l a b l e  f o r  the  VUV reg ion .  Theore t i ca l  methods have 
been developed and appl ied  t o  c a l c u l a t e  the  molecular n i t rogen  s c a t -  
t e r i n g  c r o s s  s e c t i o n  i n  the  VW s p e c t r a l  reg ion .  These d a t a  are i m -  
p o r t a n t  i n  the i n t e r p r e t a t i o n  of  u l t r a v i o l e t  observa t ions  of the  atmo- 
spheres  o f  the  p l a n e t s  Ear th ,  Venus, and poss ib ly  Mars. I n  a d d i t i o n ,  
the  c a l c u l a t e d  d i p o l e  spectrum can  a l s o  be employed t o  c a l c u l a t e  the  
l ead ing  t e r m  i n  the  s p h e r i c a l  component of the  long range i n t e r a c t i o n  
between a p a i r  of n i t r o g e n  molecules and t o  c a l c u l a t e  t he  average e x c i -  
t a t i o n  energy which c o n t r o l s  the  abso rp t ion  of  f a s t  charged p a r t i c l e s  
by n i t rogen  gas. I n  the  o r i g i n a l  paper (B-4) the t h e o r e t i c a l  develop- 
ment i s  descr ibed  i n  d e t a i l  whereby c a l c u l a t i o n s  a r e  performed t o  ob- 
t a i n  estimates on the  d i p o l e  spectrum of molecular n i t rogen .  The r e s u l -  
t a n t  spectrum was used t o  c a l c u l a t e  va r ious  d i p o l e  p r o p e r t i e s  inc luding  
the s p h e r i c a l l y  symmetric van de Waals c o e f f i c i e n t  f o r  a p a i r  of n i t r o -  
gen nolecules  ( 7 3 . 4  a . u . ) ,  t he  mean e x c i t a t i o n  energy d e s c r i b i n g  the  
d e c e l e r a t i o n  of f a s t  p a r t i c l e s  (82 .1  eV)  and the molecular s c a t t e r i n g  

The v i b r a t i o n a l  Raman 
s c a t t e r i n g  a t  Lyman-a: i s  es t imated  a t  between and cm2. 
F i n a l l y ,  the  molecular s c a t t e r i n g  c r o s s  s e c t i o n  va lues  f o r  Ah. 10,000 - 
120052 were c a l c u l a t e d ,  and s i n c e  these  a r e  of d i r e c t  i n t e r e s t  t o  the  
c u r r e n t  program, the  r e s u l t s  are presented  i n  Table 2. 

c r o s s  s e c t i o n  of Lymana (5.6 x cm 5 ) .  

b. Op t i ca l  p r o p e r t i e s  of molecular hydropen. - Var ia t iona l  methods 
were employed t o  c a l c u l a t e  the p a r a l l e l  and perpendicular  dynamic d i p o l e  
p o l a r i z a b i l i t i e s ,  the  r e f r a c t i v e  index, t he  Verdet cons t an t ,  t h e  molecu- 
l a r  and Raman s c a t t e r i n g  c r o s s  s e c t i o n s ,  and the  molecular and Ramam de-  
p o l a r i z a t i o n  f a c t o r s  of molecular  hydrogen a s  a f u n c t i o n  of frequency 
of the  i n c i d e n t  r a d i a t i o n ,  The development and method of  a p p l i c a t i o n  of 
t h i s  t h e o r e t i c a l  technique a r e  presented  i n  d e t a i l  i n  t he  o r i g i n a l  re- 
p o r t  (B-5) where i t  is demonstrated t h a t  the  c a l c u l a t e d  parametr ic  va lues  
a r e  s a t i s f a c t o r y  a t  long wavelengths but  u n s a t i s f a c t o r y  below about 240052 
owing t o  inadequacies  i n  the  r e p r e s e n t a t i o n  of the  wave func t ion  of the  
undis turbed molecule. By s c a l i n g  the  r e s u l t s  t o  ensure  t h a t  they tend t o  
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TABLE 2 

CALCULATED MOLECULAR SCATTERING CROSS SECTIONS 
FOR XX N2 FOR XX 10,000-12008 

Wave length 
(XI 

Scattering 
Cross Section 

b2> 

1200 

1215.7 

1250 

1300 

1400 

1500 
1600 

17 00 

1800 

1900 

2000 

2500 
3000 

3500 
4000 

45 00 
5 000 

5500 
6000 

7 000 

8000 

9000 

10000 

6.22 

5.62 

4.53 

3.43 

2.08 

1.43 

1.00 

7.36 

5.52 

4.25 

3.34 
1.21 

5.52 x 

2.88 

1.65 

1.02 
6 . 6 0  

4*47 
3.14 

1.69 

9.80 x 

6.10 

3.99 
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t h e  zero-frequency l i m i t s  of Kolos and Wolniewicz [29] one ob ta ins  a t  
t he  l a s e r  wavelength 62388 used by Bniclga and Buckingham [30], 0.126 

0.30983 f o r  the,:paf 
f o r  the molecular an iso t ropy  0.8188 3 -  f o r  t he  mean p o l a r i z a b i l i t y ,  and 

accu ra t e  than  a le a t  p re sen t .  

. - The f a s t  photo- 

processes  lead ing  t o  i o n i z a t i o n  and e x c i t a t i o n  of t he  n e u t r a l  p a r t i c l e s  
and t o  hea t ing  of t he  e l e c t r o n  and i o n  gases .  The e x c i t a t i o n  processes  
produce a s u b s t a n t i a l  component of t h e  dayglow luminosi of t he  upper 
atmosphere. the  obse rva t ion  and the i n t e r p r e t a t i o n  of w h can  provide 
d e t a i l e d  informat ion  on the  d i s t r i b u t i o n  of energy sourc&s i n  the  day- 
t i m e  atmosphere. The p r e d i c t i o n  of t he  i n t e n s i t i e s  of ayglow 
emission f e a t u r e s  involves  a more d e t a i l e d  d e s c r i p t i o n  e ind iv idua l  
processes  caus ing  the  degrada t ion  i n  energy of the  photoe lec t rons  but  i s  
otherwise s imi la r  t s t u d i e s  of photoe lec t ron  hea t ing  [ 

The c a l c u l a t i o n  of t he  i n i t i a l  energy spectrum of the  photoe lec t rons ,  
which involves  a choice of model atmosphere and ionosp of abso rp t ion  
and photo ioniza t ion  c r o s s  sec t ions ,  and of s o l a r  u l t r a  i n t e n s i t i e s  
has  been descr ibed  i n  d e t a i l  by Dalgarno, e t  a l .  1281 

rons  lose'  energy by e x c i t i n g  and i o  the  n e u t r a l  
6 s  sf  ha atmosphere. Although sevefaJ. 4processes  con- 

t r i b u t e  t o  the  energy de 
are known wi th  p r e c i s i o n  
and molecular N were cons idered .  For each case ,  severak '  r e l even t  expe r i -  
mental c r o s s  s e c t i o n  d a t a  were i d e n t i f i e d ,  reviewed, a t i c a l l y  eva lu -  
a t e d .  Owing t o  s_e,veral shortcomings, t hese  experiment a were supple-  
mented by theory ' to .obtain usable  c r o s s  s e c t i o n  estima F i n a l l y ,  a new 
t h e o r e t i c a l  procedure w a s  developed and appl ied  (B-6) e r  t o  o b t a i n  
estimates f o r  the  contr ibut i?ons t o  the  Ea r th  dayglow o o the  i n t e r -  
a c t i o n  of superthermal  ele&t,rons wi th  ambient atmosphe 
and molecular n i t rogen .  It was concluded t h a t  s i g n i f i  
glow contribution$;_ can be:''espec ted i n  the  fol lowing spec 
1302-1306, 1356, 84"46j .77,7$,i 1026, and 1152 and 989, 5 
atomic oxygen; t he  f i r s t  , pos i t i ve  bands, t he  second pos i  
Vegard Kaplan bands and the"  Lyman-Hopfield bands f o r  N2; + negat ive  bands and the  IR~iMeinel system f o r  N2. 

d a t i o n ,  few of t he  p e r t i n e n t  c r o s s  s e c t i o n s  
I h  the  p re sen t  s tudy ,  the  r o l 6 k  of atomic 0 

2 
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C .  Experimental I n v e s t i g a t i o n s  i n  the  W V  (2000-lOOOa) 
and the  EW (below 10008) S p e c t r a l  Regions 

The d e t a i l e d  r e s u l t s  of t h i s  l a b o r a t o r y  phase of t h e  c u r r e n t  pro-  
gram are conta ined  i n  the fo l lowing  p u b l i c a t i o n s :  

C - 1 .  "Physics of P l ane ta ry  Atmospheres, V I .  S tud ie s  of Photoab- 
s o r p t i o n  by Atomic Hydrogen, Oxygen, and Nitrogen," by R. B. Ca i rns  and 
J .  A. R. Samson, GCA Technical Report No. 67-2-N. 

C-2. "Photoabsorption S tud ie s  of Discharged Hydrogen," by R. B. 
Ca i rns  and J. A .  R. Samson, Proc. Phys. SOC. (London) - 90, 879 (1967). 

C-3. "Present S t a t u s  of I o n i c  Mobi l i ty  Measurements i n  the  EW," 
by P. Warneck and F. F. Marmo, Quar t e r ly  Progress  Report No. 9, June 
1967. pp. 35-39. 

C-4. "Measurement of t he  Ion M o b i l i t i e s  of Se lec ted  P lane ta ry  
Gases i n  the  EW," by P. Warneck and F. F. Marmo, Quar t e r ly  Progress  
Report No. 11, December 1967, pp. 21-32. 

C-5. "Measurement of t h e  Kine t i c  Energy and S p a t i a l  D i s t r i b u t i o n  
of Ejec ted  Photoe lec t rons  Due t o  WV and EUV Photo ioniza t ion ,"  by J .  A. R. 
Samson and R .  B. Ca i rns ;  and Quar t e r ly  Progress  Reports No. 10, September 
1967, pp. 44-47; No. 9, June 1967, pp. 29-35; No. 8, March 1967, pp. 
17-24; No. 7 ,  December 1966, pp. 47-70. 

C-6. "Vacuum U l t r a v i o l e t  Research," by J. A. R.  Samson, Appl. Opt. 
-9 6 879 (1967), and Quar t e r ly  Progress  Report No. 7 ,  December 1966, pp. 
47 -65. 

C-7 .  "Photoelectron Spectroscopy of the  Rare Gases," by J. A .  R. 
Samson and R. B. Ca i rns  (submitted f o r  p u b l i c a t i o n  t o  Phys. Rev.) and 
Quar te r ly  Progress  Report N o .  12 ,  March 1968, pp. 34-57. 

C-8 .  "The Design, Development and Cont inua t ion  of New Experimental 
Devices f o r  WV and EW Inves t iga t ions , "  by J. A.  R. Samson and R. B. 
Cairns,  Quar t e r ly  Progress  Report No. 10, pp. 46-54. 

C-9. "Reflectance and Transmittance of Laser Deposited I r i d i u m  i n  
t h e  Vacuum U l t r a v i o l e t , "  by J .  A. R. Samson, J.  P. Padur and A.  Sharma, 
J. Opt. SOC. Am. 57, 966 (1967, and Quar t e r ly  Progress  Report No. 8, 
March 1967, pp. 25-27. 

C - 1 0 .  "The Relative P h o t o e l e c t r i c  Yie ld  and Transmittance of Alumi- 
num Films," by R. B. Cairns and J. A. R. Samson, J .  Opt. SOC. Am. 57, 
433 (1967), and Quar t e r ly  Progress  Report No. 7 ,  December 1966, pp. 65-70. 

C - 1 1 .  'Metal  Photocathodes a s  Secondary Standards f o r  Absolute I n -  
t e n s i t y  Measurements i n  the  Vacuum U l t r a v i o l e t , "  by R. B. Cairns and 
J. A.  R .  Samson, J .  Opt. Soc. Am. 56, 1568 (1966). 
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C-12. "The Design, Development and Cons t ruc t ion  of New Exper i -  
mental Devices f o r  VW and EW Inves t iga t ions :  The Design, Development 
and Construct ion of a Su i t ab le  EUV Grazing Incidence Monochromator," by 
J. A .  R. Samson, Quar te r ly  Progress  Report No. 8, March 1967, pp. 25-27. 

C-13. "The Present  S t a t u s  of Grazing Incidence EUV Monochromator," 
by J .  A .  R. Samson and R. B. Ca i rns ,  Quar t e r ly  Progress  Report No. 9, 
June 1967, pp. 35-39. 

Brief t echn ica l  summaries of the  l abora to ry  e f f o r t s  involved are 
presented below i n  the fo l lowing  major d i scuss ion  a r e a s :  (1) absorp-  
t i o n  and photo ioniza t ion  c r o s s  s e c t i o n  measurements of atomic H, 0, and 
N i n  the WV (C-1,C-2), (2) i o n  mobi l i ty  measurements i n  the E W  (C-3,C-4), 
(3) measurements of k i n e t i c  energy d i s t r i b u t i o n  of e j e c t e d  photoe lec t rons  
due t o  WV and EW photo ioniza t ion  (C-5,C-6), and ( 4 )  design,  development 
and f a b r i c a t i o n  of new experimental  devices  f o r  WV and EW labora to ry  i n -  
v e s t i g a t i o n s  (C-8 ,C-13) .  

1. Laboratory measurements of the abso rp t ion  and pho to ion iza t ion  
c r o s s  s e c t i o n s  of atomic H, N,  and 0 i n  the  EUV and WV s p e c t r a l  regions.-  
It i s  important  t o  o b t a i n  q u a n t i t a t i v e  measurements of the  absorp t ion  
and photo ioniza t ion  c r o s s  s e c t i o n  of atomic spec ie s  not only t o  b e t t e r  
understand atomic s t r u c t u r e  but  a l s o  because of t he  unique importance 
they assume i n  the  upper atmosphere of p l a n e t s  where atomic c o n s t i t u e n t s  
predominate. Thus, i n v e s t i g a t i o n s  of EW and VW photoabsorpt ion pro-  
cesses f o r  atomic H,  N. and 0 w.ere undertaken under the c u r r e n t  program. 
A b r i e f  summary of the  f i n a l  r e su l t s  i s  presented below; the  d e t a i l s  are 
a v a i l a b l e  elsewhere (C-l,C-2). For measurements of the  photo ioniza t ion  
c r o s s  s e c t i o n s  of atomic H, 0, and N, i t  was necessary t o  d i s s o c i a t e  t he  
pa ren t  diatomic gases  and t o  know the  r e s u l t i n g  p a r t i a l  g a s ' p r e s s u r e s  
and gas  temperatures .  Of the s e v e r a l  techniques a v a i l a b l e  f o r  t h i s  pur-  
pose, the  a f t e rg low of a CW-electrodeless-rf  o r  microwave d ischarge  was 
s e l e c t e d  s i n c e  t h e r e  are no l a r g e  - s c a l e  t r a n s i e n t  f l u c t u a t i o n s  of t e m -  
pe ra tu re  o r  atom concent ra t ion ,  the  gas temperature i s  e s s e n t i a l l y  room 
temperature,  and the re  is  no s p u t t e r i n g  of e l e c t r o d e  material r e s u l t i n g  
i n  increased  atom l o s s e s  by w a l l  recombination. I n  an  a f te rg low,  the  
atom concen t r a t ion  i s  lower than  i n  the  d ischarge  i t s e l f ,  but t he re  are 
fewer unwanted e x c i t e d  atoms and molecules.  The r e l a t i v e l y  complex 
and va r i ed  procedures involved i n  the  product ion  of s u f f i c i e n t  concen- 
t r a t i o n s  and p u r i t i e s  of  the atomic s p e c i e s  of i n t e r e s t  i s  d iscussed  
elsewhere (C-1,C-2) so t h a t  no f u r t h e r  d e t a i l s  are presented  here .  How- 
ever, a f t e r  cons ide rab le  e f f o r t ,  s u i t a b l e  atom sources  were developed 
and employed i n  the  i n v e s t i g a t i o n .  A s p e c i a l  windowless abso rp t ion  c e l l  
was then designed and a t t ached  t o  the  1/2-meter monochromator e x i t  s l i t  
assembly. The requi red  (below 10008) monochromator r a d i a t i o n  source was 
obta ined  from a high vo l t age  condensed spark  d ischarge .  The gas i n  the  
l i g h t  source w a s  u s u a l l y  argon s i n c e  i t s  l i n e  spectrum i s  p a r t i c u l a r l y  
dense and r e l a t i v e l y  i n t e n s e  i n  the requi red  wavelength range. The r a d i -  
a t i o n  from the  l i g h t  source was d i spe r sed  wi th  a r e s o l u t i o n  of about 38 

42 



and then t r ansmi t t ed  through the  abso rp t ion  c e l l  and de tec t ed  us ing  a 
photodetec tor  (an aluminum p l a t e  d e t e c t o r  o r  a windowless pho tomul t ip l i e r ) .  
The background p res su re  i n  the  e n t i r e  system was about  5 x mm Hg. 
The experimental  r e s u l t s  of the p resen t  i n v e s t i g a t i o n  were compared t o  
o t h e r  experimental  and t h e o r e t i c a l  d a t a  sources  i n  a sys temat ic  c r i t i ca l  
review. On the  b a s i s  of t he  p re sen t  a n a l y t i c a l  r e s u l t s  and the  t o t a l i t y  
of  a v a i l a b l e  d a t a ,  t he  p r e s e n t l y  reconnnended atomic pho to ion iza t ion  d a t a  
are presented i n  F igures  14, 15, and 16. 

I n  Figure 1 4  the  t h e o r e t i c a l  d a t a ,  u(H), have been p l o t t e d  on a 
scale which a l lows  i n t e r p o l a t i o n  between the  a c t u a l  datum p o i n t s .  A l -  
though the  experimental  work on atomic hydrogen was not  f r e e  from s y s -  
tematic  e r r o r ,  the  r e s u l t s  a r e  r e l a t i v e l y  c o n s i s t e n t  wi th  theory.  

The cr(0) d a t a  are p l o t t e d  as a func t ion  of wavelength i n  Figure 15. 
The t h e o r e t i c a l  curves  of Dalgarno [31], are i n  f a i r  agreement wi th  ex-  
periment but g e n e r a l l y  i n d i c a t e  lower c r o s s  s e c t i o n  va lues .  Because of 
t h i s ,  t he  r e s u l t s  ob ta ined  us ing  the d i p o l e  v e l o c i t y  formula t ion  a r e  p re -  
f e r r e d  a t  wavelengths longer  than  7322. A t  s h o r t e r  wavelengths, the  d i -  
po le  l eng th  formula t ion  ag rees  more c l o s e l y  wi th  experiment.  The photo- 
i o n i z a t i o n  continuum must be seve re ly  d i s t o r t e d ,  a t  wavelengths longer  
than  7 3 d .  by d i s c r e t e  abso rp t ion  l i n e s  many of which are broadened by 
a u t o i o n i z a t i o n .  I n  t h i s  s p e c t r a l  region,  the experimental  c r o s s  s e c t i o n s  
must be regarded a s  the  more r e l i a b l e  d a t a  source.  However, i t  should be 
remembered both t h a t  no e x t r a p o l a t i o n  between these  datum p o i n t s  i s  per -  
mi s s ib l e  and t h a t  t h e  d e t a i l s  of t h e  experiment were such that: the  l a r g e  
c r o s s  s e c t i o n s ,  e . g . ,  a t  6852, probably r ep resen t  lower l i m i t s .  The 
Rydberg series converging t o  t h e  th re sho lds  a t  732 and 6652 can  be ex-  
pected t o  d i s g u i s e  and e f f e c t i v e l y  remove the  s t e p - l i k e  f e a t u r e s  of t h e  
theore  t i c a  1 curve.  

The p r e f e r r e d  d a t a  cr(N) are shown diagrammatical ly  i n  Figure 16.  
The d i p o l e  l eng th  d a t a  of Henry [32]  are be l ieved  t o  be more r e l i a b l e  
than  e a r l i e r  t h e o r e t i c a l  r e s u l t s  s i n c e  r e l a t i v e l y  good agreement e x i s t s  
w i t h  the  experimental  va lues  1 / 2  u(N2) a t  wavelengths s h o r t e r  than 367a. 

