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ION-MOLECULE REACTION RATES I N  AN OXYGEN-NITROGEN ATMOSPHERE 

by 
Pe ter  Warneck 

GCA Corporat ion,  GCA Technology Divis ion  
Bedford, Massachusetts 

SUMMARY 

The use of a photo ioniza t ion  mass spectrometer  f o r  ion-molecule r e a c t i o n  

A method i s  descr ibed  f o r  determining 
s t u d i e s  i s  descr ibed .  Ion source pressures  up t o  200 microns a r e  employed, 
measured d i r e c t l y  wi th  a McLeod gauge. 
ion  res idence  t i m e  i n  t he  ion source a t  cons t an t  r e p e l l e r  f i e l d ,  using a 
pulsed l i g h t  source .  D r i f t  v e l o c i t i e s ,  d i f f u s i o n  c o e f f i c i e n t s ,  and ion  tempera- 
t u r e s  are g iven  vor  N+ ions i n  a i r  a s  der ived  from an  a n a l y s i s  of ion  pu l se  
shapes.  Rate cons t an t s  o r  t h e i r  upper l i m i t s  a r e  determined f o r  fou r t een  
r e a c t i o n s  of atmospheric s ign i f i cance .  These include r e a c t i o n s  of l i t h ium,  
argon,  n i t rogen ,  oxygen, and hydrogen ions wi th  v a r i o u s  atmospher'ic c o n s t i t u e n t s .  

2 

INTRODUCTION 

This  i s  the f i n a l  r e p o r t  under Contract  No. NAS5-9161. The p r i n c i p a l  
a i m  of t h i s  program w a s  t he  measurement i n  the l abora to ry  of r a t e  cons t an t s  
a s soc ia t ed  wi th  the  ion-molecule r e a c t i o n s  

+ + 
(1) N2 + O 2  + O2 + N 2  

(2 )  N'; + O 2  + NO+ + NO 

( 3 )  0; + N2 + N O +  + NO 

These r e a c t i o n s  are considered of importance i n  the  D reg ion  of t he  Ea r th ' s  
ionosphere.  A novel photo ioniza t ion  mass spectrometer  technique has been 
used i n  the  p re sen t  work t o  s tudy these  r e a c t i o n s .  The r a t e  cons tan t  f o r  
r e a c t i o n  (1) has been determined. The o the r  two r e a c t i o n s  were found t o  be 
s o  slow t h a t  only upper l i m i t  r a t e  cons t an t s  could be der ived .  

I n  a d d i t i o n  t o  r e a c t i o n s  (1) through ( 3 ) ,  s e v e r a l  o the r  r eac t ions  have a l s o  
been inves t iga t ed .  
inc lude  the  r e a c t i o n s  of n i t r o g e n  ions wi th  carbon d ioxide  and n i t r i c  oxide,  
and helium ions wi th  n i t rogen  and oxygen. 
t h i s  c o n t r a c t  and the  a s soc ia t ed  measured r a t e  c o e f f i c i e n t s  a r e  l i s t e d  i n  
Table 1. 

Most were found t o  be charge t r a n s f e r  r e a c t i o n s  and 

A l l  r e a c t i o n s  inves t iga t ed  under 

1 
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TABLE 1 

I O N  MOLECULE REACTION RATES 

React ion Rate Constant 
(cc/molecule sec)  

+ + 
1. N 2  +02 + O  

+ NO+ + NO + 2 .  N 2  + O 2  

2 + N2 

+ 
3a. N + + 2 N~ -+ N~ + N~ 2 

+ N 2  + NO’ + NO 
+ 

+ H + + H  + 5 .  H2 + H2 

4 .  o2 

3 

2 
6.  He + + N 2 - . N + + H e  

8 .  He + + O 2 + O + + H e  

10. A + + 0 2 + O + + A  

+ 7 .  He + N 2  + N + +  N + H e  

2 
+ 9 .  He + O 2  -+ O + +  0 + He 

2 
+ 11. A + C 0 2  + C02+ + A 

1 2 .  N2+ + C 0 2  -+ C 0 2  + N 2  

1 3 .  N; + N O  - .NO + N 2  

14.  O 2  + NO + NO 

+ 
+ 

+ + 
+ O2 

1.1 x 

< 3 .O 

8 . 5  

< 3 .0  

1.8 x lo-’ 
- 10 7 . 1  x 10 

7.6 x 10”O 

< 2.0 x 10-l0 

1.2 10’’ 

- 10 1.1 x 10 

7 .O x lo-’’ 
- 10 9 . 1  x 10 

4 .8  x lo-’’ 

7 . 7  x 

2 



This  r e p o r t  is divided i n t o  two p a r t s .  The f i r s t  g ives  a d e s c r i p t i o n  
of t he  photo ioniza t ion  mass spectrometer  technique;  t he  method used t o  
determine pa ren t  ion  res idence  t imes; and the  r e s u l t s  obtained w i t h  a i r ,  
n i t rogen  and hydrogen i n  the 10 t o  200 micron p res su re  reg ion .  This i n v e s t i -  
g a t i o n  inc ludes  the  work r equ i r ed  under the  work s ta tement .  
of t h i s  r e p o r t  g ives  r e s u l t s  f o r  s eve ra l  charge t r a n s f e r  r e a c t i o n s  which 
were s tud ied  a t  pressures  0 t o  50 microns us ing  a modified technique.  

The second p a r t  

The use of photo ioniza t ion  f o r  i on  product ion r a t h e r  than the  more 
common e l e c t r o n  impact i o n i z a t i o n  r e s u l t s  i n  s e v e r a l  experimental  advantages 
which have been s t r e s s e d  i n  seve ra l  monthly r e p o r t s  under t h i s  c o n t r a c t .  It 
may be s t a t e d  t h a t  the ove r r id ing  f e a t u r e  of the photo ioniza t ion  technique 
i s  the  ease w i t h  which ion iz ing  energ ies  can be s e l e c t e d  wi th  a monochromator 
of only moderate r e so lv ing  power. To i n d i c a t e  the  a v a i l a b l e  energy reso lu-  
t i o n ,  i t  may be noted t h a t  a t  7502 wavelengths a s p e c t r a l  width of 52 corres -  
ponds t o  0.1 eV energy spread.  This convenient mode of i on iz ing  energy 
s e l e c t i o n  permits  opera t ions  near  the threshold  of a s e l e c t e d  i o n i z a t i o n  
process ,  s o  t h a t  the degree of f ragmentat ion can e a s i l y  be c o n t r o l l e d .  An- 
o the r  advantage is t h a t  the  ho t  f i l ament  is  no t  needed and ion  sources  can 
be a t  room temperature.  When these  sources  are a t  room temperature the pyroly- 
s i s  of d e l i c a t e  substances i s  el iminated and the  gene ra t ion  of impur i t ies  by 
chemical r e a c t i o n s  wi th  the  hot  f i l ament  i s  excluded. 

3 
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PRECEDING 

REACTIONS IN AIR, 

Definitions and Experimental Requirements 

The significance of ion molecule reactions in fields as diverse as gas 
discharge phenomena, mass spectrometry, radiation chemistry, upper atmosphere 
physics, and flame ionization has stimulated a surge of investigations con- 
cerned with ion reaction kinetics, as evidenced by several recent reviews [l-51. 
Much of this work has been concerned with the interpretation of reaction 
mechanisms and the associated or energetics. 
been determined. 

* 

Relatively few rate constants have 

Aside from interest in the fundamental behavior of ions in high pressure 
ion sources, the emphasis in the present work is predominantly on the deter- 
mination of phenomenological rate constants. The corresponding basic experimental 
requirements may be briefly reviewed. 
react ion 

The rate constant k associated with the 

N+ + A 4 M+ + B 

is defined by the rate equation 

or by the equivalent integrated expression valid for the case when the neutral 
reactant concentration remains essentially constant 

N' 1 N;, 1 0 - - log 
(N' + M+ - M') AT k = -log- - 
0 0 

N+ AT 

+ +  Here, the symbols N , M , and A stand for the concentrations of the respective 
species, N: is the initial concentration of the parent ion, and T is the average 
residence time of the parent ion N+ in the source. 
parameters to be measured for a determination of k include the partial pressure 
of A, the ratio of ion currents N$/N+ or $/M , and the residence time T. 
these, the measurement of T is most problematic and deserves comment. 

