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In t roduc t ion  

This  p r o j e c t  i s  a l abora to ry  s tudy  of chemical r e a c t i o n s  which may 

be important  i n  the  atmosphere of Venus. Because of t h e  l ack  of a 

magnetic f i e l d ,  s o l a r  hydrogen m u s t  be expected t o  r e a c t  wi th  t h e  com- 

ponents of t h e  high Venus atmosphere a s  t h e  s o l a r  wind s t reams i n  and 

p e n e t r a t e s  t he  atmosphere. The primary r e a c t i o n s  t o  be s t u d i e d  a r e :  

H* + CO 3 

H* + (2% + 

H* + CO + C& i- N2 + 

I n  t h e i r  s t u d i e s  of t h e  r e a c t i o n  of H("P)  with  N 2 ,  Tanaka and 

McNesbyl found ammonia t o  be t h e  only product.  

ammonia formation i n  a number of experiments,  and from t h e i r  d a t a  w e  

have es t imated  a ra te  c o e f f i c i e n t  of cc molecules-' sec f o r  t h e  

primary r e a c t i o n  between H* and N 2 .  

They measured r a t e s  of 

-1 

I f ,  under t h e  cond i t ions  found i n  t h e  high Venus atmosphere, s o l a r  

hydrogen does indeed r e a c t  t o  a s i g n i f i c a n t  e x t e n t  w i th  t h e  CO, C&, and 

N2 p resent ,  r a d i c a l s  con ta in ing  oxygen-hydrogen, carbon-hydrogen, and 

nitrogen-hydrogen bonds w i l l  be produced. I f  pho to lys i s  of the  primary 

r e a c t i o n  products  i s  prevented, these  r a d i c a l  s p e c i e s  w i l l  condense and 

polymerize, forming water, hydrocarbons, and amino-compounds, Large 

amounts of condensed products  accumulating f r o m  t h i s  source  could produce 

t h e  observed permanent cloud l a y e r  of t he  Venus atmosphere. 

Summary 

I n  work done on t h i s  pro jec t ,  i t  has been found t h a t  t h e  r e a c t i o n  

between e x c i t e d  hydrogen atoms and carbon monoxide (CO) y i e l d s  i n t e r -  

mediate r a d i c a l  and atom s p e c i e s  which undergo r a p i d  secondary r e a c t i o n s  

t o  produce water and o rgan ic  compounds. The p r i n c i p a l  organic  compounds 

formed a r e  e thylene ,  formaldehyde, and g lyoxal ,  61 1 r e a d i l y  polymerizable  

subs tances .  Since t h e  r e a c t i o n  course proceeds i n  t h i s  f a s h i o n  under 

l abora to ry  condi t ions ,  w i th  t h e  formation of these r e a c t i v e  monomers, i t  

i s  a l t o g e t h e r  poss ib l e  t h a t  t h e  same r e a c t i o n s  and products  a r e  important  

i n  the  h igh  Venus atmosphere. 

'Tanaka, I., and J. R. McNesby, J. Chem. Phys. 36, 3170-73 (1962) - 
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The r e a c t i o n  H(2P) -k CO + products  was s tud ied  i n  a f lowing s y s t e m .  

The i r r a d i a t i o n  chamber was designed f o r  maximum product ion of excited 

hydrogen atoms and the  r e a c t i o n  t u b e  wi th  i t s  CO i n l e t  l i n e  was designed 

t o  provide optimum mixing condi t ions  of H(2P) and CO. The desigr? proved 

t o  be a s a t i s f a c t o r y  one, a s  production r a t e s  of 1014 t o  1015 molecules 

sec-’ were obtained.  

From t h i s ,  a minimum r a t e  c o e f f i c i e n t  of cc molecules-1 sec-l 

can be es t imated ,  bu t  t h e  a c t u a l  r a t e  c o e f f i c i e n t  is  l i k e l y  t o  be much 

l a r g e r .  

Ca lcu la t ion  of t h e  Lyman* f l u x  based on photo ioniza t ion  c u r r e n t  

measurements gave va lues  which were low when compared w i t h  product  

formation r a t e s .  

A de ta i led  q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  of the products  was 

made. On a mole b a s i s  t h e  products were 70% water  and 30% organ ic  com- 

pounds. The chromatograph showed 13 o rgan ic  peaks of which f i v e  were 

p o s i t i v e l y  i d e n t i f i e d ,  f o u r  t e n t a t i v e l y  i d e n t i f i e d ,  and f o u r  unknown. 