2. The measurement o f  i o n i c  m o b i l i t i e s  of s e l e c t e d  p l a n e t a r y  gases  
i n  the E W .  - The measurement of  i o n i c  m o b i l i t i e s  of  s e l e c t e d  p l ane ta ry  
gases  i s  d i r e c t l y  a p p l i c a b l e  t o  s e v e r a l  c u r r e n t  p l a n e t a r y  aeronomy prob- 
l e m s .  I n  g e n e r a l ,  t he  o v e r a l l  d i s t r i b u t i o n  and l o c a l i z e d  concen t r a t ion  
of ions  i n  p l ane ta ry  atmospheres are governed by several processes  which 
inc lude  ion  convers ion  r e a c t i o n s ,  recombination, ambipolar d i f f u s i o n ,  
and ion  d r i f t  v e l o c i t i e s .  While a r e l a t i v e l y  l a r g e  q u a n t i t y  of d a t a  has  
become a v a i l a b l e  r e c e n t l y  concerning the  f i r s t  two processes ,  only s c a n t  
experimental  in format ion  i s  a v a i l a b l e  on i o n i c  d i f f u s i o n  c o e f f i c i e n t s  
and d r i f t  v e l o c i t i e s  which are important  processes  i n  c o n t r o l l i n g  the  
r e d i s t r i b u t i o n s  of atmospheric i o n s  i n  t h e  presence of ionospheric  e lec t r ic  
f i e l d s .  I n  a d d i t i o n ,  t h e  ambipolar d i f f u s i o n  c o e f f i c i e n t  va lues  are re- 
l a t e d  d i r e c t l y  t o  t h e  ra tes  involved i n  c o n t r o l l i n g  the  r e d i s t r i b u t i o n  of 

43 



I 

C 
0 

*I4 u 
m 
N 

.I4 c 
0 

.I4 
0 
U 
0 c a 

44 



1 e 

1 I I 
E e n 

(Pur) N01133S SSOY3 N0lldeK)SBV 45 



1 I I I I I 
(u 0 a0 io e N 

( q w )  NO1133S S S O W  NOilQZlNOlOlO 
- 

; 

3 
3 
D 

3 
3 
c 

3 
2 

3 
3 n 

46 



i o n i z a t i o n  i n  the  presence of concent ra t ion  g rad ien t s .  Furthermore, i o n  
mobi l i ty  va lues  a r e  employed i n  c a l c u l a t i n g  the  r a t e  a t  which p l ane ta ry  
ions  cool  on c o l l i s i o n  with n e u t r a l  ionospheric  s p e c i e s .  I n  p r i n c i p l e ,  
i on  m o b i l i t i e s  measured a t  d i f f e r e n t  va lues  of t he  app l i ed  e l e c t r i c  f i e l d  
can  be analyzed t o  y i e l d  informat ion  on the  c o l l i s i o n  c r o s s  s e c t i o n s  a s  a 
func t ion  of energy. 

Under the p re sen t  program, i t  has been demonstrated t h a t  photo ioni -  
z a t i o n  mass spec t romet r ic  techniques can be app l i ed  t o  measure ion -  
n e u t r a l  r e a c t i o n s  i n  the  WV and EW s p e c t r a l  reg ions  [33-361. During 
the  performance of t he  above experiments,  i t  became evident  t h a t ,  w i th  
proper  modi f ica t ion ,  re l iable  d r i f t  v e l o c i t y  d a t a  could be obtained by 
measuring the  res idence  t i m e  of s p e c i f i c  i ons  i n  the  photo ioniza t ion  mass 
spectrometer  i o n  source chamber. 
employing t h i s  experimental  conf igu ra t ion  i n  the performance of ion-  
n e u t r a l  r e a c t i o n s  a r e  of equiva len t  importance i n  the  performance of i o n  
mobi l i ty  measurements. These inc lude :  (1) mass i d e n t i f i c a t i o n  of t he  
i o n ,  (b) energy s e l e c t i o n  of t he  i o n i z i n g  r a d i a t i o n  so t h a t  ions  can  be 
formed i n  a wel l -def ined e l e c t r o n i c - v i b r a t i o n a l  s t a t e ,  and (3) use of a 
pulsed l i g h t  source of du ra t ion  s u f f i c i e n t l y  s h o r t  t o  allow obse rva t ion  
of the  broadening of the  i o n  t r a n s i e n t  wi th  t i m e .  The l a t t e r  f e a t u r e  
makes poss ib l e  t h e  eva lua t ion  o f  the  i o n i c  d i f f u s i o n  c o e f f i c i e n t s .  Dur- 
i n g  t h e  c u r r e n t  program, the  requi red  experimental  appara tus  was deve l -  
oped and a number of pre l iminary  measurements were performed on the  i o n i c  
mob i l i t y  of N i  i n  n i t rogen .  

A number of advantages [ 3 4 ]  gained by 

The f e a s i b i l i t y  of photo ioniza t ion-mobi l i ty  experiments was f i r s t  
demonstrated by Samson and Weissler  [37 ]  who employed a convent ional  
s h u t t e r  technique f o r  measuring i o n  d r i f t  v e l o c i t i e s .  I n  the  p re sen t  
i n v e s t i g a t i o n ,  t h i s  f e a t u r e  was incorpora ted  by employment of t he  GCA 
photo ioniza t ion  mass spectrometer  which has been used ex tens ive ly  i n  
ion -neu t r a l  r e a c t i o n  s t u d i e s  (A-9 t o  A - 1 2 ) .  I n  t h i s  regard ,  a technique 
was developed t o  determine the average res idence  time of parent  ions  i n  
the  ion  source of  the  instrument  involving the t i m e  de lay  experienced 
by a group of i ons  between the  times of formation and r e g i s t r a t i o n  on 
an  osc i l l o scope .  This technique can a l s o  be appl ied  t o  measure d r i f t  
v e l o c i t i e s  of  mass i d e n t i f i e d  ions .  However, i t  should be noted t h a t ,  
whereas the  de te rmina t ion  of res idence  time f o r  ion-molecule r e a c t i o n s  
does not  r e q u i r e  any knowledge of geometries and f i e l d  cond i t ions  i n  the  
i o n  source,  such information i s  v i t a l  t o  the  measurements of d r i f t  ve loc-  
i t i es  and m o b i l i t i e s .  
p l i c a t i o n  a r e  descr ibed  elsewhere (C-4)  i n  d e t a i l .  

The d e t a i l e d  ins t rumenta t ion  development and ap -  

Prel iminary measurements employing the  pho to ion iza t ion  mass- 
spectrometer  conf igu ra t ion  have y ie lded  informat ion  on the  d r i f t  v e l o c i -  
t i e s  of N i n  n i t rogen .  The experiments were performed using a s p e c t r a l  
s e t t i n g  o$ the monochromator a t  about 790g. 
equ iva len t  t o  the  threshold  value f o r  t he  formation of I$ i n  i t s  ground 
v i b r a t i o n a l  and e l e c t r o n i c  s t a t e ,  so  t h a t  the  $ i o n  s t a t e  i s  s t r i c t l y  
def ined  which r e p r e s e n t s  a coes ide rab le  advantage f o r  t he  p re sen t  i n v e s t i -  
g a t  ion.  

+ 
Energe t i ca l ly ,  t h i s  i s  about 
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+ It should be noted t h a t  N4 formation w a s  observed; however, i t  
amounted t o  less than 10 percent  even a t  the  h ighes t  p re s su re  employed. 
The N2 gas  pressure  range was va r i ed  between 75  and 200 microns, and 
t h e  d r i f t  v e l o c i t y  measurements were performed a t  t h ree  r e p e l l e r  v o l t -  
ages ,  i . e . ,  1.0,  2.0, and 5,O v o l t s ,  f o r  which the  corresponding f i e l d  
s t r e n g t h s  are 1.5, 3.0, and 7 .6  volts/cm, r e spec t ive ly .  The observed 
experimental  d r i f t  v e l o c i t y  va lues  are p l o t t e d  i n  Figure 1 7  as a func-  
ti03 of E/Po, t he  r a t i o  of  f i e l d  s t r eng th ,  t o  pressure ,  P (cor rec ted  t o  
273 K ) .  The r e s u l t s  of Keller, e t  a l .  [38], are represented  by the  
s o l i d  l i n e  while  the  dashed l i n e  i n d i c a t e s  t he  d a t a  of Saporoschenko [39]. 
The h ighly  s a t i s f a c t o r y  agreement among t h e  th ree  sets of  d a t a  demon- 
s t r a t e s  t h a t  the p re sen t  technique can be employed wi th  h igh  r e l i a b i l i t y .  
It can  be seen  from the  f i g u r e  t h a t  the s lope  of t he  p re sen t  d a t a  i s  
s l i g h t l y  less than  one, whereas f o r  near  thermal ions ,  a s lope  of u n i t y  
would be p red ic t ed  t h e o r e t i c a l l y .  However, s i n c e  t h e  d a t a  of t he  o t h e r  
experimenters  do not  fol low a s lope  of un i ty ,  i t  appears  t h a t  t he  ions  
are not  s u f f i c i e n t l y  thermal i n  the  inves t iga t ed  E/Po range f o r  t h e  
theory t o  be s t r i c t l y  app l i cab le .  A s  a consequence, i t  i s  not  f e a s i b l e  
t o  de r ive  from these  d a t a  a lone  a p r e c i s e  va lue  f o r  t he  reduced mobi l i ty  
a t  zero f i e l d .  

I n  s p i t e  of t h i s  l i m i t a t i o n  an  e x t r a p o l a t i o n  of the  reduced mobi l i ty  
w a s  performed, t he  r e s u l t s  a r e  shown i n  Figure 18 where i t  can  be seen  
t h a t  the measured mobi l i ty  va lues  inc rease  wi th  decreas ing  E/Po. 
i nd ica t ed  l i n e a r  e x t r a p o l a t i o n  t o  E/Po = 0 y i e l d s  the  mob i l i t y  va lue  
poo = 1.75,  where the  second s u b s c r i p t  zero i n d i c a t e s  zero electric f i e l d .  
Since t h i s  va lue  c o n s t i t u t e s  an  upper l i m i t ,  i t  i s  i n  reasonable  ag ree -  
ment wi th  the  va lue  p,, = 1.44  obtained by Keller, e t  a l .  
the  t h e o r e t i c a l  va lue  j~ = 1 . 5  der ived  by Dalgarno [40,41]. Addit ion-  
a l l y ,  s i n c e  theo re t i ca l ??  the e x t r a p o l a t i o n  should not  be l i n e a r  but  con- 
vex, the  ex t r apo la t ed  zero  f i e l d  mobi l i ty  va lue  would be diminished 
somewhat; thus  r e s u l t i n g  i n  b e t t e r  agreement wi th  the  po0-values deduced 
by o t h e r s .  F ina l ly ,  i t  i s  l i k e l y  t h a t  f o r  those va lues  of  E/P < 10, 
t he  p e n e t r a t i o n  of the a c c e l e r a t i n g  f i e l d  i s  no longer  n e g l i g i g l e  so 
t h a t  the measured d r i f t  v e l o c i t i e s  can  be too l a rge .  This  e f f e c t  must 
be considered c a r e f u l l y  i n  f u t u r e  a p p l i c a t i o n s  of t he  p r e s e n t  method. 

The 

1381, and w i t h  

Never the less ,  from the  r e s u l t s  presented  here ,  i t  i s  apparent  t h a t  
the  employed technique y i e l d s  d a t a  i n  reasonably good agreement wi th  
those  obta ined  by e n t i r e l y  d i f f e r e n t  techniques,  thereby  demonstrat ing 
t h e  va lue  of  t he  p re sen t  new method. 

3. Laboratory measurements of  t he  k i n e t i c  energy d i s t r i b u t i o n  of 
e j e c t e d  photoe lec t rons  due t o  WV and EW photo ioniza t ion .  - The r o l e  of 
superthermal  o r  "hot" e l e c t r o n s  i n  the  gene ra t ion  of dayglow emissions 
has  been d iscussed  p rev ious ly  i n  Sec t ion  B5 of t h i s  r e p o r t  where the 
t h e o r e t i c a l  s t u d i e s  involved have demonstrated the requirement f o r  new 
l abora to ry  d a t a  on the  measurement of k i n e t i c  energy (and s p a t i a l )  d i s -  
t r i b u t i o n s  of e j e c t e d  photoe lec t rons  due t o  pho to ion iza t ion  processes  
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occur r ing  i n  the  Ea r th ' s  upper atmosphere. I n  t h i s  regard,  sys temat ic  
l abora to ry  i n v e s t i g a t i o n s  have been performed under the  c u r r e n t  program. 
The r e s u l t s  achieved have been published elsewhere (C-5) s o  t h a t  no de-  
t a i l e d  account is presented here in .  However, a b r i e f  summary of t he  
methods involved and the  d a t a  acquired i s  included below. 

I n  p r i n c i p l e ,  the  l abora to ry  methods involved i n  VW and E W  photo- 
e l e c t r o n  spectroscopy a r e  conceptua l ly  s t r a igh t fo rward .  However, i n  
p r a c t i c e ,  these  i n v e s t i g a t i o n s  tend t o  be r e l a t i v e l y  complex owing t o  
the  l a rge  number of experimental  d i f f i c u l t i e s  encountered a s  d iscussed  
i n  the d e t a i l e d  r e p o r t  r e fe rences  (C-5,C-6). The major d i f f i c u l t i e s  
gene ra l ly  involve the  inadve r t en t  d i sc r imina t ion  i n  the  measured elec- 
t r o n  energy spectrum r e s u l t i n g  from the  analyzer-monochromator combina- 
t i o n .  A number of f a c t o r s  a r e  involved inc luding:  (1) i n s u f f i c i e n t  
s i g n a l  i n t e n s i t y ,  (2) t he  e f f e c t  of e lectron-molecule  c o l l i s i o n  i n  the  
ana lyzer ,  ( 3 )  t h e  s p e c i f i c  d i s t r i b u t i o n s  of photoe lec t rons  e j e c t e d  from 
d i f f e r e n t  atomic and/or  molecular bonding s h e l l s ,  (4) t h e  degree and 
v a r i a t i o n  (with EUV wavelength) of the  p o l a r i z a t i o n  of the  e x i t  s l i t  
monochromatic r a d i a t i o n ,  ( 5 )  per tu rba t ions  encountered by l o w  energy 
e l e c t r o n s  which pass  through the  small holes  i n  the  s p h e r i c a l  ana lyzer ,  
and (6) d i s t u r b i n g  e f f e c t s  due t o  the  "contact  p o t e n t i a l s "  which e x i s t  
between the  inne r  and o u t e r  spheres  of t he  ana lyzer .  Under the  p re sen t  
program these  d i f f i c u l t i e s  have been minimized and/or  e l imina ted  on the  
b a s i s  of a sus ta ined  e f f o r t  aimed a t  cont inuing  improvement of the  tech-  
niques.  On the  b a s i s  of the d i f f i c u l t i e s  enumerated under I t e m s  (l), 
(2), (3) ,  ( 5 ) ,  and ( 6 ) ,  a r e l a t i v e l y  complex and s o p h i s t i c a t e d  s p h e r i c a l  
ana lyzer  was developed, f a b r i c a t e d ,  c a l i b r a t e d ,  and employed f o r  t he  
p re sen t  experimental  purpose. With r e spec t  t o  I t e m  (4 ) ,  new l abora to ry  
measurements were performed t o  o b t a i n  the  appropr i a t e  c o r r e c t i o n  f a c t o r s .  
The c r i t i c a l  f e a t u r e s  of t he  o v e r a l l  technique a r e  shown i n  Figure 19 
which inc ludes  a schematic of the  photoe lec t ron  a n a l y s i s  and the  conf ig -  
u r a t i o n  of t he  se tup .  The a n a l y s i s  cons i s t ed  of t h r e e  s p h e r i c a l  g r i d s  
wi th  a v a r i a b l e  r e t a r d i n g  p o t e n t i a l  app l i ed  t o  the  middle g r i d .  The 
d iameters  of the  spheres  were 3 ,  4, and 5 inches.  Two hollow metal tubes 
a t  the same p o t e n t i a l  as the  inne r  sphere allowed r a d i a t i o n  from the  e x i t  
s l i t  of a 1/2-meter Seya monochromator t o  e n t e r  t he  ana lyzer  and r e l e a s e  
photoe lec t rons  i n  the  small volume element a t  t he  c e n t e r  of t he  spheres .  
The sepa ra t ion  of the two tubes was about 9.5 me Baff les  i n  the  f i r s t  
tube def ined  the  l i g h t  pa th  so t h a t  r a d i a t i o n  d id  not  impinge on the 
walls of the  tubes producing a background of unwanted photoe lec t rons .  
The r a d i a t i o n  emerging from the  t u b e s  w a s  monitored by a photomul t ip l ie r  
s e n s i t i z e d  t o  vacuum W r a d i a t i o n  wi th  a coa t ing  of sodium s a l i c y l a t e .  
The photoe lec t rons  produced a t  the c e n t e r  of the  sphere t r ave led  outwards 
a long  r a d i i ,  i . e . ,  i n  d i r e c t i o n s  normal t o  the  r e t a r d i n g  p o t e n t i a l .  E lec-  
t r o n s  produced o f f  c e n t e r  t r ave led  a t  some angle  t o  a r ad ius  and were re- 
tarded a t  a lower vol tage .  The r e l a t i v e  diameters  of  t he  volume element 
and the inne r  sphere t h e r e f o r e  e s t a b l i s h e d  a l i m i t  t o  t he  r e so lv ing  power 
of  the ana lyzer .  For the  s e l e c t e d  dimensions, e l e c t r o n s  of energy E 
shoud have an  energy spread LllE/E = (1.56 5 0.1) percent .  The measured 
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r e s o l u t i o n  of the  ana lyzer  was 1.65 percent  f o r  e l e c t r o n  e n e r g i e s  i n  
excess  of 4 e V .  For lower e n e r g i e s  the t o t a l  energy spread tended t o  
a cons t an t  va lue  of DE = 56 mV. That is ,  i n  t e r m s  o f  a f u l l  width a t  
h a l f  h e i g h t ,  s t r u c t u r e  separa ted  by 28 mV could be observed. 
t h i s  r e s o l u t i o n  could be achieved only  when a Helmholtz c o i l  w a s  used 
t o  reduce the Ea r th ' s  magnetic f i e l d  from 0.5 gauss t o  about 0.05 gauss ,  
The energy spread DE of  the  ana lyze r  was determlned as  a func t ion  of 
the  e l e c t r o n  energy. 
(caused by the f i n i t e  dimensions of  the appara tus)  d i f f e r e d  from the  
observed va lue  owing t o  e i t h e r  (1) the  small c o n t a c t  p o t e n t i a l s  i n  the  
f i e l d - f r e e  reg ion  where the  e l e c t r o n s  were c rea t ed ,  o r  (2) t he  weak 
f i e l d s  p e n e t r a t i n g  t h e  ho le s  of  the  mesh. 
p e r  inch  was employed i n  the  f a b r i c a t i o n  of the  spheres .  

However, 

It was found t h a t  t he  expected energy spread 

Brass mesh w i t h  t h i r t y  ho le s  

E lec t rons  which escaped from the  ana lyze r  w i t h i n  a cone of 60 de -  
grees  centered  a t  r i g h t  angles  t o  the  i n c i d e n t  r a d i a t i o n  were i n t e r -  
cepted by a s p h e r i c a l  mesh e l e c t r o s t a t i c  l e n s  [42]  and focused onto 
the  f i r s t  dynode of an  e l e c t r o n  m u l t i p l i e r .  Since the  e l e c t r o n  m u l t i -  
p l i e r  was used i n  the  dc mode, the  e n t i r e  ana lyzer  was maintained a t  
about 2000 v o l t s  nega t ive  t o  ground. The gas  w i t h i n  the  ana lyzer  was 
maintained a t  p re s su res  less than  5 x t o r r  t o  prevent  h igh  v o l t -  
age a rc ing  w i t h i n  the  e l e c t r o n  m u l t i p l i e r .  

A s  the  r e t a r d i n g  p o t e n t i a l  of the ana lyze r  w a s  increased ,  a series 
of s t e p s  i n  the  e l e c t r o n  c u r r e n t  appeared a s  each e l e c t r o n  energy group 
was completely r e t a rded .  This i s  i l l u s t r a t e d  i n  Figure 20 where the  re- 
t a rd ing  p o t e n t i a l  curve i s  shown f o r  neon photoionized by r a d i a t i o n  of 
543.8842. 
ground 2P 
(I. P. = 312661 e V )  . Thus two groups of e l e c t r o n s  shoula  appear sepa-  
r a t e d  by 97 mV. The r a t i o  of the numbers of e l e c t r o n s  w i t h i n  each 
group i s  a measure of the  r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  pro-  
ducing these  two s ta tes  of ion ized  neon. From Figure 20 i t  can  be seen  
t h a t  these  two s t a t e s  were c l e a r l y  reso lved  wi th  the  ground s t a t e  ion  
2.18 times more abundant than  the  e x c i t e d  ion. 
t he  r e t a r d i n g  p o t e n t i a l  s t e p s  was 56 mV. 