Clearly, the experimental 

Of + 

At sufficiently low pressures in the source, the ions moving in the extrac- 
tion field are accelerated freely without impeding collisional encounters, so 
that the residence time can be calculated from Newton's equation of motion, 

* 
All numbers in [ ] represent reference numbers. 
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provided t h e  e l e c t r i c  f i e l d  s t r e n g t h  and t h e  f l i g h t  d i s t a n c e  are  known. 
has  been t h e  b a s i s  f o r  most ra te  cons t an t  de te rmina t ions  i n  t h e  p a s t .  Usually,  
l i t t l e  unce r t a in ty  e x i s t s  concerning t h e  f l i g h t  d i s t a n c e ,  bu t  t h e  f i e l d s  as 
c a l c u l a t e d  from the  appl ied  p o t e n t i a l s  can be d i s t o r t e d  by con tac t  p o t e n t i a l s ,  
su r f ace  charges ,  o r  f i e l d  p e n e t r a t i o n  i n t o  t h e  source.  
minat ion of a c t u a l  f i e l d s  i n  t h e  source i s  d i f f i c u l t  and apparent ly  has  not  been 
attempted. A s  the p re s su re  i n  t h e  source i s  increased ,  ions  s u f f e r  c o l l i s i o n s  
on t h e i r  way t o  the  e x t r a c t i o n  o r i f i c e  and t h e  d i sc repanc ie s  between real and 
c a l c u l a t e d  res idence  t imes become more ser ious .  However, a t  s u f f i c i e n t l y  h igh  
ion  source pressure ,  t h e m o t i o n  of ions  i n  t h e  r e p e l l e r  f i e l d  i s  d r i f t ,  and t h e  
res idence  t i m e ,  i n  p r i n c i p l e ,  can be c a l c u l a t e d  again.  Nevertheless ,  c u r r e n t  
knowledge about d r i f t  v e l o c i t i e s  i n  many cases cannot be ex t r apo la t ed  toward 
t h e  cond i t ions  e x i s t i n g  i n  t h e  ion  source,  so t h a t  t h e r e  i s  a real  need f o r  a 
method t o  determine experimental ly  t h e  pa ren t  ion  res idence  t i m e s ,  r e g a r d l e s s  
of  t h e  environmental cond i t ions  i n  t h e  source.  

This 

The experimental  d e t e r -  

In  view o f  the  importance of res idence  t i m e  de te rmina t ions ,  a cons ide rab le  
e f f o r t  w a s  devoted t o  t h i s  t a sk .  Residence times were obta ined  from de lay  t i m e  
measurements made p o s s i b l e  by t h e  use of  a pulsed l i g h t  source.  Delay t i m e  
d a t a  a l s o  provided information on d r i f t  v e l o c i t i e s ,  d i f f u s i o n  c o e f f i c i e n t s ,  and 
ion  temperatures  f o r  a i n  air. The p resen t  method when appl ied  t o  ions  moving 
i n  a time independent r e p e l l e r  f i e l d  i s  q u i t e  d i f f e r e n t  from t h a t  developed by 
Talrose and Frankevich [6] who l e t  t h e  ions  r e a c t  i n  an e s s e n t i a l l y  f i e l d - f r e e  
reg ion  and then  sampled them wi th  a pulsed e x t r a c t i o n  f i e l d ;  and from t h a t  by 
Hand and von Weyssenhoff [7]  who employed a t ime-of - f l igh t  mass spectrometer .  

Apparatus 

The gene ra l  f e a t u r e s  of photo ioniza t ion  mass spectrometers  a r e  w e l l  
descr ibed  i n  t h e  l i t e r a t u r e  [8-121. Since,  t h e  p re sen t  appara tus ,  Figure 1, 
i s  fundamentally t h e  same as previous arrangements,  except  f o r  more e f f i c i e n t  
mass analyzer ,only t h e  main components are d iscussed  here .  Reference i s  made 
t o  a more complete d e s c r i p t i o n  elsewhere [13]. 

B r i e f l y ,  the fol lowing components are involved: a 1/2-m Seya vacuum uv 
monochromator operated i n  conjunct ion  wi th  a Weissler- type r e p e t i t i v e l y  pulsed 
n i t rogen  spark  l i g h t  source,  a s t a i n l e s s  s t ee l  ion  source loca ted  at t h e  mono- 
chromator e x i t ,  a sodium s a l i c y l a t e - c o a t e d  pho tomul t ip l i e r  d e t e c t o r  f o r  rela- 
t i v e  i n t e n s i t y  measurements, a 180-degree magnetic ana lyzer  wi th  wedge-shaped 
a i r  gap, and a 20-stage e l e c t r o n  m u l t i p l i e r  i on  d e t e c t o r  followed by a v i b r a t i n g  
reed e lec t rometer  and s t r i p  c h a r t  recorder .  D i f f e r e n t i a l  pumping i s  employed 
t o  achieve ion  source p re s su res  up t o  200 microns wh i l e  s imultaneously keeping 
t h e  analyzer  pressure  i n  t h e  t o r r  range. 

A c y l i n d r i c a l  ion  source (Figure 2 )  i s  used w i t h  ion  e x t r a c t i o n  occurr ing  
An a p p r o p r i a t e l y  b i a sed  

Photoions are formed 
i n  a x i a l  d i r e c t i o n  through a 0.7 mm diameter o r i f i c e .  
r e p e l l e r  p l a t e  provides t h e  necessary  e x t r a c t i o n  f i e l d .  
a long t h e  p lane  of t h e  l i g h t  beam perpendicular  t o  t h e  c y l i n d e r  axis. 
c e n t e r  of ion  formation i s  loca ted  3 mm away from t h e  e x t r a c t i o n  o r i f i c e .  With 

The 

6 



Figure 1. Photoionization mass spectrometer. 
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t h e  o p t i c a l  en t rance  s l i t  t o  t h e  source i n  f o c a l  p o s i t i o n  and wi th  t h e  s l i t  
b a r s  ad jus t ed  t o  a width o f  0.25 mm, t h e  average width of t h e  l i g h t  beam i n s i d e  
t h e  source i s  0.6 m. 
Subsequent o p t i c a l  s l i t s  are wide enough so that t h e  release of  photoe lec t rons  
from l i g h t  s t r i k i n g  t h e  w a l l s  i s  avoided. Photoe lec t rons  produced a t  t h e  con- 
f i n i n g  s l i t  are prevented from en te r ing  t h e  source by a small a u x i l i a r y  f i e l d .  

The r e s u l t i n g  s p e c t r a l  r e s o l u t i o n  i s  approximately 5%. 

The gas p re s su re  i n  t h e  ion  source i s  measured d i r e c t l y  wi th  a McLeod 
gauge through t h e  hollow s t e m  of t h e  r e p e l l e r .  Gases e n t e r  t h e  source through 
t h e  c i r c u l a r  gap between t h e  r e p e l l e r  p l a t e  and t h e  surrounding w a l l s ,  and 
they  leave t h e  source mainly through t h e  l i g h t  beam exi t  s l i t .  Flow and p res -  
s u r e  are ad jus t ed  by l e a k  valves. 
w i t h  traces of  moisture  be ing  removed by a t r a p  cooled wi th  l i q u i d  n i t rogen  o r  
d ry  ice. 

Research q u a l i t y  c y l i n d e r  gases  are employed, 

A co ld  t r a p  was used a l s o  i n  conjunct ion  wi th  t h e  McLeod gauge. 

Determination of Residence T i m e s  

The spark  l i g h t  source w a s  operated wi th  a r e p e t i t i o n  r a t e  of  120 pulses / sec .  
The average ind iv idua l  p u l s e  du ra t ion  w a s  less than  one microsecond which, i n  
comparison t o  most i o n  source res idence  times, w a s  s u f f i c i e n t l y  s h o r t  t o  j u s t i f y  
t h e  n o t i o n  of e s s e n t i a l l y  ins tan taneous  ion  depos i t ion .  A no tab le  except ion w a s  
f o r  hydrogen ions  whose r e s idence  t i m e s  were of  t h e  same magnitude as t h e  p u l s e  
dura t ion .  

Ion source r e s idence  t i m e s  were determined from measurements of  t h e  t o t a l  
t i m e  de lay  between t h e  formation of i ons  i n  t h e  source and t h e i r  arrival at 
t h e  mass spectrometer  c o l l e c t o r .  A c a l i b r a t e d  Textronix osc i l l o scope  t r i g g e r e d  
by t h e  phomul t ip l ie r  s i g n a l  w a s  used f o r  t h i s  purpose. A r e p r o d u c i b i l i t y  of 
k0.2 microsecond w a s  achieved i n  these  measurements. The t o t a l  de lay  t i m e  
t hus  obta ined  i s  a composite of t h e  res idence  t i m e  of ions  i n  t h e  source and 
t h e  i o n  f l i g h t  t i m e  i n  t h e  mass spectrometer.  However, t h e  res idence  t i m e  
s t r o n g l y  varies wi th  t h e  r e p e l l e r  f i e l d ,  whereas t h e  ion  f l i g h t  t i m e  i s  n e a r l y  
independent o f  t h e  r e p e l l e r  f i e l d  wi th in  c e r t a i n  l i m i t s .  A n  e x t r a p o l a t i o n  
toward i n f i n i t e  r e p e l l e r  f i e l d s ,  corresponding t o  n e g l i g i b l e  res idence  t i m e s ,  
t hus  provides  t h e  ion  f l i g h t  t i m e  i n  t h e  spectrometer which can  then  be app l i ed  
t o  d e r i v e  t h e  res idence  t i m e  f o r  any chosen r e p e l l e r  p o t e n t i a l  s e t t i n g .  
F i g u r e  3 i l l u s t r a t e s  this  ex t rapola t ion .  
w i th  r e p e l l e r  vo l t age  f o r  a given ion source p re s su re  i s  p l o t t e d  versus  t h e  
i n v e r s e  r e p e l l e r  vol tage.  The i o n  f l i g h t  t i m e  is  determined from t h e  i n t e r c e p t  
o f  t h e  curve wi th  t h e  o rd ina te .  Figure 4 ,  which g ives  r e s u l t s  f o r  n i t rogen  
ions  i n  a i r  a t  va r ious  p re s su res ,  demonstrates t h a t  t h e  e x t r a p o l a t i o n  i s  essen- 
t i a l l y  linear i n  the v i c i n i t y  of  t h e  ord ina te .  This l i n e a r i t y  has  been found 
t o  ho ld  f o r  a l l  ions  and p res su re  reg ions  inves t iga t ed  so f a r .  
squa re  r o o t  r e l a t i o n s h i p  between res idence  time and r e p e l l e r  p o t e n t i a l  a t  low 
p r e s s u r e s ,  t h e  p o s s i b i l i t y  of p l o t t i n g  de lay  t i m e  d a t a  ve r sus  t h e  square roo t  
o f  t h e  inve r se  r e p e l l e r  vo l t age  was  a l s o  t e s t ed .  L i n e a r i t y  of  e x t r a p o l a t i o n  
w a s  a g a i n  observed, as expected, but t h e  ex t r apo la t ions  toward t h e  i n t e r c e p t  
on t h e  o r d i n a t e  were somewhat longer and, hence, less c e r t a i n .  A comparison 
o f  i o n  f l i g h t  times der ived  from both types of  p l o t s  gave almost i d e n t i c a l  
r e s u l t s  . 