Half of t h e  organic  product  was e thy lene ;  two o t h e r  major o rgan ic  com- 

ponents were formaldyhyde and glyoxal .  I n  add i t ion ,  methanol, e thane ,  

ace ty lene ,  propylene, acetaldehyde, acetone, e thanol ,  and formic a c i d  

were p o s i t i v e l y  or t e n t a t i v e l y  i d e n t i f i e d  a s  being present .  

i f  p resent ,  appeared a t  t h e  same t i m e  a s  formaldehyde; e thano l  and formic 

a c i d  peaks were broad, d i f f i c u l t  t o  analyze,  and they i n t e r f e r e d  wi th  t h e  

methanol peak. 

Acetaldehyde, 

Water was determined by passing the  product gases  through a calcium 
0 ca rb ide  (CaCa) c a r t r i d g e ,  which was heated t o  160 C, then measuring t h e  

ace ty l ene  formed wi th  t h e  flame i o n i z a t i o n  d e t e c t o r .  

A comparison of the water /organic  product  r a t i o  (70/30) w i t h  t h e  

h e a t s  of r e a c t i o n  (O€I) of t h e  two r e a c t i o n s ,  

H(2P) + CO --f OH + C 

H(2P) + CO --3 CH + 0 

i s  of i n t e r e s t .  React ion (1) i s  probably the  important water-producing 

r e a c t i o n ;  i t  is  exothermic by 75 kcal/mole. React ion (2) is  probably t h e  

organic-producing r e a c t i o n ;  i t  i s  exothermic by 60 kcal/mole. 
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I n  view of t h e  na tu re  and d i s t r i b u t i o n  of t h e  products ,  t h e  two 

second-stage r e a c t i o n s  which a r e  probably most important  a r e  

OH + & -+ H 2 0  -!- H 

C H + &  --f C& + H  

(3) 

(4) 

The r e l a t i v e l y  l a r g e  amount of e thylene  produced is  of t h e o r e t i c a l  i n -  

terest i n  regard  t o  t h e  Venus atmosphere, because a s i g n i f i c a n t  product ion  

r a t e  of e thy lene  provides  t h e  i n i t i a l  cond i t ion  f o r  making s t a b l e  poly- 

meric compounds. Such polymers are  probable  components of t h e  Venusian 

cloud l a y e r .  

Experimental  and Discussion 

The f i r s t ,  and one of t h e  most important  o b j e c t i v e s  of t h i s  s tudy ,  

is  t h e  i n v e s t i g a t i o n  of the  r e a c t i o n  H(”P)  + CO 4 

r e a c t i o n  must have a primary r o l e  i n  any product ion of hydrocarbon or 

water ,  or both,  i n  t h e  Venus atmosphere. I t  i s  recognized t h a t  t h e  

r a d i a t i v e  l i f e t i m e  of H(”P)  i s  a very small  f r a c t i o n  of t h e  t i m e  between 

p a r t i c l e  c o l l i s i o n s  i n  low pressure  gas  systems. Therefore ,  i f  t h e r e  i s  

t o  be enough e x c i t e d  hydrogen t o  provide f o r  an apprec iab le  r a t e  of re- 

ac t ion ,  resonance t r app ing  of the  e x c i t i n g  r a d i a t i o n ,  i .e. ,  Lyman+, 

must occur .  

products ,  because t h i s  

The number of hydrogen atoms pe r  u n i t  c r o s s  section which a r e  being 

i r r d i a t e c !  i n  t h e  l z h o r a t o r y  system cm-2) is  a reasonable  analog 

f o r  t h e  h igh  Venus atmosphere i f  w e  t ake  t h e  e f f e c t i v e  th i ckness  of t h e  

r e a c t i o n  l a y e r  t o  be lo6 c m  and the hydrogen atom concen t r a t ion  t o  be 

lo8 cm-3. 

Apparatus and Procedure 

The l abora to ry  appara tus  which was used is  shown i n  F ig .  1. The 

t o t a l  p ressure  i n  t h e  f low sys t em was maintained a t  2 t o r r  and t h e  re- 

l a t i v e  f low r a t e s  of t h e  & and the  CO were va r i ed  between 1 &/l CO 

and 100 &/l CO. 