A t  t h i s  wavelength, neon can  be ionized i n t o  e i t h e r  the 
s ta te  (I. P. = 21.564 e V )  o r  the  e x c i t e d  2P / 2  s t a t e  

The energy spread i n  

To o b t a i n  the s p e c i f i c  photo ioniza t ion  c r o s s  s e c t i o n s  of  t he  rare 
gases  a s  a func t ion  of wavelength, i t  was only necessary t o  produce re- 
t a r d i n g  p o t e n t i a l  curves  such a s  shown i n  Figure 20 and measure the  
r a t i o  of the  s t e p  he igh t s .  Thus, applying the  p e r t i n e n t  d a t a  and making 
use of the  prev ious ly  measured t o t a l  pho to ion iza t ion  c r o s s  s e c t i o n s  1431, 
t he  s p e c i f i c  pho to ion iza t ion  c r o s s  s e c t i o n s  of Ne,  A r ,  K r ,  and X e  were 
obta ined ,  The r e s u l t s  are shown f o r  each gas  i n  F igures  2 1  through 24, 
r e s p e c t i v e l y .  I n  the  c a s e s  of A r ,  K r ,  and Xe a t h i r d  group of e l e c t r o n s  
appeared when the  gases  were ionized  by r a d i a t i o n  of wavelengths s h o r t e r  
than the threshold  f o r  e j e c t i o n  of an  s - e l e c t r o n .  The measured k i n e t i c  
ene rg ie s  of t hese  e l e c t r o n s  i d e n t i f i e d  them as s - e l e c t r o n s  from the  o u t e r  
subshe l l s  of the  atoms. Owing t o  the  r e l a t i v e l y  l a r g e  energy d i f f e r e n c e s  
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between the s-  and p -e l ec t rons ,  c o r r e c t i o n s  f o r  energy d i sc r imina t ion  
were appl ied .  This y ie lded  the  number of produced s - e l e c t r o n s  a s  ap-  

. proximately 4 percent  of  the  t o t a l  number. The accuracy of t h i s  re- 
s u l t  i s  probably c o r r e c t  on ly  t o  wi th in  a f a c t o r  of two owing t o  the  
weakness of the s i g n a l .  On comparison of these  d a t a  wi th  t h e o r e t i c a l  
resul ts ,  a number of new experimental  and t h e o r e t i c a l  requirements 
were i d e n t i f i e d .  Experimentally,  i t  appears  appropr i a t e  t o  d i r e c t  
f u t u r e  e f f o r t s  toward u t i l i z i n g  the  p re sen t  c a p a b i l i t y  t o  acqu i r e  the  
necessary and corresponding d a t a  f o r  s e v e r a l  s e l e c t e d  p l ane ta ry  a t m -  
spher ic  molecular spec ie s ,  i . e . ,  CO, C02, N2, 02, e t c .  

4. The des ign ,  development and f a b r i c a t i o n  of  l abora to ry  devices  
f o r  EUV and WV i n v e s t i g a t i o n s .  - I n  order  t o  s u s t a i n  the  requi red  EUV 
and WV labora to ry  c a p a b i l i t y ,  i t  i s  necessary t o  design,  develop, and 
f a b r i c a t e  new experimental  devices  a s  d i c t a t e d  by s p e c i f i c  requirements.  
I n  t h i s  regard ,  a number of new app l i cab le  i n v e s t i g a t i o n s  were performed 
i n  the  four  fol lowing a reas :  
l a s e r  depos i ted  f i lms ,  (2) p h o t o e l e c t r i c  y i e l d  and t ransmi t tance  of 
t h i n  f i lms ,  (3) t he  use of metal cathodes a s  absolu te  secondary s t a n -  
dards  i n  the  WV, and (4) t he  des ign ,  development and f a b r i c a t i o n  of an  
EW graz ing  incidence monochromator. The resu l t s  of these  e f f o r t s  a r e  
summarized b r i e f l y  below. 

(1) the  EW and WV o p t i c a l  p r o p e r t i e s  of 

a .  Reflectance and t ransmi t tance  of  laser -depos i  ted t h i n  f i l m s  
i n  the vacuum u l t r a v i o l e t .  -Dur ing  the  course of t he  program, labora-  
t o r y  measurements were performed of the  r e f l e c t a n c e  and t ransmi t tance  
of t h i n  i r i d ium and tungsten f i lms  f o r  XX 237-16OOg. Film th icknesses  
o f  the  o rde r  of 4008 were produced by vacuum evapora t ion  by focusing a 
s i n g l e  ruby l a s e r  beam pulse  onto s o l i d  rods  of i r i d i u m  and tungsten.  
Only a b r i e f  d e s c r i p t i o n  of t he  work i s  included he re in  s i n c e  the  ma-  
t e r i a l  has been published elsewhere (C-9). 

Conventional evapora tors  a r e  l imi t ed  t o  the  p repa ra t ion  of t h i n  
f i lms  composed of m a t e r i a l s  w i th  melt ing p o i n t s  l e s s  than about 18OOOC. 
A t  higher  temperatures,  t he  f i l amen t s  produce some vapor which r e s u l t s  
i n  f i l m  contamination. Ma te r i a l s  with h igher  mel t ing p o i n t s  can  be 
evaporated by induct ion  hea t ing  techniques [44,45]. The times requi red  
t o  depos i t  a f i l m  of s u i t a b l e  th ickness  by these  processes  a r e  of t he  
o rde r  of s eve ra l  seconds t o  minutes. I n  t h i s  regard,  evidence i n d i c a t e s  
t h a t  the more r ap id  the  evapora t ion ,  t he  s m o t h e r  the  su r face .  Fur ther -  
more, the  h ighes t  q u a l i t y  f i l m s  a r e  produced under high vacuum condi t ions .  

On the  b a s i s  of t hese  e a r l i e r  r e s u l t s ,  i t  appears  t h a t  an  i d e a l  evap- 
o r a t i o n  source would be a laser device where f i l m s  of s u i t a b l e  th ickness  
can be produced by a s i n g l e  pulse  i n  a few microseconds. T h i s  l a s e r  
technique has been appl ied  t o  the  evapora t ion  of compounds and elements 
wi th  melt ing p o i n t s  less than 124OOC by Smith and Turner [46]. I n  the  
fol lowing d i scuss ion  the  results obtained i n  evapora t ing  i r id ium (M.P. 
2454OC) and tungsten (M.P. 337OOC) a r e  descr ibed .  Addi t iona l ly ,  t he  re- 
f l e c t a n c e s  of f i lms  composed of t he  above two elements were measured over 
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9 the  s p e c t r a l  reg ion  XX 350-16008, while  t h e  t ransmi t tance  of the  i r i d i u m  
f i l m  w a s  measured from XX 237-16008. Since the experimental  d e t a i l s  have 
been descr ibed  previous ly  i n  d e t a i l  (C-g), these  a r e  not  repeated here in .  
Rather ,  the  r e s u l t s  a r e  presented  along wi th  a b r i e f  i n t e r p r e t a t i v e  d i s -  
cuss  ion.  

The r e f l e c t a n c e  measurements of i r i d i u m  and tungs ten  are shown i n  
Figure 25. Unpublished d a t a  by Hass, e t  a l .  [47] ,  on the  r e f l e c t a n c e  of 
i r i d ium f i lms  produced by e l e c t r o n  beam hea t ing  techniques a r e  a l s o  p re -  
sented f o r  wavelengths below 6008. Thei r  longer  wavelength r e s u l t s  are 
not  shown i n  Figure 25 owing t o  the  c l o s e  agreement wi th  the  measurements 
obtained i n  the p re sen t  i n v e s t i g a t i o n .  However, i t  can  be seen  t h a t  a t  
the  s h o r t e r  wavelengths, t h e i r  r e f  lec tances  decrease  more r a p i d l y  than  
those obtained f o r  the  laser evaporated f i l m s .  

The r e l a t i v e  t ransmi t tance  measurements f o r  i r i d i u m  are presented  
i n  Figure 26. 
t i o n  of wavelength w a s  obtained,  without  producing a se l f - suppor t ing  
f i l m .  by d i r e c t  evapora t ion  of  the  ma te r i a l  onto one-half  of a p l a s t i c  
s c i n t i l l a t o r  (NE 102) .  The f luo rescen t  r a d i a t i o n  produced by the  i n c i -  
den t  vacuum UV r a d i a t i o n  was de tec t ed  by a photomul t ip l ie r .  Thus, t he  
r e l a t i v e  t ransmi t tance  of t he  f i l m  was obtained [48]  by measuring the  
r a t i o  of  the  pho tomul t ip l i e r  s i g n a l s  f o r  i n c i d e n t  r a d i a t i o n  on the  un- 
coated p o r t i o n  of the  s c i n t i l l a t o r s  t h a t  form the  coated po r t ion .  This  
r a t i o  would r ep resen t  the  t r u e  r e f l e c t a n c e  provided t h a t  back- ref lec ted  
f l u o r e s c e n t  r a d i a t i o n  from the  s c i n t i l l a t o r - m e t a l  i n t e r f a c e  was not  p re -  
s e n t .  However, i n  a l l  p r o b a b i l i t y ,  f l uo rescen t  r e f l e c t a n c e  does occur  
s o  t h a t  t he  t r u e  r e f l e c t a n c e  of the t h i n  metal  f i l m  i s  somewhat lower 
than  the measured r e l a t i v e  t ransmi t tance .  The t r u e  t ransmi t tance  i s  es- 
t imated t o  be about two- th i rds  of the  r e l a t i v e  va lue  shown i n  Figure 26 
f o r  approximately 500% t h i c k  f i lms .  

The v a r i a t i o n  i n  the  t ransmi t tance  of i r i d ium as  a func-  

The frequency v a t  which a metal  changes from a r e f l e c t i o n  t o  a 
t ransmiss ion  medium Ps given by v and e r e p r e -  
s e n t  the e l e c t r o n i c  mass and charge,  r e s p e c t i v e l y ,  and n i s  the  number 
of  e l e c t r o n s / c d  i n t e r a c t i n g  with the i n c i d e n t  r a d i a t i o n .  General ly ,  
- n i s  assumed t o  be the  d e n s i t y  of t he  valence e l e c t r o n s .  I f  the  elec- 
t r o n s  i n  the  outermost 6s  s h e l l  are the  on1 ones ope ra t ive ,  t h e  above 

seven 5d e l e c t r o n s  p a r t i c i p a t e ,  the  p red ic t ed  onse t  wavelength is  4208. 
These t h e o r e t i c a l l y  determined onse t  wavelengths are ind ica t ed  i n  
Figure 26 by the  v e r t i c a l  arrows. A l t e r n a t i v e l y ,  the  ex e r imenta l  d a t a  

s o r  t i o n  edges i n  i r i d i u m  are  expected t o  occur  a t  2638 (0 I11 edge),  
The sudden decrease  i n  

t h e  t ransmi t tance  a t  2608 i n  Figure 26 can  be c o r r e l a t e d  wi th  the  0 I11 
absorp t ion  edge. 

= (ne2/nm)1/2, where P 

equat ion  y i e l d s  a t ransmiss ion  onse t  of 890 H , while  i f  a d d i t i o n a l l y  the  

i n d i c a t e  t h a t  the  t ransmiss ion  onse t  occurs  a t  about 650 1 . 
221 1 (N VI1 edge) .  and 2072 (0 I1 edge) [50]. 

Cr i t i ca l  ab-  
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The employment of a l a s e r  i n  the  product ion of t h i n  f i lms  f o r  
o p t i c a l  s t u d i e s  i n  the  vacuum UV has seve ra l  advantages over f i l m  gen- 
e r a t i o n  by convent ional  evapora t ion  techniques inc luding  the  h igher  
depos i t i on  speed, t he  s i m p l i c i t y  of evapora t ing  f i l m s  i n  an u l t r a - h i g h  
vacuum system, the  l a c k  of contaminat ion from hot  f i l amen t s  o r  c r u c i b l e s ,  
and the  a b i l i t y  t o  evaporate  m a t e r i a l s  with high mel t ing  po in t s .  

b. The r e l a t i v e  p h o t o e l e c t r i c  y i e l d  and t ransmi t tance  of aluminum - f i l m s .  - Under the  c u r r e n t  program, measurements have been performed 
of  the  t ransmi t tances  and the  p h o t o e l e c t r i c  emissions from both the 
f r o n t  and back f aces  of two unsupported t h i n  aluminum f i lms ,  1380 and 
4708 th i ck .  
magnitude of t he  p h o t o e l e c t r i c  emission from the back face  is a param- 
e t e r  of i n t e r e s t  i n  the  des ign  of c e r t a i n  photon d e t e c t o r s ,  e.g., i o n i -  
z a t i o n  chambers, which might u t i l i z e  t h i n  metal  f i l m s  a s  s e l e c t i v e  f i l -  
ters,  Second, t he  combined t ransmit tance-photoemission d a t a  might con- 
t r i b u t e  t o  an increased  understanding of t he  processes  of photon absorp-  
t i o n  and e l e c t r o n  e x c i t a t i o n  and e j e c t i o n  from metals .  

The u l t i m a t e  o b j e c t i v e  of t he  work i s  two-fold. F i r s t ,  the  

I n  Figure 27 are shown the  t ransmi t tances  of the two f i l m s  i n  the  
The t ransmi t tances  do not  i nc rease  monoton- s p e c t r a l  reg ion  720-4002. 

i c a l l y  toward s h o r t e r  wavelengths, but have s t r u c t u r e  s i m i l a r  t o  t h a t  
repor ted  by Hunter [ 5 l ]  and by Rustgi  [52] .  The t ransmi t tance  d a t a  
could not  be accounted f o r  q u a n t i t a t i v e l y  i f  t he  two f i l m s  were assumed 
t o  be of pure aluminum s ince ,  a t  any given wavelength, d i f f e r e n t  va lues  
of the abso rp t ion  c o e f f i c i e n t  pAa were obta ined .  
o ra t ed  aluminum f i lms  exposed t o  a i r  a t  atmospheric p re s su re  r a p i d l y  
form AR203 su r face  l a y e r s  which have a te rmina l  th ickness  [ 5 3 3 .  
i n t e r f e r e n c e  e f f e c t s  due t o  r e f l e c t i o n s  a t  the  air-AQ203 and AJ203-AR 
boundaries o r  s u i t a b l y  varying absorp t ion  c o e f f i c i e n t s  p~~ and pAR203 
could then g ive  rise t o  the  pe r iod ic  s t r u c t u r e  i n  the  t ransmiss ion  
curves  and could account f o r  the  dependence of t h i s  s t r u c t u r e  on the  f i l m  
th ickness .  While the  p h o t o e l e c t r i c  emission measurements descr ibed  i n  
t h e  fol lowing paragraph, support  t he  con ten t ion  of Hunter [52] t h a t  t he  
s t r u c t u r e  is due t o  i n t e r f e r e n c e  e f f e c t s ,  i t  i s  worth not ing t h a t  i f  
boundary r e f l e c t i o n s  a r e  small and can be ignored, t he  c o e f f i c i e n t  pAQ 
can  be c a l c u l a t e d  from the  d a t a  g iven  i n  Figure 27 s i n c e  

It i s  known t h a t  evap- 

E i t h e r  

r r 

(2 1 -1 I I 
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1 - - 

where Io i s  the  i n t e n s i t y  of r a d i a t i o n  inc iden t  upon the  f i lms  and 11380 
and 1470 a r e  the  i n t e n s i t i e s  of r a d i a t i o n  t ransmi t ted  through the  
13802 and 4708 t h i c k  f i lms ,  r e s p e c t i v e l y .  To o b t a i n  t h i s  express ion ,  a l l  
t he  oxide su r face  l a y e r s  were assumed t o  have the  same th ickness .  Values 
of pA3 c a l c u l a t e d  a t  a l l  t he  measured wavelengths were wi th in  the  range 
9 t o  These va lues  a r e  t o  be compared wi th  published va lues  
of about 7 x 10 c m -  a t  7202 which decreases  t o  about 4 x lo4 cm” a t  
4008 [ 5 4 ] .  

x lo4 cm’l. 
4 
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Relative va lues  of the  p h o t o e l e c t r i c  y i e l d s  a r e  shown i n  F igures  28 
and 29 as a func t ion  of wavelength from both the  f r o n t  and back f a c e s  of 
t h e  t h i n  aluminum f i lms .  A s  expected,  the y i e l d  from t h e  f r o n t  f a c e  a t -  
t a ined  maximum va lues  and from the back f a c e  minimumvalues a t  wavelengths 
where the  t ransmi t tance  was minimal. If t h e  observed va r , i a t ions  i n  t r a n s -  
mit tance and, hence, i n  y i e l d  were due t o  changes i n  the  e f f e c t i v e  absorp-  
t i o n  c o e f f i c i e n t  of the  AI -AR 0 f i lm ,  t he  p h o t o e l e c t r i c  y i e l d  of  a t h i c k  
opaque A& O3 s u r f a c e  AR photoca?hode should a l s o  vary  p e r i o d i c a l l y  wi th  
wavelengt i .  
i s  due t o  i n t e r f e r e n c e  e f f e c t s ,  no s i m i l a r  v a r i a t i o n s  would be expected 
f o r  a t h i c k  opaque photocathode. An absence of such f i n e  s t r u c t u r e  has  
been repor ted  f o r  AR photocathodes 1551 which suppor ts  t he  f a c t  t h a t  i n t e r -  
fe rence  e f f e c t s  account f o r  the  d e t a i l e d  shape of both the  y i e l d  and t r a n s -  
mission curves  of the  t h i n  f i l m s .  

2 

However, i f  the  pe r iod ic  v a r i a t i o n  i n  y i e l d  of t h e  t h i n  f i l m s  

c .  Metal photocathodes as secondary s tandards  f o r  abso lu t e  i n t e n s i t y  
measurements i n  the  vacuum u l t r a v i o l e t .  - Frequent ly ,  experiments performed 
i n  the vacuum u l t r a v i o l e t  s p e c t r a l  reg ion  r e q u i r e  measurements of abso lu t e  
i n t e n s i t y .  Various techniques have been devised which employ thermocouples, 
i o n i z a t i o n  chambers, e tc .  t o  perform t h i s  func t ion .  These techniques,  a l -  
though accura t e ,  cannot be incorpora ted  convenient ly  i n t o  c e r t a i n  e x p e r i -  
mental  des igns .  Thus, t h e r e  the  requirement e x i s t s  f o r  t he  development of 
a secondary s tandard  wi th  the  fo l lowing  c h a r a c t e r i s t i c s :  o p e r a t i o n a l l y  
simple,  s i z e  compactness, r e l a t i v e l y  compatible t o  i n t r o d u c t i o n  i n t o  l abora -  
t o r y  appara tus  wi thout  r a d i c a l  modi f ica t ions .  

Metal photocathodes which have been employed on occasion as  vacuum 
u l t r a v i o l e t  r a d i a t i o n  d e t e c t o r s ,  a r e  r e l a t i v e l y  a t t r a c t i v e  s i n c e  they a r e  
comparat ively i n s e n s i t i v e  t o  s t r a y  v i s i b l e  l i g h t .  However, t h e r e  have been 
r e p o r t s  of l a r g e  v a r i a t i o n s  i n  the photo-y ie lds  of  metals which have been 
e i t h e r  exposed t o  d i f f e r e n t  gases  o r  t o  hea t .  Thus, s i n c e  a metal  photo- 
cathode can  be employed t o  d e t e c t  r a d i a n t  energy, t he  f e a s i b i l i t y  of i t s  
use  i n  the  measurement of abso lu t e  i n t e n s i t i e s  has  been examined i n  t h e  
l abora to ry  i n v e s t i g a t i o n  descr ibed  b r i e f l y  below and i n  g r e a t e r  d e t a i l  e lse-  
where ( C - 1 1 ) .  The p h o t o e l e c t r i c  y i e l d s  of a l a r g e  number of s e l e c t e d  photo- 
cathode m a t e r i a l s  (T, N i ,  AR, Zn, Cu, B e ,  Fe, T i ,  Ta, In ,  P t ,  Sn, Mo, Ag, 
Av  and Pb) have been measured under a v a r i e t y  of cond i t ions  (heat  t reatment ,  
su r f ace  contaminat ion,  po l i sh ing ,  e t c . )  over  a broad s p e c t r a l  range (1216- 
200g). For t h i s  purpose, a s u i t a b l e  p h o t o e l e c t r i c  i o n  chamber was devised 
(C-11)  and a t t ached  t o  the  e x i t  s l i t  of t he  1/2-meter Seya monochromator. 
Both a high vo l t age  r e p e t i t i v e  spa rk  d ischarge  and a hydrogen dc-glow d i s -  
charge were employed as  l i g h t  sources .  
e lectr ic  y i e l d  f o r  a g iven  metal, both the  number of  e l e c t r o n s  emi t ted  from 
the  i l lumina ted  (monochromatic) su r f ace  w a s  measured a s  w e l l  a s  the  abso lu te  
i n c i d e n t  f l u x .  P l o t s  of p h o t o e l e c t r i c  y i e l d  a s  a func t ion  of h were ob- 
t a ined  f o r  t h e  s i x t e e n  meta ls .  Where poss ib l e ,  t he  r e s u l t s  were compared 
wi th  prev ious ly  publ ished d a t a  t o  eva lua te  the  e x t e n t  of r e p r o d u c i b i l i t y  of 
t he  y i e l d s .  
i t y  f o r  the  c a l i b r a t i o n  of photocathods as  secondary r a d i a t i o n  s tandards  i n  
the  VUV and EUV. 