The measured v a r i a t i o n  of de lay  t i m e  

I n  v i e w  of  t h e  
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The i o n  f l i g h t  t i m e s  ob ta ined  by t h e s e  procedures  s t i l l  r e q u i r e  a co r rec -  
t i o n ,  s i n c e  t h e  assumption that t h e  ion  f l i g h t  t i m e  remains unaf fec ted  by a 
change i n  t h e  r e p e l l e r  p o t e n t i a l  i s  v a l i d  on ly  f o r  s u f f i c i e n t l y  small r e p e l l e r  
f i e l d s .  The v a l i d i t y  of t h i s  assumption breaks down when t h e  ion  v e l o c i t y  
r e s u l t i n g  from a c c e l e r a t i o n  i n  t h e  r e p e l l e r  f i e l d  becomes s i g n i f i c a n t  i n  com- 
p a r i s o n  t o  t h a t  requi red  i n  t h e  a c c e l e r a t i n g  reg ion  o u t s i d e  t h e  i o n  source.  
The e f f e c t  t o  be  expected 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  (750 v o l t s )  and t h e  approximately known geometry of  t h e  ion  o r b i t ,  r e s u l t -  
i n g  i n  a c o r r e c t i o n  f a c t o r  0.94 f o r  i o n  f l i g h t  times determined from both types  
o f  p l o t s  discussed above. 
t h e  r e p e l l e r  p o t e n t i a l s  a c t u a l l y  appl ied  i n  t h e  experiments (0-30 v o l t s )  were 
w e l l  w i t h i n  the  range of r e p e l l e r  p o t e n t i a l s  f o r  which e x t r a p o l a t i o n s  are v a l i d .  

It w a s  a l s o  e s t a b l i s h e d ,  by t h e s e  c a l c u l a t i o n ,  t h a t  

For t h e  i n t e r p r e t a t i o n  of res idence  t i m e  measurements, it i s  a l s o  necessary  
t o  d i scuss  t h e  behavior  of i on  p u l s e  shapes d isp layed  by t h e  osc i l l o scope .  
Figure 5 shows t h e  observed and expected p u l s e  shapes f o r  two d e n s i t y  d i s t r i b u -  
t i o n s  perpendicular  t o  t h e  p lane  of  i on  formation i n  t h e  ion  source.  
r ec t angu la r  shape on t h e  l e f t  corresponds t o  t h e  i n i t i a l  i on  d i s t r i b u t i o n  pro- 
duced by t h e  l i g h t  beam. The a s soc ia t ed  i d e a l i z e d  p u l s e  shape w a s  observed 
whenever pressures  were s u f f i c i e n t l y  l o w  and r e p e l l e r  vo l t ages  s u f f i c i e n t l y  
h igh  so t h a t  res idence  t i m e s  were shor t .  For long res indence  t i m e s ,  as they  
were observed a t  p re s su res  above 50 microns and w i t h  low r e p e l l e r  v o l t a g e  set-  
t i n g s ,  t h e  pulses  developed long f e e t  and t h e i r  shape corresponded b e t t e r  t o  
t h e  Gaussian d i s t r i b u t i o n  shown i n  Figure 5 on t h e  r i g h t .  
when t h e  ions  t r a v e l i n g  toward t h e  source exi t  s u f f e r  many c o l l i s i o n s ,  t h e  
broadening of  t he  i n i t i a l l y  r ec t angu la r  i o n  d i s t r i b u t i o n  i s  i n t e r p r e t e d  as 
be ing  due t o  d i f fus ion .  
by c o l l i s i o n s ,  t h e  change i n  t h e  ion  d e n s i t y  p r o f i l e  must be produced by t h e  
in f luence  of the  thermal d i s t r i b u t i o n  of  i n i t i a l  i o n  v e l o c i t i e s .  The in f luence  
of  charge r epu l s ion  i s  n e g l i g i b l e  f o r  t h e  ion  d e n s i t i e s  encountered i n  t h e s e  
experiments . 

The 

A t  h igh  p res su res ,  

A t  low p res su res  when i o n i c  motion i s  not  hampered 

From Figure 5, it is  apparent  t h a t  t h e  c e n t e r  of  t h e  i o n  d i s t r i b u t i o n  i s  
represented  by t h e  h a l f - r i s e  p o i n t  of  t h e  charge bui ldup at t h e  de t ec to r .  
Accordingly, the average res idence  t i m e s  should be  determined from t h e  h a l f -  
r ise  t i m e  of the ion  pu l se  observed on t h e  osc i l l o scope .  Unfortunately,  t h e  
measurement of h a l f - r i s e  times w a s  no t  always found convenient  because of  t h e  
presence of j i t t e r  and s ta t i s t ica l  no i se ,  p a r t i c u l a r l y  f o r  low i o n  c u r r e n t s .  
An a d d i t i o n a l  unce r t a in ty  i s  introduced by t h e  f i n i t e  t i m e  cons t an t  of  t h e  RC 
element connect ing t h e  mass spectrometer  c o l l e c t o r  t o  t h e  osc i l l o scope ,  so t h a t  
t h e  p u l s e  he ight  aga ins t  which t h e  h a l f - r i s e  p o i n t  i s  t o  be measured i s  lowered. 

These d i f f i c u l t i e s  are avoided when t h e  p u l s e  o n s e t  i s  used f o r  t i m e  de l ay  
measurements. However, t h e  use  o f  f i r s t  arrival t i m e s  p rovides  only  a lower 
l i m i t  t o  t h e  delay and r e s idence  time, and t h e . d e r i v a t i o n  of  average res idence  
t i m e s  consequently r e q u i r e s  a c o r r e c t i o n  t o  t a k e  i n t o  account t h e  broadening 
of  t h e  i o n  d i s t r i b u t i o n .  
Appendix A. 
i o n  d i f f u s i o n ,  t h e  average r e s idence  t i m e  T~ can  be  expressed by 

Appropriate  c o r r e c t i o n  formulae are der ived  i n  
In  t h e  h igh  p r e s s u r e  domain, where p u l s e  broadening i s  caused by 

T = T / ( 1  - 1.28 
0 
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Here, T is the lower limit residence time derived from the first arrival of 
the ion pulse, D is the diffusion coefficient of ions under consideration, and 
d is the distance from the origin of these ions to the ion source exit. A 
similar formula is applicable at low pressures where the pulse broadening is 
due to initial thermal velocities of the ions: 

-. 

T = T2/(1 - 1.28 T E) - 
0 

with k being the Boltzmann constant, T the gas temperature, and m the mass of 
the ionic species under consideration. 

Performance of Apparatus 

It is commonly assumed for ion-molecule reactions studies that ion current 
ratios measured at the mass spectrometer detector are equivalent to the ratios 
of ion fluxes generated in the source. Several fundamental effects, however, 
can invalidate the assumption of equal collection efficiencies for all ions. 
The factors discussed here include pressure, ion-electron conversion at the 
multiplier detector, and the variation of ion collection from the source for 
ions with different kinetic energies. 

The use of high pressures in a mass spectrometer ion source generally 
leads to ion current-pressure relationships which are nonlinear, even in the 
absence of ion-molecule interactions. Such nonlinearities were observed to occur 
in the present experiments, mainly at pressure exceeding 100 microns. 
inantly, the cause is non-uniform absorption of ionizing radiation in the 
source. This effect has been discussed previously. [13] If absorption cross 
sections are available for the wavelength region of interest, appropriate cor- 
rections can be applied. It appears, however, that several other effects can 
a l s o  contribute to the observed nonlinearity of ion current with pressure. 
The following possibilities were explored: 
(b) variation with repeller potential, and (c) broadening of mass peaks. These 
studies were made with oxygen in the ion source as no ion-molecule reactions 
were observed to occur for 03 ions in 02 up to 200 microns pressure. 