The hydrogen used was p u r i f i e d  by passing it through a palladium- 

s i l v e r  a l l o y  thimble.  The CO was p u r i f i e d  by pass ing  it  through magnesium 

3 
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FIG. 1 EXPERIMENTAL APPARATUS 
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p e r c h l o r a t e  t o  remove water vapor and oxygenated hydrocarbons, then 

through a s c a r i t e  t o  remove any C&. Small amounts of methane and e thane  

were t h e  only i m p u r i t i e s  remaining i n  t h e  CO. 

The hydrogen lamps used contained uranium hydride.  The hydrogen 

p res su re  and t h e  i r r a d i a t i o n  i n t e n s i t y  w e r e  c o n t r o l l e d  by c o n t r o l l i n g  

t h e  temperature  of a w e l l  conta in ing  t h e  uranium hydride.  The uranium 

i n  t h e s e  lamps served the dual  purpose of supplying the  hydrogen and of 

cont inuous ly  r e a c t i n g  wi th  and removing any f o r e i g n  gases  which might 

appear  i n  the  gas  phase by desorp t ion  from t h e  w a l l s .  Both l i t h i u m  

f l u o r i d e  (LiF) and magnesium f l u o r i d e  (MgF2) windows were used. While 

t h e  Lyman- t ransmiss ion  of t h e  LiF windows slowly decreased  wi th  use, 

t h e  MgF2 d i d  no t  appear t o  be a f f e c t e d  by t h e  r a d i a t i o n  from t h e  hydrogen 

lamp. 

Operat ing Parameters 

The i r r a d i a t i o n  chamber, 12  cm long, had a Lyman-a lamp a t  one end 

and a pho to ion iza t ion  tube  a t  t h e  o t h e r .  I n  t h i s  arrangement, determina- 

t i o n  of r a d i a t i o n  adsorbed by H atoms was of secondary importance and 

t h e  de t ec t ed  pho to ion iza t ion  c u r r e n t  was g r e a t l y  a t t enua ted ,  c h i e f l y  by 

d ivergence  of t h e  r a d i a t i o n .  The d ive rgen t  l o s s  f a c t o r  f o r  t h i s  system 

was found t o  be about 5 x 10”. 

2 x lo* amp a t  12 c m  from t h e  lamp. When hydrogen atoms were added to  

t h e  i r r a d i a t i o n  chamber, t h e  decrease i n  cu r ren t  was between 5 and 15%, 

averaging about 10%. 

The measured pho to ion iza t ion  c u r r e n t  was 

The c a l c u l a t e d  Lyman4 cur ren t  was then  (2  x l o e )  x ( 5  x l o 2 )  x 

10-1 ‘1: l o 4  amp, g iv ing  a ca l cu la t ed  f l u x ,  

i q x -  
A 

F =  1.6 10-l~ 

= 2.5 x lo1’ quanta  sec-l c m  -2 

where i is t h e  d e t e c t o r  c u r r e n t .  

q is  t h e  quantum e f f i c i e n c y  of t h e  gauge. 

A is t h e  a rea .  
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Based upon product y i e l d ,  assuming a quantum e f f i c i e n c y  of 1 and neg- 

l e c t i n g  any cha in  branching e f f e c t s  i n  t h e  in t e rmed ia t e  r a d i c a l  r e a c t i o n s ,  

t h e  Lyman-a f l u x  was 1014 t o  1015 quanta  sec-’ cm-2.  

The f low r a t e  through t h e  s y s t e m  was 250 cc sec-’ a t  2 t o r r  p re s su re .  

Thus t h e  res idence  t i m e  i n  t he  50-cc i r r a d i a t i o n  chamber was 0.2 sec and 

the  r e s idence  t i m e  i n  the 5-liter dark  r e a c t i o n  chamber was 20 sec. Af t e r  

l eav ing  t h e  dark r e a c t i o n  chamber, t h e  product mixture passed i n t o  a t r a p  

cooled w i t h  l i q u i d  n i t rogen  where a l l  of t h e  r e a c t i o n  products  were con- 

densed and c o l l e c t e d .  Following the r e a c t i o n  per iod,  which was g e n e r a l l y  