I n  o rde r  t o  determine the  photo- 

Addi t iona l ly ,  t he  d a t a  were i n t e r p r e t e d  i n  terms of t h e i r  u t i l -  
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d .  Grazing incidence monochro&tor. - With graz ing  incidence mono- 
chromators i t  i s  necessary t o  maintain the  en t rance  s l i t ,  e x i t  s l i t ,  and 
the  g r a t i n g  on the  Rowland c i r c l e  a t  a l l  times. 
from the  Rowland c i r c l e  r e s u l t s  i n  i n t o l e r a b l e  defocusing of t he  image 
wi th  a subsequent loss of r ad ian t  energy. Thus, a l l  des igns  a r e  p r e d i -  
ca ted  b a s i c a l l y  on r e s u l t a n t  monochromatic r a d i a t i o n  while  maintaining 
the  o p t i c a l  elements on the  Rowland c i r c l e .  
monochromatic r a d i a t i o n  i s  requi red  t o  e n t e r  r e l a t i v e l y  massive e x p e r i -  
mental chambers i t  i s  d e s i r a b l e  t o  f i x  the  e x i t  s l i t  i n  space and move 
one o r  more of the  remaining elements.  A s u i t a b l e  des ign  f o r  l abora to ry  
cons t ruc t ion  was developed wherein both the  g r a t i n g  and en t rance  s l i t  
a r e  caused t o  move along on the  Rowland c i r c l e .  
c i p l e s  a r e  descr ibed below. 

Any s l i g h t  d e v i a t i o n  

Since, i n  most app l i ca t ions ,  

The ope ra t iona l  p r i n -  

With the  f ixed  e x i t  s l i t ,  both the  g r a t i n g  and en t rance  s l i t  main- 
t a i n  t h e i r  r e l a t i v e  p o s i t i o n s  on the  Rowland c i r c l e  a s  shown i n  Figure 3 0 .  
The en t rance  s l i t  (S1) i s  f ixed  r i g i d l y  t o  the g r a t i n g  (G) thereby f i x i n g  
the  d i s t ance ,  GS1. When the  spectrum i s  scanned, S1 and G are cons t ra ined  
t o  move along the  s t r a i g h t  l i n e  pa ths ,  S1S2 and GS r e spec t ive ly .  From 
the  above geometry, s i n c e  the  angle  S1S2G = a remains cons t an t  and the  
d i s t a n c e  SIG i s  f ixed ,  i t  fol lows t h a t  t he  po in t s  SI, G, and S2 w i l l  a l -  
ways l i e  on the  Rowland c i r c l e  of diameter  R given by GS = R cos Q, so 

2 7  

t h a t  the  instrument  main ta ins  p e r f e c t  focus throughout t k e s p e c t r a l  scan. 

To t r a n s l a t e  t h i s  p r i n c i p l e  i n t o  a working u n i t ,  the  problem of 
bui ld ing  a vacuum housing around moving p a r t s  (entrance s l i t  and g ra t ing )  
had t o  be solved. A s  descr ibed i n  Quar te r ly  Progress  Report No.  9, t e l e -  
scoping ex tens ion  tubes were designed f o r  use between the  g r a t i n g  and the  
e x i t  s l i t .  However, experience ind ica t ed  t h a t  t h i s  approach involved d i f -  
f i c u l t i e s  i n  providing smooth motion and a vacuum-tight s e a l .  A s  a con- 
sequence, t he  des ign  was a l t e r e d  t o  accommodate s p e c i a l  f l e x i b l e  bellows 
capable  of extending over an  abnormal range. 
Metr ics  Corporation, San Fernando, C a l i f o r n i a  produced f l e x i b l e  bellows 
wi th  a maximum change i n  l eng th  of 1 7  inches.  This  represented the  de-  
s i g n  c r i t e r i o n  requi red  t o  accommodate a s p e c t r a l  span.of  0 t o  6508. An 
angle  of incidence of 84 degrees  was se l ec t ed  wi th  a 2.217 M gold coated 
r e p l i c a  g r a t i n g  ru led  wi th  600 lines/mm. 
t o  6402, i , e . ,  i t  inc ludes  the  c e n t r a l  image. 
lead screw d r iven  by a v a r i a b l e  speed motor was employed i n  the  wavelength 
scan mechanism. A l i n e a r  s c a l e  was used t o  measure the  d i s t ance  moved by 
the  g r a t i n g  r e l a t i v e  t o  the  f ixed  e x i t  s l i t .  This  motion i s  r e l a t e d  t o  
wavelength by the  fol lowing formula: 

It was found t h a t  Bell- 

The s p e c t r a l  span i s  from -11 
A 22-inch long p rec i s ion  

2 2 1 / 2  X = d [ s i n  cx - (1 - L /R ) ] 

= [1.6575 - 1.6667 
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where d i s  the g r a t i n g  c o n s t a n t  (600 lines/mm), Q i s  the  angle  of i n c i -  
dence (84 degrees) .  R i s  the r a d i u s  of the  g r a t i n g  (221.7 cm), and L i s  
the  d i s t a n c e  from the  g r a t i n g  c e n t e r  t o  the  e x i t  s l i t  (= 23.17 I- x cms, 
where x i s  the  d i s t a n c e  t r ave led  from the  c e n t r a l  image t o  a wavelength A). 
A c l u t c h  is  employed t o  disengage the  motor t o  a l low manual wavelength 
s e l e c t i o n s  and adjustments .  

Photographs showing the o v e r a l l  instrument  a r e  presented  i n  Figures  
31 and 32. The long bellows seen i n  the  photograph ex tends  from the  
g r a t i n g  housing t o  the  f ixed  e x i t  s l i t .  The manual scanning l e v e r  i s  
shown a t  t he  extreme r i g h t  of the  photograph. 

I n  o r d e r  t o  s a t i s f y  the  des ign  s p e c i f i c a t i o n s ,  i t  was necessary t o  
c o n s t r u c t  a s t r a igh t - th rough  vacuum valve  which a l s o  a c t e d  as the  main 
pump manifold and a s  the  housing f o r  the  e x i t  s l i t  (see Figure 32). This  
provided a very r i g i d  ex i t  s l i t  f o r  mounting the experimental  equipment. 
A c lose-up  view of t he  g r a t i n g  housing, t he  s h o r t  en t r ance  bellows, and 
the  long e x i t  bellows are shown i n  Figure 31. The p r e c i s i o n  l ead  screw 
i s  represented  by GS2 i n  Figure 30, while  t h e  s t a i n l e s s  s t e e l  guide 
t r a c k s  shown i n  the  photographs r ep resen t  SISz. 

Although d e t a i l e d  accounts  of t he  ind iv idua l  component func t ions  o r  
ope ra t ions  a r e  not  presented  he re in ,  i t  should be noted t h a t  t he  va r ious  
mechanical s p e c i f i c a t i o n s  have been f u l f i l l e d  s o  t h a t  the corresponding 
requi red  c a p a b i l i t y  has been achieved. A remaining t a s k  involves  the  
completion of a d e t a i l e d  eva lua t ion  of the o p t i c a l  performance of  t he  
monochromator w i th  a view toward achieving the  l abora to ry  measurements 
a s soc ia t ed  wi th  p e r t i n e n t  c u r r e n t  EUV a s s o c i a t e d  aeronomy problems. 
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Figure 32. End-on photographic view of the  en t rance  s l i t -  
pumping f a c i l i t y  housing of the  EUV monochromator. 
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D. T h e o r e t i c a l  and Experimental P l a n e t a r y  Aeronomy 

The work performed under t h i s  phase of t h e  program has been repor ted  
i n  t h e  fo l lowing  p u b l i c a t i o n s :  

Theore t i c a  1 Aeronomy 

D - 1 .  "On t h e  Observation of Noct i lucent  Clouds i n  P lane ta ry  Atmospheres," 
by F .  F .  Marmo, A .  Engelman, and H. Miranda, Quar t e r ly  Progress  Report No. 7 ,  
December 1966, pp 70-109. 

D-2. " F e a s i b i l i t y  of Observing Noct i lucent  Clouds i n  P l a n e t a r y  Atmo- 
sphe res :  Photographic Observation of Noct i lucent  Clouds i n  t h e  Ear th  
Atmosphere from a Synchronous S a t e l l i t e , "  by F. F. Marmo, A.  Engelman 
and H .  Miranda, Quar te r ly  Progress  Report No. 8, March 1967, pp 33-48. 

D-3. "Theore t i ca l  Model of t h e  Atmosphere of Mars and Venus," by 
F. F .  Marmo and B. Schul tz ,  Quar t e r ly  Progress  Report No. 8 ,  March 1967, 
pp  48-49 and Quar t e r ly  Progress  Report No. 9, June 1967, pp 48-65. 

D-4. "The WV (1200-20008) Albedo of t h e  S o l a r  I l lumina ted  Atmospheres 
of Mars and by F. F .  Marmo, T .  Degges, and A.  Engelman, Quar t e r ly  
Progress  Report No. 10, September 1967, pp 70-81. 

D-5. "The WV Fluorescence Due t o  S o l a r  I l lumina ted  CO i n  t h e  Atmo- 
spheres  of Mars and Venus," by F .  F .  Marmo and T.  Degges, Quar te r ly  Progress  
Report No. 11, December 1967, pp 33-58. 

Experimental Aeronomy 

D-6. "Elec t ron  Impac t  S tudies  on Selected P l a n e t a r y  Gases," by F. F. 
Mamo and T. Wentink, Quar t e r ly  Progress  Report No. 7 ,  December 1966, pp 109- 
1 1 2 .  

D - 7 .  "Measurement of t h e  Re la t ive  Photon S c a t t e r i n g  Cross Sec t ion  of 
Selected P lane ta ry  Gases i n  t h e  U V  and WV S p e c t r a l  Regions," by Shardanand, 
F .  F. Marmo and Y .  Mikawa, Quar t e r ly  Progress  Report No. 8, March 1967, 
pp 50-59 and Quar t e r ly  Progress  Report No. 9, June 1967, pp 39-48. 

D-8. "Measurement of t h e  Ef f i c i ency  of V i s ib l e ,  U V ,  and WV Fluorescence 
Due t o  the  I n t e r a c t i o n  of E lec t ron  Impact wi th  Se lec ted  P lane ta ry  Gases," by 
A .  Sharma and F .  F. Marmo, Quar te r ly  Progress  Report No. 8, March 1967, 
p p  59-62 and Quar t e r ly  Progress  Report No. 12, March 1968, pp 80-85. 

D-9. "Laboratory I n v e s t i g a t i o n  on t h e  Measurement of Depolar iza t ion  
Fac to r s  f o r  P l ane ta ry  Atmospheric Gases," by F. F. Marmo, Quar te r ly  Progress  
Report No. 11, March 1968, pp 58-72. 
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D-10. "Photon Scattering Cross Sections at Lyman-a (1215.7a) for 
Ar and Ne," by Shardanand and Y. Mikawa, J. Quant. Spectrosc. Radiative 
Transfer I ,  605-609 (1967). 

D-11. ItExperimental Evidence for Xe2 Molecules," by Shardanand, 
Phys. Rev. - 160(1), 67-71 (1967) and Quarterly Progress Report No. 10, 
September 1967, pp 55-70. 

D-12. "The Scattering Cross Sections of Argon and Krypton in the 
WV," by R. B. Cairns, F. F. Marmo, and J.A.R. Samson (submitted to 
JOSA, April 1968) and Quarterly Progress Report No. 12, March 1968, 
pp 74-79. 

D-13. "Laboratory Investigation on the Selective Scattering by CO 
in the WV," by F. F. Manno, R. B. Cairns, Quarterly Progress Report 
No. 12, March 1968, pp 62 -74. 

The major subject matter contained in these publications can be 
briefly summarized in the following five categories: (1) satellite UV 
observations of noctilucent clouds, (2) theoretical model atmospheres of 
Mars and Venus, ( 3 )  the W V  day airglow in planetary atmospheres, (4) W V  
fluorescence due to electron impact excitation of air, and (5) laboratory 
measurements of W V  photon scattering cross sections for selected planetary 
atmospheric gases. 

1. Satellite UV observations of noctilucent clouds. - In a recent 
paper, Marmo, et a1 [56] have demonstrated the feasibility of performing 

~~ 

global observations of solar illuminated noctilucent clouds using a satellite- 
borne photometer operating in the W V  spectral region (i.e. around 1800 8).  
Additionally, it was demonstrated that photographic (or other imaging tech- 
niques) could also be employed throughout the W V  and UV regions wherein 
the optimum operating wavelength was defined by the observing geometry. 
Following this investigation, an opportunity became available to participate 
in the Gemini X I 1  program. Specifically, Dr. Karl G. Henize of Northwestern 
University was the principal investigator in a program involving stellar 
photography in the spectral region 2250-24508 during nightside orbits only. 
On this basis, the UV camera equipment was available for dayside orbit 
observations under a number of specific operational constraints. Thus, a 
feasibility study was initiated in order to define both the role of the 
astronaut and the system operational parameters. On the basis of the study 
results, an operational plan was defined and employed in the Gemini XI1 
program. In addition, the feasibility study was extended to include the 
possibility of utilizing a synchronous satellite platform for observing 
noctilucent clouds on a global basis (D-2 ) . 

The experimental constraints which were imposed in the Gemini XI1 

(1) The fixed Gemini XI1 orbital geometry could not be modified. 
(2) The available UV imaging instrumentation must be employed with 

program can be summarized as follows: 

no modification. 
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( 3 )  Nei ther  a d d i t i o n a l  a s t r o n a u t  t r a i n i n g  nor  s i g n i f i c a n t  a s t r o n a u t  
e f f o r t  would be a v a i l a b l e .  

The f e a s i b i l i t y  s tudy  sunanarized h e r e i n  w a s  performed wi th  t h e  above 
c o n s t r a i n t s  i n  mind. 

Cons t r a in t  (1)  [along wi th  t h e  UV screening  a l t i t u d e  of 60 km e s t a b l i s h e d  
by atmospheric ozone] d i c t a t e d  t h a t  t he  h ighes t  nor thern  l a t i t u d e  dur ing  t h e  
autumn (November) which i s  s u n l i t  a t  80 km ( the  r e s i d e n t  a l t i t u d e  of n o c t i -  
lucent  c louds)  is about 76 degrees ,  while  a t  the  South Pole  t h i s  a l t i t u d e  is 
so la r - i l l umina ted .  For t h e  s p e c i f i c  Gemini XI1 o r b i t ,  which w a s  cons t ra ined  
i n  l a t i t u d e  between 28.9"N t o  28 .9"S7  t h e  h ighes t  observable  l a t i t u d e  f o r  
which a n  80-km a l t i t u d e  tangency could be achieved was 43.6 degrees .  

Cons t r a in t  (2)  e s t a b l i s h e d  the  a v a i l a b l e  o p t i c a l  c h a r a c t e r i s t i c s  as 
fol lows:  ( a )  t h e  UV camera w a s  equipped wi th  an  f 3.3 LiF qua r t z  l ens  of 
7 3  mn f o c a l  length  capable  of t r a n s m i t t i n g  down t o  X zx 2000 8, (b)  t h e  
f i l m  format dimensions were 70 mm x 48 mn, ( c )  on ly  Kodak I O  f i l m  w a s  
a v a i l a b l e  i n  a magazine which accommodated f i v e  exposures,  and (d)  a UV 
i n t e r f e r e n c e  f i l t e r  w a s  employed ( i n  f r o n t  of t h e  viewing l e n s )  which 
t r ansmi t t ed  XX 2 2250-2450 8 with  about 3-percent  t ransmiss ion .  
qu i red  parametr ic  c a l i b r a t i o n  values  were made a v a i l a b l e  by D r .  K .  Henize 
on t h e  b a s i s  of labora tory  r e s u l t s  and previous Gemini s t e l l a r  photographic 
experiments.  

The re- 

The d e t a i l e d  ana lyses  which are descr ibed  elsewhere ( D - 1 )  produced t h e  
r e s u l t s  shown i n  F igure  33 where t h e  s o l i d  curve r e f e r s  t o  t h e  expected 
s i g n a l  i n t e n s i t y  from a so la r - i l l umina ted ,  ful ly-developed ( i . e .  assumed 50 
p a r t i c l e s  cm-3 wi th  a 2-km th ickness  loca ted  a t  80 km) n o c t i l u c e n t  cloud 
as a func t ion  of viewing angle  and f i l m  formate,  while  t h e  dot ted  curve 
r e p r e s e n t s  t he  background i n t e n s i t y .  The r e s u l t s  i n d i c a t e  t h a t  i t  would be 
p o s s i b l e  t o  d e t e c t  a s i g n a l  i n t e n s i t y  of only about 1.3 x 1O1O photons cm'2 
sec-l  (10 percent  of t h e  background i n t e n s i t y )  a t  t h e  80-km l e v e l .  Since 
t h e  expected s i g n a l  amounts t o  2 .4  x 1012 photons cm-2 s e c - l ,  it w a s  con- 
cluded t h a t  t h e  photographic system would be capable  of imaging s i g n i f i -  
c a n t l y  under-developed n o c t i l u c e n t  clouds t o  t h e  e x t e n t  wherein t h e  minimum 
requi red  l o c a l  number p a r t i c l e  d e n s i t y  can b e l e s s  than  1 ~ m ' ~ .  
f e a t u r e  demonstrated by t h e  r e s u l t s  i n  t h e  f i g u r e  i s  t h a t  a ful ly-developed 
noc t i lucen t  cloud would appear as t h e  b r i g h t e s t  f e a t u r e  on t h e  e n t i r e  f i l m  
format .  It  should a l s o  be noted t h a t  t h e  above cloud can be de tec ted  
photographica l ly  f o r  viewing angles  as low as -18" from c e n t e r  l i ne -o f -  
s i g h t .  The la t te r  ang le  i s  below the  r ea l  Ear th  hor izon  which, i s  inc iden-  
t a l l y  i n d i s t i n q u i s h a b l e  due t o  absorp t ion  by atmospheric ozone. A l l  the  
above f a c t o r s  i n d i c a t e  t h a t  ful ly-developed n o c t i l u c e n t  c louds would be 
r e a d i l y  d e t e c t a b l e  on t h e  f u l l  f i l m  format d i sp l ay .  Addi t iona l ly ,  f u r t h e r  
information on t h e  phys ica l  c h a r a c t e r i s t i c s ,  geographical  e x t e n t ,  inhomo- 
g e n e i t i e s ,  wave s t r u c t u r e ,  e tc .  of n o c t i l u c e n t  c louds can be der ived  a g a i n s t  
t h e  near  i d e a l ,  homogeneous, cons tan t  background l e v e l .  Coupled wi th  t h i s  
c a p a b i l i t y  i s  t h e  requirement of u t i l i z i n g  r e l a t i v e l y - s h o r t  exposure t i m e s  
( l e s s  than  10 seconds) t o  minimize d i s t o r t i o n  due t o  movements of t h e  
a s t r o n a u t  and t h e  sa te l l i t e .  

Another 
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Detai led c a l c u l a t i o n s  (D-2 ) r e s u l t e d  i n  a recommended exposure-time 
range between about 0 .1  second t o  100 seconds. The f i n a l  t i m e  range 
s e l e c t i o n  i s  predica ted  on t h e  s c i e n t i f i c  goa ls  of t h e  experiment.  For 
example, f o r  low-a l t i tude  observa t ions  of ful ly-developed noc t i lucen t  
c louds,  t h e  employment of r e l a t i v e l y - s h o r t  exposure t i m e s  between a few 
seconds and about  0.1 second is ind ica t ed .  On the  o t h e r  hand, t o  achieve  
optimum s e n s i t i v i t y  as requi red  a t  h igher  a l t i t u d e s ,  longer exposure t i m e s  
would be requi red .  Thus, i f  the  major s c i e n t i f i c  o b j e c t i v e  i s  t o  photo- 
graph tenuous h i g h - a l t i t u d e  dus t  such as repor ted  by Fiocco, e t  a1 [57] 
a re  implied by t h e  d a t a  of Mikorov [SS], i t  would be experimental  r equ i r e -  
ment t o  employ r e l a t i v e l y  long exposures since t h e  l o c a l  number d e n s i t i e s  
are expected t o  be of t he  o rde r  of 1 ~ m ' ~  o r  less. Accordingly,  even to  
e s t a b l i s h  meaaingful uppe r - l imi t  p a r t i c u l a t e - m a t t e r  d e n s i t i e s ,  t h e  
ind ica t ed  exposures would be requi red  i n  s p i t e  of t h e  f a c t  t h a t  a coere-  
sponding degrada t ion  of imaging c a p a b i l i t y  would n e c e s s a r i l y  r e s u l t .  