Predom- 

(a) dependence on light intensity, 

Dependence on light intensity. - To study the influence of light intensity 
but keep the other parameters constant, it was necessary to adjust intensities 
by variation of the monochromator entrance slit setting. Since this procedure 
affects the resolution, the 6858 group of nitrogen lines 
measurements. This group consists of an unresolved triplet well isolated from 
other lines in the vicinity. 
effective absorption cross section are minimized. 
insufficient to produce dissociative ionization of O2 so that only O$ ions are 
present. 
The results are shown in Figure 6, where the observed ion currents divided by 
the photomultiplier currents are plotted as a function of ion source pressure. 
A lowering of the normalized ion currents is apparent at pressures above 100 

were used for the 

Accordingly, any effects caused by a change of the 
At 685g, the ener y is still 

Photomultiplier currents were used as a measure of the light intensity. 
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microns when a high light intensity is used. The reason for the intensity 
dependence is not entirely clear, but it may be noted that with the use of 
pulsed light sources as in the present experiments, transient ion densities 
of the order of 10 ions/cc can be reached so that space charge effects might 
become significant. The study of ion-molecule reactions obviously requires 
operation at lower light intensities where this effect is negligible. 

a 

Variation with repeller potential. - Variation of the repeller potential causes 
a variation of the ion intensity at any ion source pressure owing to a change 
in the ion collection efficiency. When adjusting for this effect, it was found 
that a variation of the repeller potential had no influence upon the ion intensity 
as a function of pressure for the investigated range of repeller potentials, 
1 to 10 volts, corresponding to field strength of approximately 1.6 to 16 volts/cm. 

Broadening of mass peaks. - Since ion currents customarily are measured at the 
maximum rather than by the area underneath a mass peak, it was of interest to 
investigate the equivalence of both procedures. This test was again performed 
with ionizing light at 6852. The data shown in Figure 7 are normalized with 
respect to each other to facilitate comparison. Up to 120 microns, the data 
are equivalent but at higher pressures, the use of peak heights gives lower 
relative values. At these pressures, the mass peaks develop tails in the direc- 
tion of lower energies. These tails indicate an increase in the energy spread 
of the ions which undoubtedly is caused by energy losses during ion-neutral col- 
lisions in the accelerating region outside the ion source. Other effects pro- 
duced by collisions include a broadening of the ion beam and loss of beam inten- 
sity due to self scattering. The last two processes, however, have little 
influence upon the ion current in the present experimental arrangement because 
of the large solid angle of acceptance associated with the employed magnetic 
analyzer. 

For the study of ion-molecule reactions, it is also imporant to establish 
the signal conversion efficiency of the electron multiplier detector for ions 
of different mass (and type), since ion discrimination would affect the observa- 
ble reactant-product ratios. Owing to the small ion currents available in the 
present experiment, this effect could not be evaluated directly. However, at 
sufficiently low source pressures, ion production is proportional to the product 
Yap, where 7 is the photoionization yield, o- the absorption cross section at 
the employed wavelength, and p is the gas pressure in the source. Hence, it 
should be possible to estimate the relative multiplier conversion efficiencies 
from a comparison of ion currents observed for various gases and corrected for 
the pertinent values of Yap, provided the ion collection from the source is 
independent of the nature of the ions. 
radiation employed argon, nitrogen, oxygen, carbon monoxide, carbon dioxide, 
hydrogen, and methane as sample gases. Photoionization yields and absorption 
cross sections for the first five gases were taken from the tables given by 
Samson and Cairns, [14] those for hydrogen and methane from the data by Cook 
and Metzger. [lS, 161 Although the results for relative multiplier conversion 
efficiencies showed considerable scatter due to the accumulation of various 
errors, they displayed no trends within the investigated m/e region indicating 
that mass discrimination, if present, is a small effect. "his is consistent 

Appropriate experiments with 685g 

16 



. _  

01CC180- 2 0 H  

1000 

800 

600 

400 

200 

0 
0 100 200 

ION SOURCE PRESSURE (microns) 

Figure 7 .  Mass 3 2  peak he ight  ( 0 )  and peak a r e a  (A) f o r  oxygen 
as a func t ion  of pressure .  Data normalized wi th  r e spec t  
t o  each o t h e r .  

17 



a l s o  w i t h  previous d a t a  obtained wi th  5848 helium resonance r a d i a t i o n  
It i s  noteworthy t h a t ,  i n  both cases, t h e  response of t h e  d e t e c t o r  f o r  methane 
ions  was p e r s i s t e n t l y  h igher  re la t ive  t o  t h a t  f o r  t h e  o t h e r  sample gases ,  i f  t h e  
f ragmentat ion y i e l d  f o r  CH3 and CH2 ions  [17] w a s  taken  i n t o  account.  

[13J 

While t h e s e  r e s u l t s  appear t o  j u s t i f y  t h e  assumption of equal  c o l l e c t i o n  
e f f i c i e n c i e s  f o r  a l l  ions  p re sen t  i n  t h e  source,  t h e r e  i s  evidence t h a t  t h e  
c o l l e c t i o n  e f f i c i e n c y  decreases  f o r  i ons  which have acquired excess  k i n e t i c  
energy dur ing  a reac t ion .  
evolu t ion  w a s  s tandard f o r  t he  d i s s o c i a t i o n  charge t r a n s f e r  process  involv ing  
helium ions  and n i t rogen  o r  oxygen. 
e t  al. [18] and by Mman and Friedman [ 1 9 ] .  The d e t a i l s  of t h i s  experiment 
w i l l  be  repor ted  below i n  the  s e c t i o n  
r eac t ions .  It i s  s i g n i f i c a n t  t h a t  t h e  r e a c t i o n  of helium ions wi th  n i t r o g e n  
gave product ion  i n t e n s i t i e s  i n  p e r f e c t  balance wi th  helium ion  l o s s e s ,  whereas 
i n  the  r e a c t i o n  wi th  oxygen when s tud ied  a t  low r e s s u r e s ,  on ly  20 percent  o f  
t h e  consumed helium ions  could be recovered as O9 ions.  
were d i s c e r n i b l e .  
underwent c o l l i s i o n s  on t h e i r  pa th  t o  the  e x t r a c t i o n  o r i f i c e ,  t he  product- 
r e a c t a n t  loss r a t i o  w a s  improved. 
r e a c t i o n  of helium ions  wi th  oxygen r e s u l t s  i n  oxygen ions  having excess  k i n e t i c  
energ ies .  
r e t a r d i n g  p o t e n t i a l  measurements. 
gen i s  e s s e n t i a l l y  thermoneutral  so  t h a t  t h e  r e s u l t i n g  products  are i n  t h e  t h e r -  
m a l  k i n e t i c  energy range. The p resen t  r e s u l t s ,  t h e r e f o r e ,  l ead  t o  the  conclus ion  
t h a t  t h e  employed ion  source geometry and low e lec t r ic  f i e l d s  d i s f avor  t h e  co l -  
l e c t i o n  of i ons  endowed wi th  excess  k i n e t i c  energ ies .  
f a c t o r  i s  g r e a t e s t  at low p res su res ,  bu t  it i s  subdued when ion  n e u t r a l  c o l l i s i o n s  
are s u f f i c i e n t  t o  moderate t h e  energy excess.  

The balance between r e a c t a n t  consumption 

These r e a c t i o n s  were d iscussed  by Ferguson 

and product  

t h a t  d e a l s  wi th  charge t r a n s f e r  

No o t h e r  products  
As t he  gas  p re s su re  was increased  so  t h a t  O+ product  ions  

&ran  and Friedman [19] have shown t h a t  t h e  

This f ind ing  has  been confirmed i n  t h e  p re sen t  work by means of 
On t h e  o t h e r  hand, t h e  r e a c t i o n  wi th  n i t r o -  

The in f luence  of  t h i s  

Residence T i m e s  f o r  Nl i n  A i r  

Figure 8 gives  t h e  v a r i a t i o n  of r e s idence  t i m e s  w i t h  p re s su re  f o r  n i t r o g e n  
ions  i n  air wi th  a r e p e l l e r  p o t e n t i a l  of 1 v o l t .  Of t h e  two sets of d a t a  shown, 
the  upper one was obta ined  from t h e  h a l f - r i s e  t i m e  of t h e  ion  pu l se  and repre-  
s e n t s  t h e  t r u e  average res idence  t imes,  whereas t h e  lower r e f e r s  t o  t h e  ear l ies t  
arr ival  times of t h e  i o n  pulse .  The observed decrease  of r e s idence  t i m e s  w i th  
decreas ing  p res su re  is expected. k t r a p o l a t i o n  toward low p res su res  g ives  a 
l i m i t i n g  va lue  which i s  i n  reasonable  agreement wi th  t h e  res idence  t i m e  cal- 
cu la t ed  from t h e  equat ion f o r  c o l l i s i o n - f r e e  a c c e l e r a t i o n  of  t h e  ions  ( 3 . 3 ~  
sec). From t h e  data shown i n  F igure  8, d r i f t  v e l o c i t i e s  of n i t r o g e n  ions  i n  
a i r ,  t h e i r  d i f f u s i o n  c o e f f i c i e n t s ,  and t h e  a s s o c i a t e d  i o n i c  temperatures  can  
be deduced. 

D r i f t  v e l o c i t i e s  were obta ined  from t h e  r e l a t i o n  v = d/.ro and are shown 
i n  Figure 9 i n  a loga r i thmica l  p l o t  ve r sus  t h e  re la t ive f i e l d  s t r e n g t h  E/p. 
The observed s lope of n e a r l y  1/2 i n d i c a t e s  a r o o t  r e l a t i o n s h i p .  
t h e  s o l i d  and broken l i n e s  are r e s u l t s  r epor t ed  by Mart in  e t  a1.[201 and by 

Also shown by 
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+ Dahlquist [21] for N2 ions in nitrogen. 
though the present results refer to air. Nevertheless, our data are considered 
only moderately accurate because of the difficulties involved in defining the 
true electric field. At E/p values greater than 45, the data are even less 
acceptable since the pressures become too low to justify the model of drift. 