15 minutes,  the  c o l l e c t e d  products were t r a n s f e r r e d  t o  a smal l  copper loop  

t r a p ,  packed wi th  Carbo-Wax supported on f i r e b r i c k .  The t r a n s f e r  was made 

by cool ing  t h e  copper loop  w i t h  l i q u i d  n i t rogen ,  warming the  c o l l e c t i o n  

t r a p  w i t h  ho t  water, and ca r ry ing  t h e  products  i n  hydrogen gas  wi th  about 

100 t o r r  p re s su re  drop across the copper loop. F i f t e e n  minutes w e r e  re- 

qu i r ed  f o r  t he  t r a n s f e r .  Then the l i q u i d  ni t rogen-cooled loop  was removed 

from the  system and c a r r i e d  t o  a flame i o n i z a t i o n  d e t e c t o r ,  where t h e  loop  

was connected i n t o  the  c a r r i e r  gas s t ream and t h e  sample analyzed. 

Analvsis  of Products  

Two a n a l y t i c a l  procedures were used f o r  o rgan ic  components: i n  the  

f i r s t  procedure, t h e  sample was c a r r i e d  d i r e c t l y  i n t o  t h e  flame i o n i z a t i o n  

detector from the  loop  t r a p  with no chromatographic column; i n  t h e  second 

procedure,  a 6 - f t  Carbo-Wax column was added t o  enhance component r e s o l u t i o n .  

The experimental  procedure was t o  make 15-minute runs  wi th  selected 

H2 and CO f low r a t e s ,  fol lowed by 15-minute t r a n s f e r s  t o  the  sample loop, 

and then  t o  analyze t h e  c o l l e c t e d  products  us ing  t h e  flame i o n i z a t i o n  

d e t e c t o r .  

System blanks were obtained by making complete 15-minute runs  and 

15-minute c o l l e c t i o n s  w i t h  a l l  experimental  cond i t ions  i d e n t i c a l  t o  t h e  

cond i t ions  of a r e a c t i o n  experiment except  t h a t  t h e  microwave u n i t s  w e r e  

n o t  ope ra t ing ;  t h e r e f o r e  no H atoms were being produced and t h e  i r r a d i a -  

t i o n  chamber was no t  being i r r a d i a t e d .  These system blanks were checked 

very c a r e f u l l y  f o r  r e p r o d u c i b i l i t y .  Blank runs  were made immediately 
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befo re  and a f t e r  r e a c t i o n  runs,  and t h i s  t h ree -pa r t  sequence was repea ted  

s e v e r a l  t i m e s  under each se t  of opera t ing  cond i t ions .  

Analysis  of t he  blank run chromatograms showed t h a t  t h e  background 

spectrum of components was very reproducib le .  While t h e r e  were f i v e  

sma l l  peaks, t h e  v a r i a t i o n  i n  peak he igh t  from blank t o  blank was less 

than  20%. Comparison of t h e  blank run  chromatograms wi th  r e a c t i o n  run  

chromatograms showed t h a t  a l l  of the methane and p a r t  of t h e  e thane  were 

i m p u r i t i e s  i n  t h e  CO r e a c t a n t .  L a t e r ,  when a q u a n t i t a t i v e  a n a l y s i s  was 

made poss ib l e  by means of a water  vapor c a l i b r a t i o n ,  t he  concen t r a t ion  

of methane i n  t h e  CO was ca l cu la t ed  t o  be 50 ppm. 

Two d e f i n i t i v e  experiments were made t o  confirm t h e  assumption t h a t  

ground s t a t e  H atoms do not  r e a c t  with CO. I n  t h e  f i r s t ,  a 15-minute 

blank run  was made wi th  ground s t a t e  H atoms being produced by t h e  micro- 

wave u n i t  f o r  t h a t  purpose. Analysis of t h e  c o l l e c t e d  sample was e s s e n t i a l -  

l y  i d e n t i c a l  wi th  the  a n a l y s i s  of t h e  normal blank runs .  I n  a second 15- 

minute run wi th  ground s t a t e  H atoms, t he  condensible  components were 

c o l l e c t e d  wi th  t h e  t r a p  cooled by l i q u i d  oxygen ( t o  prevent  condensat ion 

of CO). When t h e  c o l l e c t i o n  t r a p  was warmed t h e  p re s su re  inc rease  i n  the  

i s o l a t e d  s y s t e m  was 2 microns. T h i s  was a t t r i b u t e d  t o  t h e  methane and 

e thane  from t h e  CO. 