I t  i s  appropr i a t e  t o  note  here  t h a t  a d e t a i l e d  comparison (D-1) of 
t h e  UV c a p a b i l i t y  wi th  the  achievable  i n  t h e  v i s i b l e  spec t ra l  region has 
demonstrated t h a t  i n  t h e  v i s i b l e  reg ion ,  t h e  noc t i l ucen t  cloud image on 
t h e  f i l m  format would r e s u l t  i n  a re la t ive ly-nar row l i n e  ( i . e . ,  2 mm i n  
h e i g h t )  con ta in ing  e s s e n t i a l l y  no o t h e r  information concerning t h e  e x t e n t ,  
dimensions, s t r u c t u r e ,  o r  o t h e r  c h a r a c t e r i s t i c s  of t h e  clouds,  whereas i n  
t h e  u l t r a v i o l e t ,  where t h e  cloud image covers  t h e  e n t i r e  bottom por t ion  
of t h e  f i l m  format,  t he  above c h a r a c t e r i s t i c  cloud d a t a  would be e a s i l y  
obta ined .  Furthermore, i t  should be noted t h a t  a s i g n i f i c a n t  degrada t ion  
i n  experimental  c a p a b i l i t y  i n  t h e  v i s i b l e  reg ion  can  be expected due t o  
r e l a t i v e l y  high ins t rumenta l  s c a t t e r e d  l i g h t .  A s  such,  it i s  concluded 
t h a t  photographic observa t ion  of n o c t i l u c e n t  c louds i s  performed more 
e f f i c i e n t l y  i n  t h e  s p e c t r a l  reg ion  under i n v e s t i g a t i o n ,  i . e . ,  2250 t o  
24502, a l b e i t  no t  optimum as d iscussed  below. 
region,  it has been shown t h a t  r a d i a t i o n  due t o  such o t h e r  sources  as 
f luorescence ,  s c a t t e r i n g ,  a i rglow,  e t c . ,  a s soc ia t ed  with so l a r - i l l umina ted  
atomic and molecular atmospheric c o n s t i t u e n t s  does not  c o n s t i t u t e  a s e r i o u s  
i n t e r f e r e n c e  problem s i n c e  t h e s e  emissions are gene ra l ly  weak and confined 
t o  r e l a t i v e l y  narrow wavelength i n t e r v a l s  compared t o  t h e  experimental  
s p e c t r a l  bandpass. 

F i n a l l y ,  f o r  t h i s  spectral  

P r i o r  t o  t h e  Gemini XI1 f l i g h t ,  i t  w a s  decided on t h e  b a s i s  of t h e  
r e s u l t s  of t h e  preceding i n v e s t i g a t i o n  t h a t  a more appropr i a t e  t rade-of f  
experiment would involve atmospheric d u s t  observa t ions  a t  s u n r i s e .  I n  
t h e  overhead sun s i t u a t i o n ,  a l though the  e n t i r e  f i l m  format would con ta in  
u s e f u l  d a t a  as def ined  by t h e  10-percent  c o n t r a s t  c r i t e r i o n ,  it w a s  f e l t  
t h a t  higher  c o n t r a s t  information could be obtained dur ing  s u n r i s e  condi-  
t i o n s .  The r e s u l t s  of a r e p r e s e n t a t i v e  s u n r i s e  c a l c u l a t i o n ,  shown i n  
F igure  34 f o r  a s o l a r  depress ion  angle  of 4",  can be compared t o  the  over- 
head sun r e s u l t s  i n  F igure  33. Although t h e  t o t a l  amount of in format ion  
is  c e a r l y  more l imi ted  dur ing  s u n r i s e ,  t h e  ex tens ive  c o n t r a s t  f o r  t he  
tangent  r ay  a l t i t u d e  reg ion  between about 60 and 80 km i s  apparent .  Since 
t h e  Gemini XI1 o r b i t  i s  confined t o  r e l a t ive ly - low l a t i t u d e s  as discussed 
previous ly ,  it w a s  f e l t  t h a t  an i n i t i a l  yes-no de termina t ion  on t h e  
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presence of d u s t  i n  t h e  E a r t h ' s  atmosphere i n  t h e  v i c i n i t y  of 80 km would 
be more appropr i a t e .  
s i g n a l  and background i n t e n s i t i e s  below a tangent  ray  a l t i t u d e  of about  
60 km due t o  the  predominance of ozone absorp t ion .  
c o n t r a s t  i nd ica t ed  i n  F igure  34, t h e  presence of noc t i l ucen t  c louds a t  
r e l a t i v e l y - l o w  l a t i t u d e s  could be de t ec t ed  a t  a r e l a t i v e l y  h igh  s e n s i -  
t i v i t y  not  a v a i l a b l e  he re to fo re .  

The s u n r i s e  r e s u l t s  a l s o  i n d i c a t e  s t r o n g l y  decreas ing  

C lea r ly ,  wi th  t h e  

The Gemini XI1 s u n r i s e  experiment was performed i n  accordance wi th  
t h e  a n a l y t i c a l  r e s u l t s  d i scussed  above. Unfortunat y ,  t h e  camera m a l -  
funct ioned so  t h a t  no u s e f u l  photographic d a t a  were acquired.  However, 
t h e  f e a s i b i l i t y  of t h e  experiment has been demonstrated on a t e c h n i c a l  
b a s i s  as 'wel l  as a n  on o p e r a t i o n a l  bas i s .  

The r e s u l t s  and techniques der ived from t h e  f e a s i b i l i t y  s t u d i e s  
descr ibed  above are a p p l i c a b l e  t o  t h e  genera l  problem of observing n o c t i -  
lucent  (or o t h e r  Mei s c a t t e r i n g )  c louds i n  p l ane ta ry  atmospheres. Thus, 
t h e  f e a s i b i l i t y  of performing similar experiments u s ing  a s a t e l l i t e - b o r n e  
senso r  which i s  loca ted  remotely from t h e  p l ane ta ry  atmosphere i s  examined 
here in .  S p e c i f i c a l l y ,  t h e  present  i n v e s t i g a t i o n  is concerned wi th  t h e  
photographic observa t ion  of n o c t i l u c e n t  c louds i n  t h e  E a r t h ' s  atmosphere 
from a synchronous sa te l l i t e .  A s  such, t h e  der ived r e s u l t s  are a p p l i c a b l e  
t o  any remote o r b i t a l  con f igu ra t ion  (i .e. ,  from Ear th  o r b i t  o r  dur ing  t r a n s i t  
t o  Mars), wi th  appropr i a t e  modi f ica t ion .  

The p resen t  s tudy i s  predica ted  on t h e  real is t ic  ins t rumenta t ion  
c a p a b i l i t y  employed i n  t h e  Gemini XI1 program except  t h a t  a s p e c t r a l  re- 
g ion  centered  around 2500g is examined, 
employed which t r ansmi t s  t h e  AX 2450-265Og reg ion .  
models employed i n  t h e  Gemini XI1 s tudy  were modified appropr i a t e ly  and t h e  
d e t a i l e d  c a l c u l a t i o n s  were performed (D-2) t o  o b t a i n  t h e  s i g n a l  and back- 
ground curves shown i n  F igures  35 and 36 which o b t a i n  f o r  a back and s i d e  
i l lumina ted  p l ane t  (Ear th) ,  r e s p e c t i v e l y .  For t h e  s ide- i l lumina ted  Ear th ,  
n o c t i l u c e n t  c louds are observable  on a g loba l  b a s i s  ( i . e .  over t h e  e n t i r e  
f i l m  format)  from t h e  c e n t e r  of t h e  Ear th  t o  an  a l t i t u d e  of 80 km above t h e  
E a r t h ' s  horizon.  This  c a p a b i l i t y  i s  reduced somewhat f o r  t h e  back- 
i l lumina ted  case s i n c e  success fu l  d e t e c t i o n  i s  only expected down t o  about 
-1500 km from t h e  limb of t h e  Ear th .  These conclus ions  are predica ted  on 
t h e  c r i t e r i o n  t h a t  an  observable  s i g n a l  l e v e l  must amount t o  about 10 pe r -  
cen t  of background emission l eve l .  F i n a l l y ,  a lower l i m i t  value f o r  t h e  
number of par t ic les  i n  a 

a t  80 k m  and amounts t o  about 3 x 10 
t i o n  conf igu ra t ions ,  whereas the  corresponding background emission amounts 
t o  about 3 x 10l1 photons cmm2 see". 
10 

column count of on ly  10 p a r t i c l e s .  Thus, it can  be concluded t h a t  f o r  a 
2-km t h i c k  n o c t i l u c e n t  cloud of uniform number d e n s i t y ,  a d e t e c t i o n  

whereby an  i n t e r f e r e n c e  f i l t e r  i s  
The physical-mathematical  

m2-column can be e s t a b l i s h e d  as fo l lows .  For a 
noc t i lucen t  cloud wi th  10 7 par t ic les l~m2-column,  the  maximum s i g n a l  ob ta ins  

photons cm-2 sec-' i n  both i l lumina-  

Accordingly,  a p p l i c a t i o n  of t h e  
e r c e n t  c r i t e r i o n  i n d i c a t e s  t h a t  a s i g n a l  l e v e l  of only 3 x l o l o  photons 

s e c - l  would be d e t e c t a b l e  and t h i s  emission ra te  corresponds t o  a cm2- 
5 

79 



OlG65-liOS 

1 

i 
I 

/" 
i 

/ 
I 

w 
0 

a, 
v) 
4 o 
a, 
5 
k 
0 w 
v) 
a, 
U 
m 
k 
G 
0 
.I4 
v) 

-i 
a, 
TJ 
G 
3 
0 
k 

o m 

a 

2 

5 2  

22 

n 

0 
4 .rl 
m u  
E m  
ME: 

3 
TJrc 
a,& u .I4 
7 
nIY 
E o  o m  un 

rn m 
a, 
k 
5 
M 
4 
Fr 

80 



I 

I 

1 
i 

d 
/ 

P 
a 
W c z 
W 
0 

I 

81 



-3 c a p a b i l i t y  i s  a v a i l a b l e  f o r  observing less than  1 p a r t i c l e  c m  . On t h e  
b a s i s  of  t hese  s t u d i e s ,  i t  becomes ev ident  t h a t  a powerful d e t e c t i o n  capa- 
b i l i t y  i s  now a v a i l a b l e  f o r  t h e  UV observa t ion  of Mei s c a t t e r i n g  p a r t i c l e s  
r e s i d e n t  i n  p l ane ta ry  atmospheres. 

2 .  T h e o r e t i c a l  models of t h e  atmospheres of Mars and Venus. - A  number 
of cu r ren t  s c i e n t i f i c  i n v e s t i g a t i o n s  r e q u i r e  a model atmosphere f o r  d e f i n i -  
t i o n  of s p e c i f i c  parameters.  For t h i s  reason,  cons ide rab le  e f f o r t  has  been 
d i r e c t e d  toward ob ta in ing  r e l i a b l e  models f o r  t h e  atmospheres of Mars and 
Venus ( D - 3 ) .  A t  t h e  p re sen t  t i m e ,  more d e f i n i t i v e  d a t a  are a v a i l a b l e  con- 
ce rn ing  the  p l ane t  Mars so t h a t  t he  major po r t ion  of t he  s tudy  involves  
t h i s  p l ane t .  I n  f a c t ,  t h e  d a t a  concerning Venus are s o  sparce  t h a t  f o r  
some a p p l i c a t i o n s  i t  appears s a f e  t o  regard i t s  upper atmosphere as 
e s s e n t i a l l y  the  same as the  upper atmosphere of Mars. On t h i s  b a s i s ,  then,  
a d e t a i l e d  a n a l y s i s  w a s  performed i n  order  t o  d e r i v e  a usab le  model atmo- 
sphere  on Mars which w a s  considered t o  be d i r e c t l y  app l i cab le  t o  Venus, 

The major a i m  of t h e  s tudy  w a s  t o  d e f i n e  r e a l i s t i c  models c o n s i s t i n g  of 
temperature  and composition a l t i t u d e  p r o f i l e s .  The f i r s t  s t e p  i n  accom- 
p l i s h i n g  t h i s  t a s k  w a s  t o  e s t a b l i s h  r e l i a b l e  e s t ima tes  f o r  lower atmospheric 
parameters which were then  coupled t o  t h e  upper atmosphere t rea tment  i n  order  
t o  e s t a b l i s h  a l imi ted  range of values  f o r  t h e  number-density a l t i t u d e  pro- 
f i l e s  f o r  t h e  s e v e r a l  c o n s t i t u e n t s  involved. 

Concerning t h e  b e s t  estimates €or  lower atmospheric parameters t h e  
fo l lowing  comments apply.  Recent work by House, e t  a 1  [ 59 ]  involved a 
c r i t i c a l  review and eva lua t ion  of a v a i l a b l e  obse rva t iona l  and t h e o r e t i c a l  
material  on the  Mart ian lower atmosphere i n  order  t o  e s t a b l i s h  bes t  estimates 
of p re s su re ,  temperature ,  and atmospheric composition from the  s u r f a c e  t o  t h e  
tropopause (up t o  about 30 km). The body of the  most r e l i a b l e  r ecen t  obser -  
v a t i o n a l  d a t a  i s  summarized i n  Table  3 where a number of gene ra l ly  accepted 
va lues  of C02 abundances are presented i n  a d d i t i o n  t o  t h e i r  i n d i v i d u a l  c o r r e -  
sponding s u r f a c e  p re s su re  e s t ima te .  I n  a d d i t i o n  t o  these  d a t a ,  House, 
e t  a1 E591 re -eva lua ted  t h e  published r a d i o  o c c u l t a t i o n  d a t a  (obtained by t h e  
Mariner I V  f ly -by  of Nars i n  1965) by employing an inve r s ion  technique 
wherein an a r b i t r a r y  s t r u c t u r e ,  atmospheric composition, and s u r f a c e  p r e s 4  
s u r e  w a s  employed. A computer program w a s  e s t a b l i s h e d  involv ing  a v a r i a b l e  
temperature  p r o f i l e  and an  a r b i t r a r y  C02 abundance as b a s i c  inpu t  parameters. 
The temperature p r o f i l e  inputs  were based on t h e o r e t i c a l  c a l c u l a t i o n s  f o r  t h e  
t ime-of -en t ry  and t ime-of -ex i t  o c c u l t a t i o n s ;  the C02 abundance e s t ima tes  were 
taken  from t h e  experimental  values  i n  Table  3 .  
pressures  w e r e  fed i n t o  t h e  program which con ta ins  a loop t o  select  t h e  
s p e c i f i c  s u r f a c e  p re s su re  which provided t h e  m b s t  acceptab le  s o l u t i o n .  On 
t h i s  b a s i s ,  a b e s t  f i t  s u r f a c e  pressure  w a s  s e l e c t e d  from which t h e  c o r r e -  
sponding b e s t  f i t  composition was computed from combining the  C02 abundance 
wi th  varying amounts of N 2 ,  From the o v e r - a l l  experimental  evidence, i t  
appears  t h a t  t h e  spec t roscop ic  d a t a  suggest  a s u r f a c e  p re s su re  of about 
6 mbar whereas t h e  r e -eva lua t ion  of the  Mariner I V  measurements sugges ts  
a value of about  8 mbar. For the  present  purpose, a compromise va lue  of 
7 mbar i s  representative of t h e  p re fe r r ed  model s u r f a c e  p re s su re  of Mars. 

A number of t r i a l  su r face  
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This  value,  coupled wi th  a C02 abundance of 70  m - a t m ,  leads t o  t h e  p r e -  
f e r r e d  choice  of model atmosphere t o  be employed i n  the  p re sen t  s tudy.  
House, e t  a1 [ 5 9 ]  s e l e c t e d  corresponding upper  and lower l i m i t  model 
atmospheres on t h e  bases of t he  u n c e r t a i n t y  i n  t h e  spec t roscop ic  measure- 
ments. The t h r e e  r e s u l t a n t  model atmospheres are summarized i n  Table 4 
which g ives  s e l e c t e d  s u r f a c e  pressure  and composition models f o r  t he  
lower a t m s p h e r e  of Mars. 

A key parameter i n  extending these  models t o  the  upper atmosphere i s  
t h e  temperature  a l t i t u d e  p r o f i l e .  I n  f a c t ,  t he  proper  choice of t h i s  
parameter i s  intemately involved wi th  t h e  i n t e r p r e t a t i o n  of t he  Mariner I V  
observa t ions  of a Mart 'an ionosphere wi th  a peak charged p a r t i c l e  number 
d e n s i t y  of 9 x lo4 cmm3 (at an a l t i t u d e  of about 125 km above t h e  s u r f a c e )  
and a p l a s m a  s c a l e  he igh t  of about  20 t o  25 km. It  a p p e a r s  t h a t  t h e  
E-region model proposed by McElroy (601 u t i l i z e s  a r e a l i s t i c  temperature  
p r o f i l e .  On t h i s  b a s i s ,  then,  a number of Martian upper atmospheric 
models were der ived  by coupl ing t h e  lower atmospheric models d i scussed  
previous ly  t o  a temperature p r o f i l e  ca l cu la t ed  i n  accordance with a scheme 
suggested by McElroy [ 6 0 ] .  For t h i s  purpose,  t h r e e  d i f f e r e n t  compositions 
were assumed a t  t h e  ground l e v e l  i n  accordance wi th  the  da t a  of Table 4 .  
Addi t iona l ly ,  i n  t he  present  models two a l t e r n a t e  turpopause a l t i t u d e s  
were employed; namely, 80 km and 120 km. F i n a l l y ,  a l l  t h e  models p e r t i n e n t  
t o  s o l a r  minimum condi t ions  have been c a l c u l a t e d .  For i l l u s t r a t i v e  pur-  
poses ,  only those  of t h e  p re fe r r ed  model atmosphere a r e  presented i n  
F igures  37 through 42 where the  s p e c i f i c  parametr ic  values  are  def ined  so  
t h a t  they need not  be repeated here .  These models have been employed as 
requi red  f o r  the  performance of a number of t a sks  under the  c u r r e n t  pro-  
gram, which bears  wi tness  t o  t h e i r  u t i l i t y  f o r  t h e  p re sen t  purposes.  

3 .  The WV day airglow i n  p l ane ta ry  atmospheres.  - The WV day 
a i rg low i n  the  atmospheres of Mars and Venus can be produced by a v a r i e t y  
of processes  involv ing  the  i n t e r a c t i o n  between s e v e r a l  energy sources  and 
atmospheric c o n s t i t u e n t s .  The r e s u l t a n t  emissions must be observed a g a i n s t  
background r a d i a t i o n  due t o  WV molecular s c a t t e r i n g  by t h e  so l a r - i l l umina ted  
c o n s t i t u e n t s .  Thus, one of t h e  t a s k s  performed under t h e  c u r r e n t  program 
involved t h e o r e t i c a l  c a l c u l a t i o n s  of t h e  WV albedo of t he  so l a r - i l l umina ted  
atmospheres of Mars and Venus. I n  a d d i t i o n ,  a s p e c i f i c  s i g n a t u r e  a i rg low 
emission w a s  i n v e s t i g a t e d ,  i . e . ,  t he  WV f luorescence  due t o  CO i n  t h e  
atmospheres of Mars and Venus. The progress  achieved i n  t h e s e  two areas 
i s  summarized below. 

a.  The WV (1200-2OOOg) albedo of t h e  so l a r - i l l umina ted  atmospheres 
of Mars and Venus. - The physical-mathematical  models and genera l  t h e o r e t i c a l  
techniques involved i n  c a l c u l a t i n g  the  WV albedos of p l ane ta ry  atmospheres 
have been given by Marmo and Degges [61], who obta ined  r e s u l t s  f o r  t h e  
E a r t h ' s  atmosphere. A t  t h a t  t i m e ,  s imilar c a l c u l a t i o n s  f o r  t h e  Martian 
atmosphere were not  performed due t o  the  lack  of a s u i t a b l e  model f o r  
a p p l i c a t i o n  t o  t h e  problem. However, as noted i n  t h e  previous s e c t i o n ,  
a r e l a t i v e l y  d e t a i l e d  a n a l y s i s  has now been performed f o r  t h e  expressed 
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purpose of ob ta in ing  r e l i a b l e  Martian atmospheric models based p r imar i ly  
of s e l ec t ed  ground observa t ions  as w e l l  as t h e  Mariner I V  o c c u l t a t i o n  
da ta .  For t h e  p re sen t  a p p l i c a t i o n ,  t h e  s e l e c t e d  model atmosphere involves  
a su r face  p re s su re  of 7 mbar, a C02 abundance of 70 m - a t m ,  and an  atmospheric 
composition of 64 percent  C02 and 36 pe rcen t  N2 (see Pre fe r r ed  Choice, Table  4 )  
with  corresponding number d e n s i t y - a l t i t u d e  and t empera tu re -a l t i t ude  p r o f i l e s  
shown i n  Figure 37. Although o the r  models have been suggested,  it can be 
shown t h a t  computed d i f f u s e l y - r e f l e c t e d  s o l a r  f l u x  i n t e n s i t i e s  are r a t h e r  
i n s e n s i t i v e  t o  t h i s  f a c t o r  s o  t h a t  u t i l i z a t i o n  of o t h e r  reasonable  a l t e r n a t e  
models would no t  r e s u l t  i n  d a t a  s i g n i f i c a n t l y  d i f f e r e n t  than those  der ived  
i n  t h e  present  s tudy .  F i n a l l y ,  i t  can a l s o  be argued t h a t ,  w i th in  t h e o r e t i c a l  
u n c e r t a i n t i e s ,  t h i s  model a p p l i e s  equa l ly  t o  t h e  Cytherian upper  atmosphere s o  
t h a t  t h e  p re sen t  a lbedo va lues  are appropr i a t e  t o  Venus by modi f ica t ion  of 
t h e  inc iden t  s o l a r  f l u x .  