Good agreement is obtained even 

Diffusion coefficients were calculated from z and z0 with the aid of 
Equation (3).  The results are shown in Figure 10 as a function of reciprocal 
pressure. 
the broadening of the ion density profile in the ion source is due to diffusion. 
The here derived diffusion coefficients have the expected gas kinetic values. 
The linear relationship with l/p breaks down for pressures less than 40 microns, 
which is also the limit to which meaningful drift velocities could be determined. 
At lower pressures, the number of collisions an ion encounters on its way to 
the sampling orifice evidently is insufficient to sustain the mechanisms of 
diffusion and drift. In this pressure region, the motion of ions changes from 
drift to free acceleration. 

The observed linear relationship confirms the interpretation that 

The independent determination of diffusion coefficients in these experiments 
permits also the derivation of ion temperatures from the relationship Ti = eD/kp. 
Here, e is the charge of the ion, k the Boltzmann constant, and p = v/E the ionic 
mobility. Temperatures derived in this way are plotted versus E/p in Figure 11. 
The large scatter of data is due mainly to the variation in the diffusion coeffi- 
cients. The solid line shown was obtained with the use of least square averaged 
diffusion coefficients. It is interesting to note the approximate linearity 
with E/p. The relationship Ti = T as + a E/p for nitrogen ions in nitrogen was 
originally proposed by Varney. [227 The slope in Figure 11 is a = 11, which is 
in excellent agreement with that deduced by Varney (a = 12.5) from drift velocity 
measurements at different temperatures. However, since Varney derived the tem- 
perature scale from considerations of the equilibrium between N4 and N2 ions, 
his data really refer to the temperature of the $ ion, although he assumes 
them applicable also to N$ ions. As a consequence, the obtained agreement may 
be coincidental. At present, it is not known whether the observed (approximate) 
linearity of Ti with E/p has general applicability, but from the derivation of 
the ion temperature it is clear that it should depend on the detailed behavior 
of ion mobility. 

+ + 

Reaction Rates 

In this section, rate constants are reported for the reactions of  nitrogen 
ions with oxygen and nitrogen, and for the proton transfer reaction in hydrogen. 
More specifically, there reactions read 

+ + 
(1) N2 + O2 --* O2 + N2 

+ 
(2) N2 + O2 + NO' + NO 

+ + 
(3) N2 + N2 N4 
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There reactions were studied with radiation centered at 7642 wavelength. Owing 
to the limited wavelength resolution, the employed radiation contained several 
component lines, the three strongest being NIV 765.1, NIII 764.4, and OV 760.451. 
The associated energy sprqad is 0.1 eV. 
above the threshold for N2 formation and 0.75 eV above that for H2 formation. 
Although this is insufficient for the production of ions in electronically excited 
states, the possibility of vibrational or rotational excitation of the ground 
state cannot-be excluded. 

The available photon ene gy lies 0.64 eV f 

Reactions (1) and (2) were studied with air introduced 
at source pressures up to 200 microns. Reaction (1) proceeded rapidly, while 
Reaction (2) was negligible under all conditions. Figure 12 shows the and 
03 ion currents observed as a function of pressure for a repeller voltage sqt- 
ting of 0.5 volt. 
current at the expense of the N2 current. 
of both currents which, in this case, exhibits an almost linear pressure 
dependence. The deviations from linearity are attributable to the increase of 
light absorption in the ource. The limiting ratio of the ion currents at low 
pressures, R = i(N$)/i(02), was determined by expansion of Figure 12 as R = 7.1. 
The ratio expected from the known absorption and photoionization coefficients, 
[14] taking into account only the three strongest lines contributing to the 
radiation, weighd according to their intensity, is R = 8.5. The agreement is 
reasonable if it is considered that the wavelength setting may have favored 
either one of the outer lines of this group. 

Occurrence of Reaction (1) is evidenced by the rise of 02 
Also shown in Figure 12 is the sum 

s: 

Rate constants determined from the data shown in Figure 12 are given in 
The initial ion currents, i(N$)o and i(02)0, were deduced from the + Table 2. 

sum of the ob erved ion current multiplied by the ratio R measured at low 
pressures. 
ion pulse at the detector, and the correction according to Equation (3) was 
applied. The residence times thus found were somewhat smaller than those 
shown in Figure 8 despite the smaller repeller potential employed. However, 
these measurements were made early in this work, when a larger extraction 
orifice was used so that field penetration probably raised the field strength 
actually existing in the source. The data shown in Table 3 were obtained under 
conditions more nearly resembling those pertaining to Figure 8. The diameter 
of the extraction hole in this second series of runs was 0.7 mm (as used through- 
out in later experiments), and the repeller potential was approximately 1.5 
volts. The rate constants obtained from both series of sums are in excellent 
agreement with each other indicating that the employed method of residence time 
determination yields correct results independently of repeller potential settings 
and the resulting fields. Significantly, the individual rate constants exhibit 
no trends as the pressure is varied, although in Figure 11 the ionic temperature 
decreases as the pressure in increased. This shows that at least in the 300- 
700°K region, the rate constant for Reaction (1) is temperature independent 

N x residence times were determined from first arrival times of the 
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TABLE 2 + 
RATE CONSTANTS FOR THE REACTION N2 + O2 

4 1  370 81 
60 490 156 
87 565 3 10 

100 560 415 
114 550 600 
123 508 662 
135 498 830 
140 450 930 
149 452 956 
160 367 1135 
168 320 1355 
170 302 1215 
190 260 1600 
192 236 1638 

396 
566 
766 
85 4 

1007 
1025 
1162 
1208 
1232 
1315 
1465 
1355 
16 29 
1640 

55 2.6 
80 3.8 

108 5.6 
120 6.8 

144 8.4 
163 9.6 
170 10.0 
173 10.4 
185 11.2 
207 11.6 
19 1 11.8 
239 12.8 
231 12.9 

14 2 7.6 

0.031 
0.063 
0.134 
0.184 
0.263 
0.305 
0.370 
0.431 
0.439 
0.554 
0.665 
0.612 
0.783 
0.868 

1.01 
0.96 
0.96 
0.94 
1.06 
1.22 
0.99 
1.07 
0.99 
1.07 
1.19 
1.06 
1.12 
1.22 

average k = 1.06 x lo-'' cc/mol sec 1 

TABLE 3 

RATE CONSTANTS FOR THE REACTION N' + O 2  

30 480 100 
44 535 144 
66 580 260 
85 530 3 80 

102 530 485 
128 435 700 
136 410 720 
140 410 765 
160 335 990 
176 290 1130 
196 240 1360 
200 250 1340 

500 
582 
735 
796 
888 
994 
989 

1030 
1180 
1345 
1400 
1390 

70 
84 

104 
112 
125 
140 
139 
145 
166 
190 
197 
196 

3 .1  
3.7 
5.3 
6.2 
7.1 
8.4 
8.7 
9.0 ' 

9.8 
10.5 
11.3 
11.4 

0.028 
0.048 
0.104 
0.178 
0.226 
0.360 
0.385 
0.400 
0.521 
0.521 
0.771 
0.752 

1.07 
1.04 
1.03 
1.18 
1.09 
1.16 
1.14 
1.15 
1.16 
0.99 
1.22 
1.15 

- 10 
average k = 1.11 x 10 cc/mol sec 26 1 



- 10 - 10 The va lue  averaged from t h e  d a t a  shown i n  Tables 2 and 3 i s  k l  = 1.1 x 10 
cc/mol sec ,  i n  approximate agreement w i t h  t h e  previous estimate of 2 x 10 
cc/mol sec  by F i t e  e t  a l . ,  [23] and i n  e x c e l l e n t  agreement wi th  t h e  va lue  k l  = 1.0 x 
10-10 r e c e n t l y  e s t a b l i s h e d  by Ferguson and c o l l a b o r a t o r s  [24]. 
r e s u l t s  were obtained under e n t i r e l y  d i f f e r e n t  experimental  cond i t ions ,  t h a t  i s ,  
wi th  a s t eady  s ta te  flow technique involving s e v e r a l  t o r r  of helium as a b u f f e r  
gas.  The c l o s e  agreement of r e s u l t s  t hus  adds confidence i n  t h e  p re sen t  exper i -  
mental  technique. 

Their experimental  

Reaction (2) has  not  been observed i n  t h e s e  experiments and only  an  upper 
l i m i t  t o  i t s  ra te  cons tan t  can be given. 
no n i t r i c  oxide ions could be detected.  However, i n  t h i s  p re s su re  reg ion ,  t he  
O 2  peak generated by Reaction (1) developed a t a i l ,  a p o r t i o n  of which covered 
the  m/e = 30 reg ion  of t h e  mass spectrum. From t h e  c u r r e n t  r a t i o  of t h e  back- 
ground t o  t h a t  of t h e  mass number 32 peak, t h e  upper l i m i t  ra te  cons tan t  f o r  
Reaction (2) w a s  found t o  be 3 x 
cc/mol sec.  
der ived  by G a l l i  e t  a l . ,  [25]. 
mass spectrometer  i s  used wi th  advantage, s i n c e  as Tal rose  [26] has  demonstrated, 
t h e  commonly employed e l e c t r o n  impact i o n  sources  genera te  NO from ni t rogen  
ox ida t ion  a t  t h e  ho t  f i lament .  