When a 15-minute r e a c t i o n  run was made, us ing  a l i q u i d  oxygen t r a p ,  

vapor i za t ion  of t he  condensed products r e s u l t e d  i n  a p re s su re  i n c r e a s e  

of 28 microns. The condensed y i e l d  of 28 - 2 = 26 microns, assuming 

p e r f e c t  gas  law, i s  8 micromoles: 

26 x 1.3 x lo-" atm x 6 x 103cc = 0.2 cc ( 1  atm) 

= 8 pmoles 0 .2  
K G - i F  

This  number g ives  a very approximate i n d i c a t i o n  of t h e  t o t a l  q u a n t i t i e s  

of r e a c t i o n  products .  

Between t h e  extremes of f low r a t i o s  of & and CO used, twice a s  much 

product was formed a t  100 &/1 CO ( 2  t o r r  &/20 micron CO) a s  a t  1 &/l CO 

( 1  t o r r  &/l t o r r  CO). However, even a t  100 &/l CO t h e  r a t i o  of H(2P) 

7 
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t o  CO was probably about l[H("P) ]/lo0 CO, so t h e  amounts of product formed 

were p ropor t iona l  t o  t h e  H("P) concent ra t ions .  

When the  sample was added d i r e c t l y  t o  the  f lame i o n i z a t i o n  d e t e c t o r ,  

i t  was allowed t o  warm up slowly by simply removing the  loop  from l i q u i d  

n i t rogen .  This  produced a q u i t e  reproducib le  temperatute-programmedtt 

series of component peaks. Seven s e p a r a t e  peaks appeared a s  the  temperature  

rose t o  room temperature,  and two more w e r e  seen  by hea t ing  the  t r a p  w i t h  

b o i l i n g  water .  

1 1  

Severa l  of the  peaks were e a s i l y  i d e n t i f i e d .  The f i r s t  f o u r ,  completely 

separa ted ,  were methane, e thane,  e thylene ,  and ace ty l ene .  The next  three 

peaks were poss ib ly  combinations of components. For example, formaldehyde 

and acetaldehyde came out  toge ther .  

appa ren t ly  a mixture of a l coho l s  and o t h e r  less v o l a t i l e  components. 

The l a s t  two "hot water"  peaks w e r e  

From the  o rgan ic  component a n a l y s i s  by direct  i n j e c t i o n  of t h e  sample 

i n t o  t h e  flame i o n i z a t i o n  de tec to r ,  t he  r e l a t i v e  importance of e thylene ,  

formaldehyde, and g lyoxa l  production by the  H("P) + CO r e a c t i o n  was shown. 

The q u a n t i t a t i v e  de te rmina t ion  of the water produced was next  a t tempted.  

Using the  same b a s i c  experimental  and a n a l y t i c a l  procedure a s  was used f o r  

the  o rgan ic  compounds, t h e  apparatus  was modified by adding a calcium ca rb ide  

(CaC2) c a r t r i d g e  between the sample t r a n s f e r  va lve  and the  sample loop. The 

CaC2 w i l l  produce a molecule of ace ty lene  for  every  two molecules of water .  

A t  f irst ,  there were t w o  sources  of t r o u b l e .  I t  was necessary  t o  cond i t ion  

the  g l a s s  s u r f a c e s  of t he  apparatus  by adding an adsorbed monolayer of 

water  molecules (about  10 micromoles) before  reproducib le  amounts of water 

vapor could be t r a n s f e r r e d  from the  appara tus  i n t o  t h e  sampling s e c t i o n .  

The second problem concerned the  behavior of the  CaCz c a r t r i d g e .  Operat ing 

a t  room temperature,  it gave completely nonreproducible  ace ty l ene  measure- 

ments. Th i s  u n r e l i a b i l i t y  was caused by the  abso rp t ion  of water  vapor by 

the calcium hydroxide [Ca(OH)a] produced by t h e  hydro lys i s  r e a c t i o n .  When 

the  CaC2 c a r t r i d g e  was heated and opera ted  a t  16OoC, t he  Ca(0H)a was main- 

t a i n e d  i n  an anhydrous cond i t ion  and t h e  a n a l y t i c a l  method became repro- 

duc ib l e  and q u a n t i t a t i v e .  The s y s t e m  was c a l i b r a t e d  by adding known amounts 