I t  has been shown [61] t h a t  only s i n g l e  s c a t t e r i n g  need be considered 
s i n c e  t h e  atmospheres of Mars and Venus are o p t i c a l l y  t h i c k  t o  s o l a r  r a d i -  
a t i o n  throughout t he  WV region  owing t o  abso rp t ion  by C02.  Furthermore, 
s i n c e  the  r e l a t i v e  concent ra t ions  of N2 and C02 do not  vary wi th  a l t i t u d e ,  
t h e  albedo f o r  s i n g l e  s c a t t e r i n g  w, can be considered cons tan t  w i th  a l t i -  
tude f o r  a given wavelength. The p e r t i n e n t  parameters involved i n  t h e  
c a l c u l a t i o n  of t h e  requi red  a -va lues  are a s ( N 2 ) ,  o (C02), and cra(C02), 
which a r e  the  c r o s s  s e c t i o n s  f o r  t he  molecular S c a t t e r i n g  by N2,  t he  
molecular s c a t t e r i n g  by CO2, and absorp t ion  due t o  C02,  r e spec t ive ly .  
Both t h e o r e t i c a l  (B-4) and experimental  [62] crs (Nz)-values were employed 
on t h e  b a s i s  of work performed un the  c u r r e n t  program. 
were obtained from two sources .  
e t  a1[63] were employed, whereas f o r  AX 1750-19508, t h e  d a t a  were taken 
from Thompson, e t  a l [64] .  Since the  requi red  os(C02)-values were unava i l -  
a b l e  i n  t h e  l i t e r a t u r e ,  a t h e o r e t i c a l  procedure w a s  developed and employed 
t o  c a l c u l a t e  approximate values  f o r  AX 1000-20008 (D-4). 
i n c i d e n t  WV s o l a r  f l u x  values  were taken d i r e c t l y  from GCA-TR-62-14-N. 

the  oa(C02)-values 
For A?, 1200-1750~,  t h e  d a t a  of Watanabe, 

F i n a l l y  t h e  

The requi red  c a l c u l a t i o n s  were then  performed t o  produce t h e  WV 
albedo curves shown i n  F igures  43 and 44 f o r  Mars and Venus, r e spec t ive ly .  
The r e s u l t s  apply t o  a n  overhead sun and t h e  r e s u l t a n t  v e r t i c a l l y  r e f l e c t e d  
f l u x  f o r  t h e  s p e c t r a l  reg ion  1200-20008. 
a b l e  t o  problems a s soc ia t ed  wi th  s a t e l l i t e  and/or rocke t  observa t ion  of 
WV dayglow i n  t h e  atmospheres of Mars and Venus. This po in t  i s  made 
ev ident  i n  t h e  fo l lowing  d i scuss ion  where CO f l u o r e s c e n t  s i g n a l s  a r e  com- 
pared t o  t h e  WV albedos der ived he re in .  

These d a t a  are d i r e c t l y  a p p l i c -  

b. WV f luorescence  due t o  s o l a r  i l lumina ted  CO i n  t h e  atmospheres 
of Mars and Venus. - The previous ly  discussed WV albedo values  r ep resen t  
pract ical  lower l i m i t  values  s i n c e  they involve only  t h e  c o n t r i b u t i o n s  due 
t o  molecular s c a t t e r i n g  from s o l a r  i l lumina ted  p l ane ta ry  atmospheric c o n s t i -  
t u e n t s .  
considered i n  determining t h e  f i n a l  WV albedo of t hese  atmospheres. 
example, major con t r ibu t ions  can be expected from s p e c i f i c  s i g n a t u r e  

I n  p r a c t i c e ,  a number of a d d i t i o n a l  c o n t r i b u t i n g  f a c t o r s  must be 
For 
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radiations associated with the resonance lines of solar-illuminated atomic 
atmospheric species such as H(Lyman-a, 12 168) , 0 (1304 and 13108), C( 15608) , 
etc. In addition, other specific airglow emissions can be anticipated 
owing to the interaction between atmospheric constituents and the super- 
thermal photoelectrons which are produced by the EUV (AX < 800a) photo- 
ionization of ambient species. Furthermore, in some spectral regions, 
the dominant contribution to the W V  albedo can result from the resonance- 
fluorescence signals from solar-illuminated molecular species such as CO, 
C02, N2, 0 2 ,  etc. Of these species, there is particular interest in 
evaluating the role of CO since its inventory is intimately related to the 
degree of photodissociation that prevails in the upper atmospheres of these 
planets. Accordingly, a significant effort was directed toward obtaining 
reliable estimates of the W V  background contribution owing to the resonance- 
fluorescence from solar illuminated CO in the upper atmospheres of Mars and 
Venus. A brief description is presented below of the procedure employed 
and the final results (D-5). 

In this investigation, an initial task involved the determination of 
an upper limit estimate of the CO content in the upper atmospheres of these 
planets. This limit prevails for the case wherein solar photodissociation 
equilibrium prevails. 
librium conditions has been described previously so  that it is not repeated 
here. The technique was applied to the updated Martian model atmosphere 
shown in Figure 37 and the resultant cm2-column count for the several photo- 
dissociation species involved are shown in Figure 45 as a function of altitude. 
Similar curves obtain for the upper atmosphere of Venus except that, in this 
case, the altitude scale cannot be established with confidence. However, 
if both planetary atmospheres are optically thick in COY the altitude scale 
is of no consequence since the total W V  albedo intensity is not affected 
significantly. 
investigating the resonance-fluorescence emission from CO in both the 
atmospheres of Mars and Venus. It appears that optical thickness prevails 
since a representative cross section for CO absorption = cm2 whereas 
the data in Figure 45 indicate that a cm2-column count as high as 2 x 10l8 cm 
apply. This important fact also indicates that even if only 1 percent of 
the model CO content prevails, the atmospheres would still be "optically 
thick. I t  

An appropriate technique which applies under equi- 

Thus, the data can be applied equally to the problem of 

The fluorescent efficiency of optically thin, solar-illuminated CO has 
been estimated by others [65]. However, for the present requirement, it is 
necessary to determine the variation of fluorescent efficiency with optical 
thickness for each of the bands involved in the fourth positive system. 
Although no details are presented here, the typical result shown in Figure 46 
indicates that a significant variation exists and must be considered in any 
realistic assessment of the over-all problem of W V  dayglow in the atmospheres 
of Mars and Venus. 

An appropriate physical-mathematical model was developed which incorpo- 
rated the input data shown in Figures 45 and 46. The calculated dayglow 
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i n t e n s i t i e s  ( f o r  s e l e c t e d  f o u r t h  p o s i t i v e  bands) due t o  so l a r - i l l umina ted  
CO i n  the  upper atmospheres of Mars (and Venus) are l i s t e d  i n  Table 5. 

Inspec t ion  of the  t abu la t ed  r e s u l t s  i n d i c a t e s  t h a t ,  f o r  t h e  3g- 
bandwidths employed, t h e r e  i s  cons iderable  over lap  of t h e  emission d i s -  
t r i b u t i o n  of t he  i n d i v i d u a l  bands. I f  a l a r g e r  e f f e c t i v e  bandwidth were 
app l i ed ,  t h e  o v e r - a l l  i n t e n s i t i e s  i n  t h e  i n d i v i d u a l  bands would n o t  
decrease by more than  a f a c t o r  of 2 o r  3 owing t o  t h e  l a rge  o p t i c a l  
t h i ckness  f o r  CO i n  t h e  p l ane ta ry  atmosphere. Thus, it appears  t h a t  
t rea tment  of the f luorescence  emission a s  a continuum i s  j u s t i f i e d  s ince ,  
i n  p r a c t i c e ,  i t  can be expected t h a t  WV p lane ta ry  probe d a t a  w i l l  be  
obtained wi th  r e l a t i v e l y  poor r e s o l u t i o n  (say 2 lox) .  Evident ly ,  t h e  
"continuum" dayglow w i l l  be superposed on t h e  molecular s c a t t e r i n g  con- 
tinuum as shown i n  Figures  11 and 1 2 .  Thus, t h e  r e s u l t a n t  WV albedos 
f o r  t he  atmospheres of Mars and Venus shown i n  F igures  47 and 48, respec- 
t i v e l y ,  inc lude  t h e  con t r ibu t ions  due t o  molecular s c a t t e r i n g  and resonance- 
f luorescence  from so la r - i l l umina ted  CI i n  t h e  upper atmospheres of t h e  
p l a n e t s .  

4 .  Laboratory measurements of the  WV f luorescence  of a i r  due t o  
e l e c t r o n  impact e x c i t a t i o n .  - Fluorescence r a d i a t i o n  exc i t ed  by t h e  
e l e c t r o n  bombardment of p l ane ta ry  gases depends on t h e  t r a n s f e r  of energy 
from the  i n c i d e n t  e l e c t r o n  t o  the  t a r g e t  molecule and t h e  ensuing r a d i a -  
t i v e  t r a n s i t i o n .  Therefore ,  an understanding of t h i s  phenomenon r equ i r e s  
p e r t i n e n t  information regard ing  e x c i t a t i o n  c r o s s  s e c t i o n s  of t he  d i f f e r e n t  
states of t h e  molecules by e l e c t r o n  impact and t h e  r e l e v a n t  t r a n s i t i o n  
p r o b a b i l i t i e s  (e.g. ,  e l e c t r o n i c ,  v i b r a t i o n a l ) .  IR order  t o  develop a 
u s e f u l  methodology i n  the c u r r e n t  program, a c r i t i c a l  review of previous 
work was performed. This  pre l iminary  l i t e r a t u r e  survey revealed t h a t  
n i t r o g e n  r e p r e s e n t s  an  ex tens ive ly  s tudied  molecule f o r  which t h e  necessary  
s t r u c t u r a l  and spec t roscopic  information i s  a l s o  a v a i l a b l e .  Review of the  
ques t ion  of e x c i t a t i o n  of the  n i t rogen  spectrum by e l e c t r o n  bombardment 
has revealed t h a t  experimental  c r o s s  s e c t i o n  and e x c i t a t i o n  func t ions  are 
a v a i l a b l e  f o r  on ly  a few of the  states of N2 molecule. A p p l i c a b i l i t y  of 
t h e  Franck-Condon p r i n c i p l e  t o  t h e  e x c i t a t i o n  of diatomic molecules by 
e l e c t r o n  impac t  has bzen t e s t e d  by high r e s o l u t i o n  s tudy of t h e  e l e c t r o n  
impact spectrum i n  the  v i s i b l e  reg ion .  Corresponding s p e c t r a  f o r  WV 
f luorescence  a r e  not  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  

Considering t h e  present  s t a t e  of t h e  development of t h e  theory  of 
i n e l a s t i c  s c a t t e r i n g  of e l e c t r o n s  by diatomic molecules,  i t  i s  n o t  f e a s i b l e  
t o  perform r igorous  quantum mechanical c a l c u l a t i o n s  f o r  t h e  low energy 
i o n i z a t i o n  and e l e c t r o n i c  e x c i t a t i o n  c ros s  s e c t i o n s  of molecules con ta in ing  
s e v e r a l  e l e c t r o n s .  For t h i s  reason,  a more empi r i ca l  approach w a s  employed 
wherein some of t h e  p e r t i n e n t  c r o s s  s e c t i o n s  can be acquired by labora tory  
experimentat ion.  The s p e c i f i c  progress  achieved has been discussed else- 
where (D-7, D-9) wherein s e v e r a l  Pre l iminary  i n v e s t i g a t i o n s  have been 
descr ibed  i n  which an  e a r l y  des ign  e l e c t r o n  impact chamber conf igu ra t ion  
w a s  employed. On t h e  b a s i s  of t h i s  pre l iminary  measuremznt program and an  
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TABLE 5 

TOP OF ATMOSPIIERE OF MARS 
I N T E N S I T Y  OF RESONANCE-I:LLIORESCENT RADIATION I N  
SELECTED CARBON FlONOXIDE FOURTH POSITIVE BANDS 

ZERO S O U R  ZENITH AND U)OK ANGLES 

? c R >  Band ( v ’ v ” )  I n t e n s i  t y* 

1246 l 6 , 7  6 .3  ( 3 ) t  

126 1 15,L 1.2 ( 4 )  

1263 1 3 , l  0.0 (3)  

1269 l h , 3  2.8 ( 4 )  

127s 1 4 , 2  2.6 ( 4 )  

1280 1 2 , l  1.9 ( 4 )  

129 b 15,3 4.2 (4 )  

1297 13,2 5 . 1  (4) 
1299 11,l 3.9 (4)  

1300 17 ,4  3.6 ( 4 )  

1311 14,3 8.1 (4) 
13 1; 1 2 , 2  9.3 ( 4 )  

13 18 1 0 , l  8.4 (4) 

1322 8YO 4.8 ( 4 )  

1330 15,4 7.8 ( 4 )  

1332 13,3 1.3 (5) 

1333 1 1 , L  1 .4  (5) 

1339 

13& 

1348 

1354 

13 56 

9 9 1  

7,0 

14,4 

12,3 

10,2 

1.5 (5) 

1.1 (5)  

1.1 (5) 

1.8 (5) 

2.5 (5) 

-L 7 

‘‘pjio t o n s  /cni--sec-s t e r  

‘Number i n  parentheses  i s  power to w h i c h  10 i s  r a i sed .  
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TABLE 5 (continued) 

(2) Band ( v  ' v") I nt ens i tyfc 

1361 

136s 

13T-t 

13;s 

13 84 

139 2 

139 o 

140 1 

1409 

14 19 

1426 

143 5 

1447 

1464 

147 S 

148 1 

146 : 
149 4 

149 7 

1506 

15 10 

15 10 

15 16 

1525 

1542 

15G5 

1560 

2.5 ( 5 ) t  

2.6 ( 5 )  

2.2 ( 5 )  

3.3 ( 5 )  

4.8 (5) 

5 * 4  (5) 

2.2 (5) 

3.9 ( 5 )  

7.5 (5) 

1.1 ( 6 )  

3,6 ( S )  

9.0 (5) 

2 .1  (0) 

7.5 (5) 

3.3 (6) 

1.3  (5)  

1.6 (5)  

2.2 ( 5 )  

2.2 (5) 

1.8 ( 5 )  

4 .2  ( 6 )  

2.8 ( 6 )  

3.0 (5)  

5.4 ( 5 )  

1.1 ( 0 )  

3.0 ( 6 )  

2.7 ( 6 )  
--- - - --- 

.' - 7 

PIio tons / cm-- s ec - s t e r  

Number i n  parentheses i s  power t o  w h i c h  10 i s  r a i sed .  
t 
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TABLE 5 (continued) 

L(X)  Band (v’v”)  I n t e n s  i tyJC 

1577 2,2 1.0 ( 6 ) t  

1582 826 9.0 ( 4 )  

159 7 031 6.6 (6) 

1603 9,7 1.4 (5) 

1611 4,9 4.2 (5) 

16 15 796 2.4 (5) 

1.2 ( 6 )  1630 233 
1634 827 8.4 (4) 

1648 324 6.9 (5) 
1653 0 3 2  6.3 (6) 

1.1 (6) 

t 

1670 1,3 

17 05 3,s 6.0 (5) 

17  12 033 3.9 ( 6 )  

17 24 496 5.1 ( 5 )  

17 29 194 2.4 (6) 

1689 8,8 1.1 (5) 

17 47 295  4.8 ( 5 )  

1775 034 1.7 (6) 

179 2 195 2.1 (6) 
- - - - 

7k 2 

tNumber i n  parentheses  i s  power t o  which 10 i s  r a i s e d .  

Photons/cm -sec-ster 
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eva lua t ion  of t h e  s e v e r a l  experimental  parameters involved,  t h e  e l e c t r o n  
impact sample  chamber w a s  subsequent ly  modified appropr i a t e ly  t o  t h e  new 
conf igu ra t ion  shown schemat ica l ly  i n  Figure 4 9 .  S p e c i f i c a l l y ,  t h i s  
chamber w a s  designed t o  measure t h e  i n t e n s i t y  and spectral  c h a r a c t e r  of 
t h e  f luo rescen t  r a d i a t i o n  due t o  t h e  e l e c t r o n  impac t  i n t e r a c t i o n  wi th  
atmospheric gases .  

The e l e c t r o n  gun is a v a i l a b l e  commercially from Veeco Instruments ,  
I n c .  The vacuum housing enc los ing  t h e  gun po r t ion  r e q u i r e s  a h igh ly  
e f f i c i e n t  and r a p i d  pumping rate t o  s u s t a i n  t h e  lower p re s su re  (2 lom4 
mm Hg) i n  t h e  r e a c t i o n  chamber when sample  gas i s  leaked i n .  Otherwise, 
t h e  high pressure  bui ldup w i l l  cause i n t o l e r a b l e  high abso rp t ion  i n  the  
monochromator-reaction chamber system. The mounting f l ange  of t he  
chamber is  compatible t o  d i r e c t  coupl ing t o  t h e  2.2-meter monochromator 
(wherein photographic s p e c t r a  can be obta ined) .  The end window p e r m i t s  
e i t h e r  d i r e c t  viewing of t he  v i s i b l e  r a d i a t i o n  o r  t h e  u s e  of a s u i t a b l e  
PM tube.  

The sequence of experiments performed wi th  t h e  above system con- 
f i g u r a t i o n  i s  descr ibed  b r i e f l y  below. F i r s t ,  evacuat ion of t h e  e n t i r e  
system t o  a p res su re  of about mm Hg w a s  achieved and sus ta ined  without  
dynamic pumping. The e l e c t r o n  gun w a s  t e s t e d  under t h i s  vacuum cond i t ion  
and observed t o  ope ra t e  s a t i s f a c t o r i l y .  I ts  genera l  performance w a s  v e r i -  
f i e d  v i s u a l l y  as fo l lows .  Under t h i s  h igh  vacuum, t h e  e l e c t r o n  beam i m -  
p a c t  upon t h e  viewing LiF window r e s u l t s  i n  t h e  gene ra t ion  of a v i s i b l e  
b lue  f luo rescen t  l i g h t  spo t  which p e r m i t s  a s i m p l e  check on t h e  alignment 
of the  e x c i t i n g  beam. For example, the  beam p o s i t i o n  could be ad jus ted  
t o  p a s s  through t h e  c e n t e r  (or  any o the r  d e s i r a b l e  pa th )  of t he  r e a c t i o n  
chamber. This  c a p a b i l i t y  r ep resen t s  a cons iderable  advantage i n  t h e  a l i g n -  
ment procedure i n  t h e  coupled chamber-monochromator conf igu ra t ion .  Addi- 
t i o n a l l y ,  s i n c e  d e t a i l s  of the  beam geometry ( i - e . ,  t he  divergence)  could 
be a sce r t a ined  us ing  t h e  above procedure,  t h e  der ived information would be 
of cons iderable  value i n  ob ta in ing  abso lu te  da ta  va lues .  I n  p r a c t i c e ,  t h e  
beam divergence r e s u l t e d  i n  about a 1.0" diameter  spo t  a t  the  LiF viewing 
window. The next  procedural  s t e p  involved slow f i l l i n g  of t h e  r e a c t i o n  
chamber wi th  an  ord inary  a i r  sample .  The p res su re  w a s  t hen  allowed t o  i n -  
c r e a s e  i n  time and t h e  fol lowing behavior w a s  noted.  A t  t h e  i n i t i a l  low 
p res su res ,  a r e l a t i v e l y  weak pink glow occurred d i r e c t l y  wi th in  t h e  geo- 
me t r i c  conf ines  of t h e  e l e c t r o n  beam. A t  h igher  p re s su res ,  t h e  flow i n -  
t e n s i t y  was observed t o  inc rease .  The rea f t e r ,  a t  even higher  p re s su res ,  
a n  e f f e c t i v e  "quenching" of the  e l e c t r o n  impact r a d i a t i o n  w a s  observed. 
This  genera l  behavior  i s  expected i n  terms of increased  c o l l i s i o n  frequency 
a t  the  e leva ted  chamber p re s su res .  On t h i s  b a s i s ,  it w a s  a l s o  noted t h a t  
a t  inc reas ing  p res su res ,  t h e  maximum i n t e n s i t y  approached t h e  e l e c t r o n  gun 
f i l amen t .  Thus, t h e  r e s u l t s  of t he  above procedure ind ica ted  t h e  optimum 
pres su re  range f o r  ob ta in ing  the  maximum v i s i b l e  glow a long  t h e  e x c i t a t i o n  
beam pa th  w a s  between 1-10 mm Hg. For the  present  purpose, i t  w a s  f e l t  
t h a t  t he  s p r e a d  i n  t h i s  p re s su re  range permit ted t h e  pre l iminary  ex t rapo-  
l a t i o n  of t h e  r e s u l t s  t o  t h e  case  of WV r a d i a t i o n  due t o  e l e c t r o n  i m p a c t .  
Recent labora tory  d a t a  [ 6 6 ]  obtained under the  present  program involv ing  
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unresolved WV f luo rescen t  r a d i a t i o n  due t o  e l e c t r o n  impac t ,  demonstrate 
t h e  n e c e s s i t y  of ob ta in ing  r e l a t i v e l y  h igh  r e s o l u t i o n  spectra of t hese  
r a d i a t i o n s .  
h e r e i n ,  observa t ion  of t h e  WV spectrum (with 5g r e s o l u t i o n )  due t o  
e l e c t r o n  impact produced i n  t h e  r e a a t i o n  chamber w a s  at tempted. 