Even a t  p re s su res  exceeding 200 microns,  

t h a t  of Reaction (1) o r  k2 <, 3 x 
This i s  an order  of magnitude smaller than  t h e  upper l i m i t  va lue  

In t h i s  p a r t i c u l a r  case, t h e  pho to ion iza t ion  

Reaction (3) was s tud ied  i n  n i t rogen  a t  source p re s su res  from 90 t o  200 
A t  lower p re s su res ,  4 ions could  s t i l l  be d iscerned ,  b u t  usable  d a t a  

Water vapor w a s  a no t i ce -  
microns. 
were d i f f i c u l t  t o  o b t a i n  because of excessive noise .  
a b l e  impur i ty  d e s p i t e  t h e  a p p l i c a t i o n  of a l i q u i d  n i t rogen  cooled t rap .  
Apparently,  t h e  formation of H20+ ions occurs  by a very  f a s t  charge t r a n s f e r  
r e a c t i o n  involv ing  n i t r o g e n  ions.  
t h e r e f o r e ,  used t o  c o r r e c t  t h e  i n i t i a l  N t  c u r r e n t s  requi red  f o r  t h e  determina- 
t i o n  of  rate cons t an t s ,  a l though the  c o r r e c t i o n  amounted t o  only  a few percent .  
Table 4 shows t h e  d a t a  inc luding  res idence  t i m e s  and ra te  cons t an t s  computed 
from Equation (3) .  
agreement wi th  t h a t  repor ted  by F i t e  e t  a l . ,  [23] (k3 = 5 x lO-I3 cc/mol sec ) ,  
b u t  t h e  p re sen t  d a t a  are i n  disagreement i n  t h a t  they  e x h i b i t  a t r end  
p res su re .  Seemingly, Reaction (3)  i s  not  a bimolecular process  as p red ic t ed  
by F i t e  e t  a l .  
dependence of t h e  rate cons t an t s  der ived f o r  t h e  bimolecular process  i s  l i n e a r  
and t h a t  an e x t r a p o l a t i o n  toward zero p re s su re  goes through t h e  o r i g i n  of t h e  
p l o t .  This i s  c lear  evidence t h a t  Reaction (3) involves  a t h i r d  body and should 
p r o p e r l y  be w r i t t e n  

The i n t e n s i t y  of t h e  m / e  = 18 peak w a s ,  

The magnitude of t h e  der ived  ra te  cons t an t s  i s  i n  reasonable  

wi th  

A p l o t  ve r sus  pressure  i n  F igure  13 shows t h a t  t h e  p re s su re  

+ -, N4 + N2 N2 + -I- 2N2 

I n  view of t h e  attachment na tu re  of t h i s  reac ion ,  t h e  p a r t i c i p a t i o n  of a t h i r d  
body i s  r equ i r ed  t o  s t a b i l i z e  t h e  r e s u l t a n t  N4 ion.  However, a t  s u f f i c i e n t l y  
h igh  p r e s s u r e s ,  t h e  r e a c t i o n  can become e f f e c t i v e l y  bimolecular  i f  t h e  l i f e t i m e  
of t h e  
c o l l i s i o n s  so  t h a t  s t a b i l i z a t i o n  i s  always e f f e c t i v e .  I n  t h e  pressure  range used 
h e r e ,  t h i s  case e v i d e n t l y  does no t  apply. 

!i 

complex i s  longer  than  the  mean f r e e  f l i g h t  t i m e  of t h e  ions  between 

'Ihe ra te  cons t an t s  a s soc ia t ed  wi th  
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TABLE 4 

RATE CONSTANT FOR THE REACTION N l  + N2 

L 2 2  
microns ( a r b i t r a r y  u n i t s )  psec cc/mol sec  cc  /mol sec 

94 
98 

115 
120 
130 
142 
154 
165 
177 
185 
194 
195 

1330 
1290 
1420 
1400 
1470 
15 10 
1560 
15 10 
1560 
1540 
15 10 
15 15 

11 
1 2  
20 
27 
30 
40 
5 1  
64 
81 
96 

108 
111 

1365 
1302 
1440 
1460 
1500 
1550 
1611 
1616 
1691 
1686 
1666 
1686 

0.0082 
0.0092 
0.0139 
0.0185 
0.0200 
0.0258 
0.0317 
0.0406 
0.0492 
0.0588 
0.0668 
0.00617 

10.0 
10.5 
11.8 
12.2 
13.0 
13.8 
14.6 
15.4 
16.0 
16.6 
18.7 
17.2 

2.61 
2.71 
3.10 
3.84 
3.60 
4.00 
4.27 
4.73 
5.27 
5.62 
5.45 
5.75 

8.42 
8.38 
8.18 
9.30 
8.40 

8.40 
8.70 
9.02 
9.20 
8.50 
8.85 

8.55 

-29 2 2 average k = 8.5 x 10 cc /mol sec  3a N = sum of ion  i n t e n s i t y  a t  
m / e  = 28, 56,and 18 0 

React ion (3a) are obta ined  from t h e  bimolecular  ra te  cons t an t s  k3 d iv ided  by 
t h e  c o r r e s  onding number dens i ty  of n i t rogen .  
8.5 x i s  der ived  from t h e  d a t a  shown i n  Table 4. 

An averaged ra te  cons tan t  k3a = 

+ It should not  be overlooked t h a t  N4 ions can  a l s o  d i s s o c i a t e  upon c o l l i s i o n s .  
I n  f a c t ,  Varney [22] has  success fu l ly  i n t e r p r e t e d  d r i f t  v e l o c i t y  d a t a  i n  n i t r o -  
gen on t h e  b a s i s  t h a t  N$ and N t  ions  are  i n  thermal equi l ibr ium. 
t h e r e f o r e ,  t o  check upon t h i s  p o s s i b i l i t y  under the  p re sen t  experimental  condi- 
t i o n s .  
N Z  i ons  given by Varney, t he  degree of d i s s o c i a t i o n  of N4 ions w a s  found inappre- 
c i a b l e .  Fu r the r ,  an  at tempt  t o  f i t  t h e  present  d a t a  i n t o  a thermal equi l ibr ium 
scheme f a i l e d  both 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 .  The conclusion i s  t h a t  t he  
ion  r e s idence  t i m e  i n  t h e  source i s  i n s u f f i c i e n t  f o r  equi l ibr ium condi t ions  t o  
develop. On t h e  o the r  hand, t h i s  is  p r e c i s e l y  t h e  s i t u a t i o n  which enables  t h e  
de t e rmina t ion  of t h e  r a t e  cons tan t  a s soc ia t ed  w i t h  Reaction (3a). 

It remained, 

With t h e  use of t h e  equi l ibr ium cons tan t  and t h e  temperature scale f o r  + 

As with  t h e  case of r e a c t i o n  (2) i n  t h e  p re sen t  experiments,  no evidence 
f o r  t h e  occurance of r e a c t i o n  (4) could be obtained even under favorable  exper i -  
mental  condi t ions.  
t o  1000% r e g i o n w h e r e  oxygen i s  ionized but  n i t rogen  i s  not .  
in t roduced  i n t o  t h e  ion  source of pressures  up t o  250 microns and wi th  t h e  mass 
spec t rometer  t r a i n e d  t o  r e g i s t e r  m / e  = 30, weak c u r r e n t s  were observed, bu t  
t hose  d i d  not  c o r r e l a t e  w i th  t h e  simultaneously recorded o p t i c a l  spectrum i n  
t h e  i n d i c a t e d  wavelength region. It i s  be l ieved  t h a t  t hese  c u r r e n t s  are caused 

These experiments were performed wi th  r a d i a t i o n  i n  t h e  835 
With a i r  being 
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+ by the interference of the second order spectrum. 
were also recorded dispite the fact that the limit of ionization for nitrogen 
is 795k 
region is equivalent 
of oxygen, so that NO 
oxygen ions with+nitrogen.From the current ratio of the back round at m/e = 30 
to that of the 02 peak and the measured residence time of (02) in air the upper 
limit rate constant for reaction (4) is found to be k4 <, 3 x cc/mol sec. 

Indeed, small N2 currents 

The second order radiation falling into the first order 800 to lOOOr( 
400 to 500 % and is capable of producing O+ by ionization 
can in principle be formed from the reaction of atomic 

$ 

Reaction (5) was studied mainly to provide an additional check on the 
applica ility of the present techniques. 
the 
Figure 14. 'Ihe repeller potential in this case was one volt, resulting in a 
field of approximately 1.5 volt/cm. 
found by Saporoschenko, [27] who used an ion pathlength of 0.5 cm and 4 volt 
repeller potential. 
pressure. The mode of ionic motion in this pressure domain is predominantly 
collision-free acceleration. Indeed, residence times derived from first arrival 
measurements of the ion pulse were found to be pressure independent. 
Equation ( 4 )  has to be applied to correct for the pulse broadening due to the 
initial thermal velocities of the produced ions. As has been pointed out, the 
residence time for hydrogen ions is of the same magnitude as the duration of the 
light pulse; however, first arrival time measurements should still give essen- 
tially correct residence times. The average residence time thus deduced is 
1.1 psec, in close agreement with the value calculated from the assumed electric 
field. The ave age rate constant derived from the data shown in Figure 14 is 
k5 = 1.85 x lo-' cc/mol sec, in good agreement with the experimental value of 
2 x cc/mol sec goven by Reuben and Friedman [28] for low repeller fields, 
and with the value calculated from theory [29] and [30]. The agreement with 
Saporoschenko's data is less satisfactory, but his measurements were made at 
higher fields and correspondingly smaller residence times. 
more in accord with Giese and Maier's [31] data, which approach the theoretical 
value as the ion velocities are lowered toward the thermal range. 