of water vapor (1 t o  2 pmole increments) and determining the  amount of 

ace ty l ene  produced. 
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Severa l  15-minute r e a c t i o n  runs w e r e  made; Table  I shows t h e  r e s u l t s  

of water  de te rmina t ion  of f o u r  success ive  experiments  under the  same 

nominal cond i t ions  (1 t o r r  H2 pressure,  1 t o r r  CO p res su re ) .  The con- 

t i nuous  decrease  i n  water  production probably r e f l e c t s  a decreas ing  t r a n s -  

mi t tance  of Lyman+ by the  LiF windows wi th  a corresponding decrease  i n  

H(”P) atom concent ra t ion .  

TABLE I 

WATER PRODUCT ION 
( ~ m o l e s / l 5  min) 

1. 0.80 

2. 0.78 

3 .  0.55 

4. 0.38 

Ave. 0.63 k0.18 pmoles 
water  for 15-min run  

A f t e r  the water  product ion was q u a n t i t a t i v e l y  determined, the  organic  

components were then  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  determined i n  t h e  

second a n a l y t i c a l  procedure by adding a 6 - f t  Carbo-Wax column t o  t h e  flame 

i o n i z a t i o n  d e t e c t o r  system and r e f e r r i n g  peak a r e a s  t o  the known ace ty l ene  

peak a r e a  which was c a l i b r a t e d  aga ins t  water .  The e l u t i o n  times of a l l  

of t h e  expected CH and CHO compounds w e r e  determined f o r  t h e  6 - f t  Carbo- 

Wax column w i t h  the column opera t ing  a t  100°C. E l u t i o n  t i m e s  w e r e  de- 

termined f o r  methane, e thane,  e thylene,  ace ty lene ,  propylene, formaldehyde, 

acetaldehyde,  e thylene  oxide, glyoxal ,  acetone, methanol, and e thano l .  

The t o t a l  o rganic  f r a c t i o n  was about 30 mole %, water  account ing f o r  

t h e  70 mole %. The amounts of r e a c t i o n  products  a r e  g iven  i n  Table  11. 

A s  prev ious ly  mentioned, methane and e thane  w e r e  major components of 

blank runs,  and t h e s e  are no t  l i s t e d  as r e a c t i o n  products .  I n  a d d i t i o n  

t o  compounds l i s t e d  i n  Table 11, those  p o s i t i v e l y  i d e n t i f i e d  a s  being 

p resen t  i n  t h e  3% were ethane and ace ty lene .  Compounds poss ib ly  p re sen t  

included propylene, acetaldehyde, acetone, e thano l ,  and formic ac id .  
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TABm I1 

REACTION PRODUCTS 

Water 

I Compound I Mole % I 
70 

Ethylene 

G1 y ox a 1 

Formaldehyde 

Methanol 

Other Organics 

1 5  

5 

5 

2 

3 

Of t h i r t e e n  peaks (excluding methane) exh ib i t ed  by the  chromato- 

graphs,  f i v e  were f u l l y  i d e n t i f i e d  a s  s i n g l e  components, f o u r  were not  

f u l l y  reso lved  and might have cons i s t ed  of two o r  more of t h e  oxygenated 

compounds, and f o u r  peaks were not  i d e n t i f i e d .  

Fu tu re  Work 

The r e a c t i o n  

H(2P) + CO + C& i- N2 3 products  

i s  c u r r e n t l y  being s tud ied .  The i n t e r f e r e n c e s  a r e  such t h a t  t h e  r e a c t i o n s  

H(”P) + C@ 4 products  

products  H(2P) + C@ + CO + 

H(“P) + CO + N2 -+ products  

H(”P) + C@ + N2 4 products  

w i l l  be i n v e s t i g a t e d  a s  t o  product y i e l d  and i d e n t i t y .  
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Attempts w i l l  be made t o  l ea rn  more about the  r e a c t i o n  r a t e s  by using 

a number of sma l l e r  volume r e a c t o r s  wi th  t h e s e  r e a c t i o n s  and by using 

d i l u t e  r e a c t a n t  mixtures,l .O% CO i n  argon and 100 ppm CO i n  argon.  

R. C .  Robbins, Senior  Phys ica l  Chemist 
Atmospheric and Environmental 
Sc iences  Group 
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