Although t h e  d e t a i l e d  a n a l y t i c a l  reasoning i s  not  repeated 

The chamber was a t t ached  t o  the  monochromator as shown i n  F igu re  4 9 .  
Since r e l a t i v e l y  weak i n t e n s i t y  v i s i b l e  r a d i a t i o n  w a s  observed i n  t h e  
t r ia l  runs,  i t  w a s  decided t o  perform t h e  pre l iminary  measurements photo- 
g raph ica l ly ,  s i n c e  cons iderable  t i m e  i n t e g r a t i o n  could be invoked. It 
w a s  planned subsequent ly  t o  o b t a i n  q u a n t i t a t i v e  p h o t o e l e c t r i c  s p e c t r a  i f  
t h e  observed photographic i n t e n s i t i e s  were s u f f i c i e n t l y  high t o  warrant  
such a c t i o n .  

Eighty photographic exposures were obtained f o r  t h e  experimental  
conf igu ra t ion  i l l u s t r a t e d  i n  F igure  49. The chamber p re s su re  w a s  var ied  
between 1 and 10 mm as fo l lows:  1.2,  3 . 0 ,  6.2,  and 9.7 mm. Twenty ex-  
posures were obtained a t  each p res su re  us ing  v a r i a b l e  exposure t i m e s  
between one t o  twenty minutes.  I n  s p i t e  of t h i s  t ed ious ,  time-consuming 
obse rva t iona l  program, no u s e f u l  WV photographic s p e c t r a  were obtained 
owing t o  the  r e l a t i v e l y  low e l e c t r o n  i m p a c t  f luorescence  r a d i a t i o n  i n t e n -  
s i t y .  On the  b a s i s  of t hese  r e s u l t s ,  i t  i s  c l e a r  both t h a t  t h e  f22 spec-  
t rograph  is  too  slow f o r  t h e  p re sen t  purposes and t h a t  a more s e n s i t i v e  
r a d i a t i o n  d e t e c t i o n  scheme must be developed. However, t h i s  la t ter  r e q u i r e -  
ment w a s  considered t o  l i e  beyond t h e  scope of t h e  c u r r e n t  program. F i n a l l y ,  
t h e  observed l i m i t a t i o n s  on the  present  experimental  c a p a b i l i t y  has demon- 
s t r a t e d  t h a t  t h e  system could not  be employed s u c c e s s f u l l y  f o r  observing 
WV f luorescence  due t o  t h e  i n t e r a c t i o n  between a lpha  p a r t i c l e s  and atmo- 
s p h e r i c  gases .  Accordingly,  no f u r t h e r  e f f o r t  w a s  d i r e c t e d  toward t h i s  
e n t i r e  area of i n v e s t i g a t i o n .  

5. Laboratory measurements of WV photon s c a t t e r i n g  c r o s s  s e c t i o n s  
f o r  s e l ec t ed  atmospheric gases .  - The e f f i c i e n c y  wi th  which p l ane ta ry  
atmospheric c o n s t i t u e n t s  scat ter  inc iden t  s o l a r  WV r a d i a t i o n  r ep resen t s  
an  important input  parameter i n  e s t a b l i s h i n g  WV albedo and/or  day a i rg low 
emission i n t e n s i t i e s .  To d a t e ,  t h e o r e t i c a l  techniques are not  a v a i l a b l e  
t o  perform t h e  c a l c u l a t i o n s  except f o r  t he  case  of s i m p l e  atoms. Thus, 
f o r  molecular c o n s t i t u e n t s ,  t h e  requirement f o r  experimental  d a t a  i s  
ev iden t .  However, on ly  l imi ted  experimental  programs have been performed 
t o  ob ta in  these  requi red  d a t a .  For example, r e l a t i v e  photon s c a t t e r i n g  
c r o s s - s e c t i o n  measurements a t  Lyman-a were f i r s t  obtained by G i l l  and 
Heddle [ 67 ]  f o r  A r , H 2 , N 2 ,  Xe, and Kn. 
performed under the  c u r r e n t  program, Marmo [ 6 8 ] ,  Shardanand ( D - 1 1 ) ,  and 
Shardanand and Mikawa (D-10) employed an  improved experimental  procedure 
t o  measure the  comparatively low ( r e l a t i v e )  c ros s  s e c t i o n s  of N e  and He 
(as w e l l  as A r ,  H2, N2, Xe and K r ) .  
c u l a r  s i g n i f i c a n c e  s i n c e  Chan and- Dalgarno [69 c a l c u l a t e d  an  accu ra t e  
abso lu t e  va lue  f o r  H e  a t  Lyman-a of 3.5 x 
employed t o  place t h e  experimentally-measured re la t ive  values  on an  

In a subsequent i n v e s t i g a t i o n  

The He de te rmina t ions  were of p a r t i -  

cm2 which could then be 
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abso lu te  bas i s .  For the  cases of A r ,  the  c r o s s  s e c t i o n  

good agreement. However, f o r  t he  cases of  X e  and K r ,  a s i g n i f i c a n t  
disagreement was observed which Marmo (681 asc r ibed  t o  the formation 
of Xe2 and K r  molecules which was not  recognized by G i l l  and Heddle [67]. 
To tes t  t h i s  Zypothesis ,  a series of  a d d i t i o n a l  experiments were devised 
and performed where the  X e  and Kr c r o s s  s e c t i o n s  were measured (at Lyman-@ 
a t  va r ious  temperatures  and p res su res  0-11) wherein i t  was observed t h a t  
the apparent  c r o s s  s e c t i o n  increased  l i n e a r l y  w i t h  p re s su re  (i.e.,  d i d  no t  
obey Beer's l a w )  and decreased w i t h  temperature.  This  behavior  w a s  as-  
c r ibed  t o  the  formation of X e 2  and K r  An a n a l y s i s  of t h e  d a t a  
y i e lded  (1) the  equ i l ib r ium c o n s t a n t  f o r  t he  atom-molecule r e a c t i o n ,  (2) 
the abso rp t ion  c r o s s  s e c t i o n s  f o r  X e 2  and K r 2 ,  and (3) the h e a t s  of d i s -  
s o c i a t i o n  f o r  X e 2  and K r 2 .  Following t h i s  i n v e s t i g a t i o n ,  a cons ide rab le  
experimental  improvement was achieved by u t i l i z i n g  monochromatic r a d i a -  
t i o n  by a t t a c h i n g  a newly designed s c a t t e r i n g  chamber t o  the e x i t  s l i t  of 
the  2-meter McPherson WV monochromator. This  increased  l abora to ry  capa-  
b i l i t y  f a c i l i t a t e d  the performance of a number of new experiments i n -  
c lud ing  two of  s p e c i f i c  importance.  The f i rs t  involved the measurement 
of  the abso lu te  s c a t t e r i n g  c r o s s  s e c t i o n  va lues  f o r  A r  and K r  over  the  
s p e c t r a l  reg ion  X I  1080-1700~(D-12).  On t h i s  b a s i s ,  t hese  gases  are now 
a v a i l a b l e  a s  secondary s t anda rds  a g a i n s t  which o t h e r  gases  can  be c a l i -  
b ra ted .  In the  second i n v e s t i g a t i o n ,  pre l iminary  measurements were pe r -  
formed on the  e f f i c i e n c y  of  s e l e c t i v e  s c a t t e r i n g  by CO i n  the  f o u r t h  p o s i -  
t i v e  band system 0 - 1 3 ) .  

va lues  of both Marmo, e t  a l .  [68] and [67] were i n  

molecules. 

a .  The abso lu te  s c a t t e r i n g  c r o s s  s e c t i o n  va lues  of argon and krypton 
f o r  XX 1080-17OOx. - The sys temat ic  l abora to ry  i n v e s t i g a t i o n  of VW sca t -  
t e r i n g  r e q u i r e s  the  es tab l i shment  oE a secondary s tandard  whereby a l l  re la -  
t i v e  measurements can  be placed on an abso lu te  b a s i s .  This  s tandard  gas  
should be chemical ly  nonreac t ive ,  possess  s p h e r i c a l  symmetry (zero d e p o l a r i -  
z a t i o n  f a c t o r )  and be amenable t o  r e l a t i v e l y  simple handl ing and prepara-  
t i o n .  The r a r e  gases  q u a l i f y  i n  a l l  r ega rds .  Thus, new l abora to ry  measure- 
ments were performed f o r  t he  expres s  purpose of ob ta in ing  the  abso lu te  sca t -  
t e r i n g  c r o s s  s e c t i o n  va lues  f o r  two of t he  r a r e  gases ,  i . e . ,  argon and kryp- 
ton  over  the s p e c t r a l  reg ion  XX 1080-17002. 

The photon s c a t t e r i n g  c r o s s  s e c t i o n  of a n  atom can  be c a l c u l a t e d  from 
i t s  measured r e f r a c t i v e  index.  P rec i se  measurements i n  the  v i s i b l e  and 
u l t r a v i o l e t  s p e c t r a l  reg ions  have been repor ted  f o r  argon [70]  and kryp- 
ton  [71,72]. An empir icd l  e x t r a p o l a t i o n  can  be made t o  s h o r t e r  wavelengths 
us ing  d i s p e r s i o n  formulae f i t t e d  t o  such d a t a  [73]. Recent ly  t h e r e  have 
been r e p o r t s ,  both t h e o r e t i c a l  and experimental ,  of s c a t t e r i n g  c r o s s  sec- 
t i o n s  i n  the vacuum u l t r a v i o l e t  [74-801. The t h e o r e t i c a l  d a t a  i n d i c a t e  
that the  choice  of d i s c r e t e  o s c i l l a t o r  s t r e n g t h s  i s  c r i t i c a l .  For example, 
t h i s  i s  t r u e  f o r  argon even a t  1216r(, i . e . ,  l50g from the  f i r s t  resonance 
l i n e  [80].  The experiments have been performed wi th  nondispersed r a d i a t i o n ,  
a procedure which is  somewhat inadequate i n  c l o s e  proximity t o  the reso- 
nance l i n e s  where the c r o s s  s e c t i o n s  e x h i b i t  r ap id  v a r i a t i o n s .  I n  such 
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r eg ions .  d i spe r sed  r a d i a t i o n  must be employed wi th  the  concomitant re- 
duc t ion  i n  i n t e n s i t y .  I n  the p re sen t  i n v e s t i g a t i o n ,  the i n c i d e n t  r a d i a -  
t i o n  (from a hydrogen source)  was d ispersed  by a 1/2-meter Seya mono- 
chromator wi th  an  MgF coa ted  aluminiaed g r a t i n g  blazed a t  15008 wi th  a 
s p e c t r a l  bandpass of $8. 
c e l l  through a n  LiF window and i t s  t ransmi t ted  i n t e n s i t y  was monitored 
wi th  an EM1 05145 phototube coated wi th  sodium s a l i c y l a t e .  
s c a t t e r e d  through 90 degrees  w a s  de t ec t ed  wi th  an  EMR541H-08-10 photo- 
tube.  It has  been shown t h a t  r e l a t i v e  s c a t t e r i n g  c r o s s  s e c t i o n s  can  be 
obtained us ing  t h i s  technique wi th  much g r e a t e r  accuracy than abso lu te  
s c a t t e r i n g  c r o s s  s e c t i o n s  s i n c e  n e i t h e r  the  s c a t t e r i n g  volume nor the  
d e t e c t o r  geometry in f luence  the r e s u l  ts [7 6 3 .  Cross  sect ions  measured 
r e l a t i v e  t o  those of hel ium can  be rendered abso lu te  s i n c e  the  hel ium 
c r o s s  s e c t i o n s  have been c a l c u l a t e d  r e l i a b l y  1691. It w a s  t h e r e f o r e  
planned t o  measure the s c a t t e r i n g  c r o s s  s e c t i o n s  of the  s e l e c t e d  two rare 
gases  r e l a t i v e  t o  those of helium. However, a s u f f i c i e n t l y  s t r o n g  scat-  
t e r ed  f l u x  from helium could be obta ined  only  a t  16078 where the source 
i n t e n s i t y ,  t he  r e f l e c t a n c e  of the  g r a t i n g ,  the  t r ansmi t t ances  of the  LiF 
windows, and the  quantum e f f i c i e n c y  of the EMR d e t e c t o r  combined t o  
y i e l d  a s u i t a b l y  l a r g e  s i g n a l .  The r a t i o  of the argon s c a t t e r i n g  c r o s s  
s e c t i o n  t o  t h a t  of helium a t  1607a was 92.3 & 7 . 1 .  The s c a t t e r i n g  c r o s s  
s e c t i o n  of  helium a t  t h i s  wavelength i s  9 . 9  x 10-27cm2 [742, hence, t h e  
c r o s s  s e c t i o n  f o r  argon a t  t h i s  s p e c t r a l  p o s i t i o n  i s  0.91 t 0.07 x 10-24 
c m 2 ,  This va lue  i s  i n  r e l a t i v e l y  good agreement wi th  t h e o r e t i c a l  re- 
s u l t s  [74,75,80] but i s  not  s u f f i c i e n t l y  p r e c i s e  t o  e s t a b l i s h  a f i n a l  
d i s t i n c t i o n  a s  shown i n  Figure 50. The f l u x  s c a t t e r e d  from argon p e r  
u n i t  i n c i d e n t  f l u x  w a s  a l s o  measured a t  1215, 1176, 1162, 1146 and 10908. 
Re la t ive  s c a t t e r i n g  c r o s s  s e c t i o n s  were deduced from these  measurements 
(with the except ion  of t h a t  a t  10908) by account ing f o r  t he  v a r i a t i o n s  
over  t h i s  s p e c t r a l  range of the  quantum e f f i c i e n c i e s  of the  phototubes 
and the degree of  p o l a r i z a t i o n  of the d i spe r sed  r a d i a t i o n .  The p o l a r i -  
z a t i o n  was measured by the  method of Rabinovi tch,  e t  a l .  [81] .  Although 
these  two c o r r e c t i o n s  were r e l a t i v e l y  small, they c o n s t i t u t e d  the  major 
c o n t r i b u t i o n s  t o  the es t imated  e r r o r s .  The r e s u l t s ,  w i th  appropr i a t e  
e r r o r  b a r s ,  have been normalized t o  the repor ted  v a l ~ e  of 6 . 4  x 
a t  1216a [76,79] as shown i n  Figure 50. The inc rease  i n  the measured 
c r o s s  s e c t i o n  a t  s h o r t  wavelengths was more rap id  than  p red ic t ed .  The 
measurements a t  10908 i n d i c a t e  t h a t  the s c a t t e r e d  photon f l u x  increased  
q u a d r a t i c a l l y  wi th  p re s su re  and not l i n e a r l y  a s  was the  case a t  longer  
wavelengths (see Figure 51). 
i n g  from quasi-molecules,  i . e . ,  atoms i n  the  s t a t e  of  c o l l i s i o n ,  the  
concen t r a t ion  of  which inc reases  q u a d r a t i c a l l y  w i t h  p re s su re .  Rare gas  
molecules are known t o  ex i s t  and t o  absorb i n  the  wings of the  atomic 
resonance l i n e s  [82] .  The l i n e a r  p l o t s ,  shown i n  Figure 51, suggest  t h a t  
such molecules do not  i n t roduce  measurable e r r o r s  i n  the  d a t a  obtained a t  
wavelengths longer  than  1090g. 

Monochromatic r a d i a t i o n  en te red  the s c a t t e r i n g  

Radia t ion  

c m 2  

This  might be expla ined  by s t r o n g  scat ter-  

Measurements were performed of the  f l u x  s c a t t e r e d  from krypton a t  
two wavelengths, i . e . ,  1215 and 16078. A t  12168 the  s c a t t e r e d  f l u x  d i d  
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no t  i nc rease  l i n e a r l y  wi th  p re s su re  so  t h a t  no va lue  f o r  the  s c a t t e r i n g  
c r o s s  s e c t i o n  could be obtained.  
ous ly  repor ted  [76] where a pre l iminary  and excess ive ly  l a r g e  va lue  was 
obtained from measurements performed on the  b a s i s  of undispersed r a d i a -  
t i o n .  A t  16072 the  measured r a t i c  of t he  s c a t t e r i n g  c r o s s  s e c t i o n  of 
kryptoh t d  t h a t  of argon was 3.12 t 0.16. The s c a t t e r i n g  c r o s s  s e c t i o n  
of krypton was t h e r e f o r e  2.84 & 0.37 x cm2. This  r e s u l t  can  be 
compared wi th  the  va lues  of 2.60 x and 2.64 x cm2 obtained,  
r e spec t ive ly ,  from the  d i s p e r s i o n  formula of Kronjager [71]  and a t  16002 
from the  theory of Kingston (781. 

This  r e s u l t  d i f f e r s  from t h a t  p r e v i -  

b. Laboratory i n v e s t i g a t i o n  on the  s e l e c t i v e  s c a t t e r i n g  by CO i n  
the  VW. - The presence of CO (due to s o l a r  photodissoc ia t ion  of C02) i n  
t he  upper atmospheres of Venus and Mars may rep resen t  an  important  f a c t o r  
i n  e s t a b l i s h i n g  the  WV albedos of these  p l a n e t s .  This  po in t  was d i s -  
cussed previous ly  i n  the  p r e s e n t  r e p o r t s  where i t  w a s  demonstrated t h a t  
resonance-f luorescence r a d i a t i o n  ( fou r th  p o s i t i v e  bands) due t o  s o l a r -  
i l lumina ted  CO may be s i g n i f i c a n t l y  g r e a t e r  than the  C02 molecular scat- 
t e r i n g  (see Figures  47 and 4 8 ) .  However, s ince  C O  d i s p l a y s  s t r o n g  d i s -  
c r e t e  abso rp t ion  bands ( four th  p o s i t i v e  band system) i n  the  VW, a major 
c o n t r i b u t i n g  f a c t o r  t o  the  WV albedo may involve the  corresponding en-  
hanced molecular s c a t t e r i n g  wi th in  t h i s  band system. Unfortunately,  i n  
t h i s  complex molecular ca se ,  no t h e o r e t i c a l  procedure ex is t s  f o r  ca l cu -  
l a t i n g  the  s c a t t e r i n g  e f f i c i e n c y  i n  reg ions  of s t r o n g  abso rp t ion  f e a -  
t u r e s  and a d d i t i o n a l l y  no p e r t i n e n t  experimental  d a t a  a r e  a v a i l a b l e  a t  
p re sen t .  Thus, i t  was ev iden t  t h a t  e v a l u a t i o n  of t he  r o l e  of s e l e c t i v e  
molecular s c a t t e r i n g  i n  p l ane ta ry  atmospheres requi red  the  des ign  and 
performance of new l abora to ry  experimental  programs i n  t h i s  a r ea .  