With hydrogen admitted to the source, !t + N2 and H3 ion intensities observed varied with pressure as shown in 

The pressure dependence resembles that 

+ The €I$ - H3 conversion is essentially complete at 50 microns 

Accordingly, 

His results are 
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PRECEDING PAGE 

A VARIETY OF CHARGE 

Exper imen t a 1 Procedure 

The r e a c t i o n s  d iscussed  i n  t h i s  s e c t i o n  were obtained by an experimental  
technique somewhat d i f f e r e n t  from t h a t  descr ibed  i n  the  preceeding s e c t i o n .  
Accordingly,  a d e s c r i p t i o n  of the  add i t iona l  experimental  d e t a i l s  p e r t i n e n t  
t o  t h i s  i n v e s t i g a t i o n  i s  i n  o rde r .  

A f ixed  flow of the  gas from which parent  ions were generated by photo- 
i o n i z a t i o n  w a s  introduced t o  the  ion source a t  15-20 microns p re s su re .  The 
n e u t r a l  r e a c t a n t  was admixed i n  varying amounts through a second i n l e t .  The 
gas  mixture  w a s  ion ized  by d ispersed  uv r a d i a t i o n  us ing  i n t e r m i t t e n t  l i g h t  
genera ted  i n  a spark  d ischarge  i n  n i t rogen .  The wavelength w a s  ad jus t ed  t o  
f a l l  i n  the  v i c i n i t y  of the  ion iza t ion  onse t  f o r  the  parent  ion .  A r e p e l l e r  
p o t e n t i a l  of one v o l t  corresponding t o  a 
vol t /cm w a s  appl ied  t o  e x t r a c t  the ions from t h e  source.  

f i e l d  s t r e n g t h  approximately 1.6 

The des i r ed  r a t e  cons t an t s  were c a l c u l a t e d  from the loss  of parent  ion  
i n t e n s i t y  observed upon admixture of t he  n e u t r a l  gaseous r e a c t a n t .  Product 
i on  i n t e n s i t i e s  were determined i n  conjunct ion wi th  parent  i on  l o s s  measure- 
ments.  However, s i n c e  product  ions were a l s o  genera ted  by d i r e c t  photoioniza-  
t i o n  of the  admixed g a s ,  i t  w a s  necessary t o  determine t h i s  e f f e c t  s e p a r a t e l y .  
The e x t e n t  of product  ion  formation due t o  the  r e a c t i o n  w a s  assessed  from the  
d i f f e r e n c e  of the  ion  c u r r e n t s  measured when argon w a s  p re sen t  and when i t  
w a s  absent .  

P a r t i a l  p ressures  of the  neu t r a l  r e a c t a n t  were determined by s u b t r a c t i o n  
of t h e  known p res su re  of argon from t h e  t o t a l  p re s su re .  The usable  p re s su re  
range w a s  d i c t a t e d  p r imar i ly  by the  accuracy of t h e  employed McLeod gauge. 
T o t a l  p ressures  ranging from 15 t o  60 microns were found most s u i t a b l e .  In  
t h i s  pressure  r eg ion ,  the motion of t he  ions i s  s t i l l  governed by acce le ra -  
t i o n  i n  the  r e p e l l e r  f i e l d  and impeding c o l l i s i o n s  a r e  almost n e g l i g i b l e .  
Pa ren t  ion  res idence  times were, t h e r e f o r e ,  determined from f i r s t  a r r i v a l  
times of an ion ic  pu l se  a t  the  mass spectrometer  c o l l e c t o r  i n  the  manner 
descr ibed  previous ly .  Correc t ion  was appl ied  f o r  the e f f e c t  of i n i t i a l  thermal 
v e l o c i t i e s  of the  ions .  Residence t i m e s  thus obtained v a r i e d  l i t t l e  over the  
employed pressure  r eg ion ,  except  i n  i t s  uppermost p o r t i o n ,  where the  i n f l u -  
ence of c o l l i s i o n s  became not iceable .  The inf luence  of c o l l i s i o n s  mainly re- 
duced the width of t h e  l o c a l  ion  concent ra t ion  p r o f i l e  caused by the i n i t i a l  
thermal  v e l o c i t y  component, bu t  t h i s  e f f e c t  then  inva l ida t ed  the  appl ied  cor- 
r e c t i o n  procedure.  Accordingly,  res idence times were determined a t  several 
p r e s s u r e s  w i t h i n  t h e  domain where the inf luence  of c o l l i s i o n s  w a s  s t i l l  in- 
a p p r e c i a b l e ,  and the  averaged residence t i m e  w a s  taken t o  apply t o  the  e n t i r e  
i n v e s t i g a t e d  p res su re  reg ion .  No incons i s t enc ie s  were encountered by the  use 
of t h i s  procedure.  
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Resul t s  

Rate cons tan ts  are g iven  f o r  the  charge t r a n s f e r  r e a c t i o n s  

+ ( 6 )  He + N 2  + N; + He 

(7)  He + + N 2 + N + + N + H e  

+ (8) He + O 2  + 0; + He 

(9 )  He+ + O 2  + 0' + 0 + He 

+ + (10) A + O2 + 0 2  + A  

(11) A+ + C02 + C02+ + A 

(12)  N: + C02 + C 0 2  + N 2  

(13)  N: + NO --+ NO 

(14) 02+ + NO + NO + O2 

+ 
+ 
+ + N2 

The r e s u l t s  are shown i n  Tables 5 through 11. The above determined ra te  
cons t an t s  are i n  very good agreement wi th  the  va lues  obtained by o the r  in- 
v e s t i g a t o r s  wherever such va lues  a r e  a v a i l a b l e .  For example, t he  combined 
r a t e  cons tan ts  f o r  r e a c t i o n s  (6)  and ( 7 )  , and f o r  (8) and (9 )  , are i n  rea- 
sonable  agreement wi th  the  va lues  k6 + k7 = 1 . 7  x 10-9 and k8 + kg = 1.5 x 10 
cc/mole sec  given by Ferguson and c o l l a b o r a t o r s  [32] .  

-9 

However, i n  the  p re sen t  work, the  p a r t i t i o n i n g  between the  ind iv idua l  
s t e p s  could be determined a l s o .  A s  Table 5 shows t h e  r e a c t i o n  of helium ions 
wi th  n i t rogen  produces on the average,  5 2  percen t  N+ and 48 percent  N2+. 
Hence , k6 = 7 . 1  x cc/molecule sec  and k7 = 7 . 6  x 
Ferguson, e t  a l . ,  could not  measure the  exac t  degree of p a r t i t i o n i n g  because 
of t he  prescence of metas tab le  helium atoms i n  t h e i r  experiments,  and they 
have assumed t h a t  r e a c t i o n  ( 7 )  i s  predominant. 

cc /  molecule s e c .  

+ 
Simi la r ly ,  i t  is  est imated from t h e  l ack  of s i g n i f i c a n t  amounts of O 2  

product ion i n  the  r e a c t i o n  of helium ions w i t h  oxygen, t h a t  r e a c t i o n s  (8) con- 
sumes less than 10 pe rcen t  of t he  helium ions  r e a c t i n g  w i t h  02. 
r e a c t i o n  (9)  is  preponderant.  The r a t i o  (kg + k 7 ) / ( k 8  + kg) = 1 .25  i s  i n  
e x c e l l e n t  agreement w i t h  t h a t  found by Ferguson e t  a l .  , [32 ]  (k6 + k7) /  

Accordingly,  

(k8 + kg) = 1.2, 

It is s i g n i f i c a n t  t h a t  the  r e a c t i o n  of hel ium ions w i t h  n i t r o g e n  r e s u l t s  
The i n  a very  good product ba lance ,  whereas the  r e a c t i o n  w i t h  oxygen is n o t .  
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TABLE 5 

REACTION OF HELIUM IONS WITH NITROGEN 

I O N I Z I N G  WAVELENGTH 482b2 

k x l o9  + 
P(N2) He AHe+ AN+ AN2' AN+ + m2+ t 

(microns ) ( A r b i t r a r y  Units)  wsec cc/molecule sec  

0 

2 .o 
3 .5  

5 .O 

7.5 

9 

10 

13 

15 

17.5 

19 

330 0 0 0 0 

285 45 28.5 22 50.5 

232 98 54.5 5 1  105.5 

188 142 76 70.5 146.5 

140 190 102 95 197 

115 215 114 108 222 

96 234 117 120 23 7 

73.5 256.5 136 1 2 7  26 3 

56 274 148 134 28 2 

43 287 153 143 296 

34.5 295.5 153 150 303 

2.3 
11 

II 

1.02  

1.36 

1.49 

1 .51  

1.55 

1.62 

1.52 

1.56 

1.52 

1.56 

-9 Average k + k7 = 1.47 x 10 + 
(AN + AN;) / m e +  = 1.04 
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TABLE 6 