The genera l  f e a t u r e s  of the  experimental  appara tus  and the  proce- 
dure employed have been descr ibed  i n  d e t a i l  p rev ious ly  [ 8 3 ] .  Br ie f ly ,  
t he  technique involves  the  a p p l i c a t i o n  of t he  1/2-meter Seya monochrom- 
a t o r  t o  provide the  monochromatic (38 r e s o l u t i o n )  emission source,  I, 
which is  i n c i d e n t  on the  s c a t t e r i n g  volume, V, of t he  s u i t a b l y  designed 
s c a t t e r i n g  chamber con ta in ing  the  sample gas .  The r e s u l t a n t  s c a t t e r e d  
r a d i a t i o n  i s  then measured by an appropr i a t e  photon d e t e c t i o n  device .  
I n  prev ious ly  repor ted  i n v e s t i g a t i o n s  [83] (D-7,D-lO,D-ll,D-12) the  s c a t -  
t e r ed  s i g n a l  was observed a t  a viewing angle  or thogonal  t o  the  i n c i d e n t  
beam. I n  the  p re sen t  GO measurement program, i t  was p a r t i c u l a r l y  advan- 
tageous t o  employ a viewing angle  54'43' (or the  complement angle  of 
125O47') s ince ,  i n  t h i s  s p e c i f i c  case ,  t he  measured value of t he  s c a t -  
t e r e d  f l u x  can  be r e l a t e d  d i r e c t l y  t o  the  i n t e g r a t e d  s c a t t e r i n g  c r o s s  
s e c t i o n ,  crs, without  a p r i o r i  knowledge of the ind iv idua l  d e p o l a r i z a t i o n  
f a c t o r ,  4, which is  involved i n  s c a t t e r i n g  a s soc ia t ed  wi th  nonspher- 
i c a l l y  symmetric molecules, i .e . ,  CO. On t h i s  b a s i s ,  a n  improved s c a t -  
t e r i n g  chamber conf igu ra t ion  was designed and f a b r i c a t e d  f o r  t he  p re sen t  
purpose a s  i l l u s t r a t e d  schemat ica l ly  i n  Figure 52. A number of add i -  
t i o n a l  modi f ica t ions  a r e  involved, but a r e  descr ibed  elsewhere ( D - 1 3 ) .  
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The chamber was a t t ached  t o  the  e x i t  s l i t  of the  monochromator as i n -  
d i c a t e d  i n  the  f igu re .  A hydrogen l i g h t  source was employed wherein 
the maximum i n t e n s i t y  occurred a t  A W 1607g. A t  t h i s  s p e c t r a l  s e t t i n g ,  
two sets  of d a t a  runs  were performed f o r  GO chamber p re s su res  of 160 mm 
and 63.6 mm. I n  each case ,  the  t o t a l  counts  were recorded f o r  an  i n t e -  
gra ted  t i m e  i n t e r v a l  of 20 minutes d u r a t i o n .  The measured and der ived  
t o t a l  (20-minute du ra t ion )  counts  va lues  and t h e i r  a s soc ia t ed  random 
e r r o r  components (obtained by a p p l i c a t i o n  of t he  law of propagat ion  of 
random e r r o r s  [84]) a r e  presented  i n  Table 6. 

TABLE G 

TOTAL COUNTS AND CORRESPONDING RANDOM ERRORS 
FOR MEASURED EXPERIMENTAL PARAM3TERS 

Experimental Parameter Count Value t Erro r  

(a) Thermal Component, T 

(b) Background Component, B 

(c) 

(d) 

(e) Rat io  of S-Values, R 

Signal Component, S (160 mm; 16078) 

S igna l  Component, S (63.4 mm; 16078) 

64 + - 8.0 

476 24.6 

3182 t 66.0 

1162 2 48.6 

2.74 5 0.128 

I n  p r i n c i p l e ,  t he  above der ived  R-value should be equ iva len t  t o  t h e  
r a t i o  of the  employed p res su res  w i t h i n  t h e  random e r r o r  involved. 
observed degree of d e v i a t i o n  from t h i s  expected va lue  provided a measure 
of the  r e l a t i v e l y  small sys temat ic  e r r o r  component involved i n  the  p r e s e n t  
i n v e s t i g a t i o n .  I n  view of t he  pre l iminary  na tu re  of these  r e s u l t s ,  i t  
was decided t h a t  the  ind ica t ed  c a p a b i l i t y  was s u f f i c i e n t  f o r  the  p re sen t  
purposes. 

The 

Measurement of t h e  r e l a t i v e  s c a t t e r i n g  e f f i c i e n c y  a s  a f u n c t i o n  of  
wavelength was obta ined  by a p p l i c a t i o n  of the  fo l lowing  procedure. It 
was found t h a t  even f o r  the  62.6-cm case, the  observed count ra te  w a s  
s u f f i c i e n t l y  h igh  so t h a t  a s p e c t r a l  scan  could be performed by employing 
the  Hamner Linear  Count Rate Meter, Model H730. Observations were p e r -  
formed a t  every 2.8 i n t e r v a l  throughout t he  i n v e s t i g a t e d  wavelength reg ion ,  
and the  r e s u l t s  were normalized on the assumption t h a t  the thermal count 
remained c o n s t a n t  w i th  wavelength whereas the  background component v a r i e d  
i n  d i r e c t  p ropor t ion  t o  the  wavelength of the  r a d i a t i o n  i n c i d e n t  upon the  
scattering volume. To o b t a i n  c.ross s e c t i o n  va lues  f o r  each i n t e r v a l  
i n v e s t i g a t e d ,  i t  was necessary  t o  account f o r  abso rp t ion  of t he  e x i t  s l i t  
r a d i a t i o n  by t h a t  p o r t i o n  of the  chamber gas  sample between the  e x i t  s l i t  
r a d i a t i o n  and the  s c a t t e r i n g  volume, V. For t h i s  purpose abso rp t ion  c r o s s  
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s e c t i o n s ,  mA, va lues  w e r e  obtained by employing the  45-degree mi r ro r  
and EM1 €'If tube arrangement i l l u s t r a t e d  i n  Figure 52. The r e s u l t a n t  
cA-values a r e  shown i n  Figure 53 by the  s o l i d  curve so  des igna ted .  It 
was found t h a t  a t  16078, a;l. M 3 x 
ment wi th  the corresponding va lue  by Watanabe, e t  a l .  1633. The spec-  
t r a l  v a r i a t i o n  of the s c a t t e r i n g  c r o s s  s e c t i o n  va lues ,  cr 
t he  dashed curve i n  Figure 53) were der ived  f o r  each 28 i n t e r v a l .  The 
r e l a t i v e  s c a t t e r i n g  va lues  were then placed on an abso lu te  b a s i s  by 
d i r e c t  comparison a g a i n s t  argon gas which had been c a l i b r a t e d  previous ly  
on a n  abso lu te  bas i s  as d iscussed  previous ly .  It was demonstrated t h a t  
us (60; 16078) Z 3 x 10-24 cm2 t o  wi th in  

cm2 i n  r e l a t i v e l y  good agree-  

(shown by 
8' 

20 percent .  

The observed c l o s e  correspondence between the s t rong  abso rp t ion  
f e a t u r e s  ( s o l i d  curve)  and the  i n t e n s i t y  of the " sca t t e r ing"  s i g n a l  
(dashed curve)  may be a t t r i b u t e d  e i t h e r  t o  the resonance-f luorescence 
emission subsequent t o  the d i s c r e t e  band abso rp t ion  i n  the  A - X IC+ 
t r a n s i t i o n  o r  t o  the  enhanced s e l e c t i v e  s c a t t e r i n g  a n t i c i p a t e d  i n  the  
c l o s e  v i c i n i t y  of abso rp t ion  f e a t u r e s .  The former process  d i r e c t l y  i n -  
volves  the r a d i a t i v e  l i f e t i m e s ,  T ~ ,  of  the  exc i t ed  e l e c t r o n i c  v i b r a t i o n a l  
s t a t e s ;  i n  genera l ,  f o r  t h i s  system, > sec .  Thus, i n  t he  absence 

process  would lead  t o  observed s c a t t e r i n g  c r o s s  s e c t i o n  va lues  on the  
o r d e r  of m al though t h i s  was not  observed. A d e t a i l e d  a n a l y s i s  (D-13) 
of the d a t a  has shown t h a t  the  c r i t e r i a  f o r  e f f i c i e n t  self-quenching i s  
indeed s a t i s f i e d  i n  t h i s  case  so t h a t  i t  appears  t h a t  t r u e  s e l e c t i v e  
s c a t t e r i n g  does p r e v a i l  under these experimental  cond i t ions .  However, 
t h i s  t e n t a t i v e  conclus ion  should be v e r i f i e d  by a d d i t i o n a l  experimenta- 
t i o n  so t h a t  any f i n a l  comment on t h i s  i s s u e  should be de fe r r ed .  

o f  "quenching," i t  might be a n t i c i p a t e  3 t h a t  the resonance-f luorescence 

A ?  

Fina l ly ,  the  r e s u l t s  of Figure 53 i n d i c a t e  the ex i s t ence  of some 
i n t e r e s t i n g  anomalies i n  the p re sen t  d a t a ,  i . e . ,  i n  the  v i c i n i t i e s  of 
1600 and 14908. S p e c i f i c a l l y ,  r e l a t i v e l y  s t rong  s c a t t e r i n g  s i g n a l s  are 
observed i n  these  two s p e c t r a l  reg ions  of weak absorp t ion .  The 1600g 
anomaly may be explained by the  occurrence of the band head p o s i t i o n  a t  
1597g which corresponds t o  the  A 'II(v' = 0) - X 'C+(vrr = 1) t r a n s i t i o n .  
Ca lcu la t ions  i n d i c a t e  t h a t  a t  

weak abso rp t ion  f e a t u r e  can  be expected. Notwithstanding, a p l a u s i b l e  
explana t ion  of t h i s  anomaly may involve a d d i t i o n a l  experimental  e f f o r t  
and d a t a  i n t e r p r e t a t i o n  i n  terms of t h i s  p a r t i c l e  t r a n s i t i o n .  The anomaly 
i n  the  v i c i n i t y  of 1490g has  not  been reso lved  t o  d a t e .  

O°C only about 0.025 percent  of the  cham- 
ber  CO molecules a r e  i n  the  X f,+ (v" = 1) s t a t e  so  t h a t  the observed 

I n  any case ,  i t  i s  c l e a r  t h a t  these and a d d i t i o n a l  l abora to ry  d a t a  
a r e  d i r e c t l y  app l i cab le  t o  the i n t e r p r e t a t i o n  of WV observa t ions  of t he  
atmospheres of Mars and Venus. 

114 



-- 1 '-.. 

-re'( e-- --.. 
E' 
a, 
U 
v) 

v) 
h 

3 
.PI 
U 
.PI 
m 
0 a 

0 
V 

M 
C 

.PI 
$4 
a, 
U 

-0 

E 
C 
0 

.PI 
U a 
$4 
0 

115 





REFERENCES 

1. Connes, J. ,  Connes, P . ,  and Kaplan, L. D . ,  Science 153, 739 (1966). 

2. Warneck, P . ,  Appl. Opt. J., 721  (1962). 

3 .  Okabe, H . ,  3. Opt. Soc. Am. 54. - 478 (1964). 

4. Sul l ivan ,  J .  0 ,  and Warneck, P. ,  J .  Chem. Phys. 46, 953 (1967). 

5.  Awtrey. A.  D . .  and Connick, R. E . ,  J. Am. Chem. SOC. - 73, 1842 (1951). 

6. Thompson, B. A . ,  Harteck, P . ,  and Reeves, R .  R . ,  J .  Geophys. R e s .  68, 
643 (1963). 

7 ,  Romand, J., Ann. Phys. 5. 527 (1949). 

8. Mason. B.,  The Ea r th  a s  a P lane t ,  G. P. Keuper, Ed. Vol. 11, 
Chapter 6, Univers i ty  of  Chicago P res s  (1954). 

9 .  Holland, A .  and Su l l ivan ,  J. 0.. GCA Technical Report No. 64-20-N, 
Contract  No. NASw-840 (1964). 

10, Miller, S. L. and Urey, H. C . ,  Science 130, 245 (1959). 

11. Warneck, P . ,  Marmo, F. F. ,  Sul l ivan ,  J .  O . ,  J .  Chem. Phys. 40, 1132 (1964). 

12 .  Be r to l ac in i ,  R. and Barney, J . ,  Anal. Chem. 29, 281 (1957). 

13. Chen, S. W . ,  Acta. Chemica S in ica  24, 187 (1958). 

14. N a r c i s i ,  R. S. and Bai ley,  A .  D . ,  J .  Geophys. R e s .  7 0 ,  3687 (1965). 

15. Paulson, J .  F. ,  Ann. Geophys. 20, 7 5  (1964). 

16.  Bogess, R. L . ,  Brace, L. H . ,  and Spencer, N. W . ,  J. Geophys. Res. 
64, 1627 (1959). 

17. Spencer, N. W . ,  Brace, L. H., and Carignan, 6. R., J. Geophys. R e s .  - 67, 157 (1962). 

18. Brace, L. H. ,  Spencer, N.  W . ,  and Carignan, G. R . ,  J .  Geophys. R e s .  
68, 5397 (1963). 

19.  Bowen, P. J . ,  Boyd, R.  L. F., Henderson, C .  L. and Willmore, A.  P., 
Proc. Roy. SOC. (London) A a ,  526 (1964). 

20. Nagy, A. F . ,  Brace, L. H. ,  Carignan, G. R . ,  and Kanal, M., J .  
Geophys. R e s .  68, 6401 (1963). 

117  



REFERENCES (continued) 

21 .  

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37 

38. 

39. 

40. 

Brace, L. H . ,  Spencer, N. W. and Dalgarno, A . ,  Planet.Space Sci.  13, 
647 (1965). 

Spencer, N. W . ,  Brace, L. H.,  Carignan, G, R. .  Taeusch, D. R. and 
Niemann, H. , J.  Geophys. R e s .  70, 2665 (1965). 

Hanson, W. B. and Johnson, F. S . ,  Menwires Roy. SOC. Leige, S e r i e s  5, 
-, 4 390 (1961). 

Hanson, W. B . ,  Space Research 111, 282 (1963). 

Dalgarno, A . ,  McElroy, M. B. and Moffet, R. J . ,  P lane t .  Space Sc i .  
- 11, 463 (1963). 

G e i s l e r ,  J.  E.  and Bowhill, S. A . ,  J .  Atmos. Terrest. Phys. 27 457 (1965). 

Evans, J. V . ,  J. Geophys. R e s .  7 0 ,  1175 (1965). 

Dalgarno, A . ,  McElroy, M. B. and Walker, J. C. G . ,  P lane t .  Space Sc i .  - 15, 331 (1967). t* 

Kolos, W. and Wolniewicz, L . ,  J.  Chem. Phys. 43, 2429 (1965). 

Bridge, N. J. and Buckingham, A.  D., Proc. Roy. SOC. A B ,  334 (1966). 

Dalgarno, A . ,  Henry, R. J. W. and Stewart ,  A .  L . ,  GCA Technical Report 
NO. 64-1-N (1964). 

Henry. R. J. W . ,  J. Chem. Phys. 44, 4357 (1966). 

Warneck, P . ,  J .  Chem. Phys. 46, 513 (1967). 

Warneck, P . ,  P l ane t .  Space Sc i .  Lz, 1349 (1967). 

Warneck,P., J .  Chem. Phys. 47, 10 (1967). 

Warneck, P . ,  J. Geophys. R e s .  72 ,  1651 (1967). 

Samson, J.  A. R. and Weissler, G. L . ,  Phys. Rev. 137A, 381 (1965). 

Keller, G. E . ,  Martin,  D. W. and McDaniel, E. W . ,  Phys. u, 1535 (1965). 

Saporoschenko, M . ,  Phys. Rev. _139A, 352 (1965). 

Dalgarno, A . .  McDowe11, M. R. C .  and W i l l i a m s ,  A . ,  P h i l .  Trans.  Roy. 
SOC. (London) A250, 411 (1958). 

118 



41. 

42. 

43. 

44. 

45. 

46. 

47 * 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

REFERENCES (continued) 

Dalgarno, A . ,  Trans. Roy. SOC. (London) A250 -9 428 (1958). 

Reynolds, R. and Scherb, F., Rev. Sc i .  I n s t r .  38, 348 (1967). 

Samson, J. A .  R. i n  Advances i n  Atomic and Molecular Physics, V o l .  2, 
D. R .  Bates and I. Estermann, Eds. Academic Press ,  New York, p-  177 
(1966). 

Jacobus.  G. F., Madden, R. P. and Canfield,  L. R., J. Opt. SOC. Am. 
-J 53 1084 (1966). 

Madden, R. P. i n  Physics  of Thin Films, Vol. 1, p. 123, Academic 
P r e s s ,  New York (1963). 

Smith,  13. M. and Turner, A.  F. ,  Appl. Opt. 5, 147 (1965). 

Hass, G., Jacobus,  G. F. ,  and Hunten, W. R . ,  Meeting Opt. SOC. Am. 
(October 1966). 

Samson, J. A.  R. and Cai rns ,  R. B. ,  Appl. Opt. k, 915 (1965). 

Pines,  D . ,  Sol id  S t a t e  Physics ,  Eds. S .  F. S e i t z  and D. Turnbul l ,  
Vol. 1, p. 367, Academic Press ,  New York (1955). 

Sandstr&m, A. E . ,  Handbuch d e r  Phvsik, Vol. 30, p. 78, Springer-Verlag,  
Be r l in  (1957). 

Hunten, W. R.  and Tousey, R . ,  Le Jou rna l  de  Physique 25, 148 (1964). 

Rustg i ,  0. P. ,  J .  Opt. SOC. Am. 55, 630 (1965). 

Hass, G. A . ,  A. Anorg. W. Allgem. Chem. 254, 96 (1947). 

Phi l ipp ,  H. R. and Ehrenreich,  H. ,  J. Appl. Phys. 35, 1416 (1964). 

Samson, J. A. R. and Cai rns ,  R. B. ,  Rev. Sc i .  I n s t r .  36, 19 (1965). 

Marmo, F. F. and Degges, T. e.,  "A S a t e l l i t e  Experiment on the  D e -  
t e c t i o n  of Noct i lucent  Clouds i n  the  WV Region," presented a t  AGU 
Meeting, Washington, D. C. (April  1966). 

Fiocco, G. and Colombo, G.,  J. Geophys. Res .  69, 1795 (1964). 

Mikirov, A. E . ,  Space Research V, 815 (1965). 

House, F. ,  Ohring, G . ,  Sherman, C. and Tang, W., GCA-TR-67-12-G 
(August 1967). 

McElroy, M. B., Astrophys.  J . ,  150, 1125 (1967). 

119 



REFERENCES (continued) 

61. Marmo, F. F., and Degges, T. C . ,  "VW Albedo f o r  So la r  I l lumina ted  
P lane tary  Atmospheres, " presented a t  I n t e r n a t i o n a l  Symposium on 
Electromagnetic Sensing from S a t e l l i t e s ,  M i a m i ,  F lo r ida  (Nov. 1965). 

62. Marmo, F. F. ,  GCA-TR-66-19-N (August 1966). 

63. Watanabe, K. ,  Ze l iko f f ,  M., and Inn, E. C. Y., AFCRC-TR No. 53 
(1953). 

64. Thompson, B. A . ,  Harteck, P . ,  and Reeves, R. R. ,  Jr. ,  J ,  Geophys. 
Res. 68, 6431 (1963). I 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73 L 

74. 

75. 

76. 

7 7 .  

78. 

79. 

Barth, C.  A. , JPL Technical  Report No. 32-822 (December 1965). 

Marmo, F. F. .  GCA Quar te r ly  Progress  Report No. 8, Cont rac t  NASW-1283, 
p. 59 (March 1966). 

G i l l ,  P. and Heddle, D. W. O., J.  Opt. SOC. Am. 53, 847 (1963). 

Marmo, F. F. , GCA-TR-65-16-N7 Cont rac t  No. NASw-840, p. 104 (1965). 

Chan, Y, M. and Dalgarno, A , ,  Proc. Roy. SOC. - 85, 227 (1965). 

Quarder, B. , Ann de Physik 7 4 ,  255 (1924). 

Kronjager,  W . ,  Z s .  F. Phys. 98, 17 (1936). 

Koch, J . ,  Kungl. Fys. S a l l s k a p e t s  Lund Forh. 19, 1 7 3  (1949). 

Korff,  S .  A . ,  and Breit,  G . ,  Rev. Modern Physics  k, 471 (1932). 

Dalgarno, A. ,  and Kingston, A. E., Proc. Roy. SOC. (London) A259, 
424 (1961). 

Heddle, D. W. O.,  Jennings,  R. E. and Parsons,  A. S. L.,  J. Opt. 
SOC. Am. 53, 840 (1963). 

G i l l ,  P. and Heddle, D. W. 0. , J. Opt. SOC. Am. 53, 847 (1963). 

Mamo, F. F. and M i k a w a ,  Y., Bull .  Am. Phys. SOC. 3 626 (1964). 

Kingston, A.  E.,  J.  Opt. SOC. Am. 3 1145 (1964). 

Shardanand, and Mikawa, Y., J. Quant, Spectrosc.  Radia t ive  Trans.  l, 
605 (1967). 

120 



REFERENCES (continued) 

80. Ligge t t ,  G., and Levinger,  J. S., J. Opt. SOC. Am. 58, 109 (1968). 

81. Rabinovitch,  K., Canfield,  L. R. ,  and Madden, R. P., Appl, Opt. & 
1005 (1965). 

82. Wilkinson, P. G., J. Quant. Spectrosc.  Radia t ive  Trans. 5, 503 
(1965). 

83. Marm, F. F., GCA Quar t e r ly  Progress  Report No.  11, Cont rac t  NASW-1283. 
(December 1967). 

84. Mandel, J., The S t a t i s t i c a l  Analysis  of Experimental Data, I n t e r -  
sc ience ,  p. 75 (1964). 

121 