REACTION OF HELIUM IONS W I T H  OXYGEN 

I O N I Z I N G  WAVELENGTH 48 261 

k3 x lo9 + 
HeO 

t 
log - N O 2 )  He' A(He+)  A@+) 

( m i c r o n s )  (Arbi t ra ry  U n i t s )  p e c  He + cc/molecule sec 

0 

4 
6 

8 
9 
11 
13 

15 

18 

21 

22 

330 0 

220 110 
192 138 
178 15 2 
139 191 
124 206 

111 219 

87.5 242.5 
66 264 

51 27 9 

42 288 

0 2.3 
I t  16 

19 

23 
26 
28.5 t l  

28 

33 1 1  

35 
3a t I  

37.5 I t  

II 

I f  

II 

1 1  

II 

- 
0.178 

0.238 

0.270 
0.377 
0.427 

0.474 

0.578 

0.701 

0.812 

0.898 

- 
1.34 

1.20 

1.02 
1.27 
1.17 

1.10 
1.17 

1.18 

1.17 

1.24 

-9 A v e r a g e  k = 1.18 x 10 9 m+/AHe+ = 0.14 

~ 

~- ~~ 
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TABLE 7 

REACTION OF ARGON IONS WITH OXYGEN 

I O N I Z I N G  WAVELENGTH 7806: 

k x 10-l' A +  P(02) A+ &I+ '%+ 7 0 
It3 - 

A+ cc/molecule sec 
Pressure 

microns (Arbitrary Units) psec 

16.5 
19.5 
23 

25.5 
29.5 
31 
34.5 
38.5 

0 

3 .O 
6.5 
9 .o 

13 

14.5 
18 
22 

165 0 0 

149 16 15 
135 30 27 
123 42 38 
111 54 54 
96 69 56 
91 74 70 
79.5 85.4 76 

9 .o 
II 

11 

II 

11 

11 

II 

11 

- - 
0.044 1.13 
0.087 1.04 
0.128 1.10 
0.172 1.02 
0.235 1.25 
0.258 1.11 
0.318 1.12 

11 43 26.5 69 96 87 0.379 1.11 
48.5 32 58 107 97 II 0.454 1.09 
55 38.5 48 117 114 0.536 1.08 I 1  

+ +  Average LO2 /@A = 0.92 - 10 Average k = 1.10 x 10 10 
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TABLE 8 

REACTION OF ARGON IONS WITH C02 

IONIZING WAVELENGTH 780X 

A +  
k x 0 

Ig - 
cc/molecule sec Pressure P ( C O ~ )  A+ a c o c  T A+ 

microns (Arbitrary Units) psec 

13 0 234 0 0 

14 1 189 45 20 

15 2 164 70 32 

16.5 3.5 126 108 50 

18 5 102 132 70 

19.5 6.5 75 159 76 

20 7 60 174 85 

21.5 8.5 51.5 182.5 87 

23 10 40 194 90 

25.5 12.5 26 208 98 

27 14 19 215 104 

28 15 16.5 217.5 104 

7.9 - 
0.092 

11 0.155 

II 0.269 

I 1  0.361 

I 1  0.494 

II 0.592 

0.658 

11 0.767 

0.954 

11 1.091 

I t  1.194 

II 

11 

11 

- 
8.10 

6.82 

6.78 

6.40 

6.74 

7.46 

6.84 

6.77 

6.74 

6.88 

7.03 

+ -10 Average k = 7.0 x 10 11 
Average AC02 /AA+ = 0.48 
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TABLE 9 

REACTION OF NITROGEN IONS WITH C 0 2  

I O N I Z I N G  WAVELENGTH 4802 

AN; aco2 + T (N;& 
N2+ I n  - Pressure  P(C02) k x 10-l' 

A 5  

microns ( A r b i t r a r y  Units)  hsec (N ,+I cclmolec sec 

20 0 

20.5 0.5 

21.5 1.5 

22.5 2.5 

23.5 3.5 

24.5 4 .5  

25.5 5.5 

27 .O 7 .O 
28 8 .O 

162  0 0 

140 22 19 

108 54 46 

85 77 58 

70 92 66 

51 111 83 

40.5 121.5 91 

27.5 134.5 86 

21 141 107 

8 . 7  
il 

II 

I t  

II 

I t  

- 
0.062 

0.177 

0.281 

0.365 

0.501 

0.602 

0.769 

0.887 

- 
9.95 

9.45 

9 .oo 
9.08 

8.93 

8.78 

8.80 

8.88 

+ Average AC02 IN2+ = 0.76 - 10 Average k = 9 . 1  x 10 1 2  
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T A B U  10 

REACTION OF NITROGEN IONS WITH NO 

I O N I Z I N G  WAVELENGTH 7 8 0 2  

- 10 AN; ANo+ 7 kl x 10 

( m i c r o n s  ) ( A r b i t r a r y  U n i t s )  psec k c c / m o l e  sec 

p (NO) 

( N 3  

0 

1 

2.3 

3 

4 

4 . 5  

6 

7 .5  

9 

11.5 

15 

146 0 0 

129 17 15 

111 35 24 

102 44 3 2  

91  55 40 
96 50 4 5  

7 2  7 4  6 0  

6 2  8 4  58 

53 .5  92.5 6 5  

38 108 76 

24 122  94 

- 
0.056 

0 .122  

0 .158  

0.207 

0 .184  

0 .309  

0 .374  

0.438 

0.587 

0.786 

5.28 

5 .O 
4 .95  

4.88 

3.85 

4.85 

4.7 

4.6 

4.85 

4.95 

- 10 
ANO+/AN2+ = 0.76 A v e r a f e  k13 = 4.8 x 10 
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TABLE 11 

REACTION OF OXYGEN I O N S  W I T H  NO 

I O N I Z I N G  WAVELENGTH 9801 

(0;) 

Ig + k2 p (NO) 02+ AO; @No+ sec 

('2 ) cc/molecule sec (microns ) (Arbitrary Units) 

0 

0 .5  

1.5 

3 .O 
3.5 

4.5 

6.5 

8 .O 
9.5 

11 .o 
12.0 

145 

129 

108 

90 

96 

75 

53.5 

45 

35 

27.5 

24 

0 

16 

37 

55 

49 

70 

91.5 

100 

110 

117.5 

121  

0 

1 2  

40 

50 

45 

65 

80 

100 

95 

100 

100 

- 
0.053 

0.130 

0.210 

0.182 

0.288 

0.436 

0.510 

0.618 

0.724 

0.784 

. -  

11.50 

9.50 

7.62 

5.65 

7.02 

7.34 

7.02 

7.12 

7.23 

7.23 

- 10 Average k = 7.7 x 10 
m0+lao2+ = 0.90 14 
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+ sum of the  product ion  i n t e n s i t i e s  N: and N 
w i t h i n  5 percent  e r r o r .  This  i n d i c a t e s  t h a t  mass d i sc r imina t ion  a t  the  
e l e c t r o n  m u l t i p l i e r  i s  n e g l i g i b l e .  This  r e s u l t  is i n  agreement w i t h  our pre-  
v ious  r e s u l t s  obtained by a d i f f e r e n t  method. On the  o the r  hand, from the  
va lues  shown in  Table 6 i t  can be demonstrated t h a t  a mass balance f o r  the  
r e a c t i o n  w i t h  oxygen is not  ope ra t ive .  
de t ec t ed  compared wi th  helium ions consumed i s  only 0.14 o r  about one seventh 
of t h a t  expected. It is  c l e a r  t h a t ,  i n  p r i n c i p l e ,  the  d i sc repanc ie s  could be 
due t o  the formation of a d d i t i o n a l  products  o the r  than those  i d e n t i f i e d ,  bu t  
a search  f o r  other  products  was unsuccessfu l .  S p e c i f i c a l l y ,  such i o n i c  spec ie s  
a s  HeO+ and He02+ could not  be de t ec t ed .  Also,  the amount of impuri ty  ions  
present  was g ross ly  i n s u f f i c i e n t  t o  account f o r  the observed d i sc repanc ie s .  

match the helium ion  l o s s e s  

On the  average,  the  r a t i o  of O+ ions 

From our previous d i scuss ion  i t  appears  t h a t  t he  decrease i n  the ion  
c o l l e c t i o n  e f f i c i e n c y  f o r  ions w i t h  excess  k i n e t i c  energy could be he ld  r e -  
spons ib le  f o r  t he  observed discrepancy.  Accordingly,  a s e r i e s  of r e t a r d i n g  
p o t e n t i a l  measurements were made on ions  leav ing  the  ion  source .  For t h i s  
purpose,  a g r id  was i n s e r t e d  between the  ion  source and the f i r s t  ion  ac- 
c e l e r a t i n g  e l e c t r o d e .  It was found t h a t  He+ and 02+ ions acqui re  the  energy 
imparted t o  them by the 0.5 eV d r i f t  f i e l d  appl ied  i n s i d e  the  ion  source but  
no t  more. On the o ther  hand, the  0' ion  c u r r e n t  produced e i t h e r  by photo- 
i o n i z a t i o n  a t  4 8 B  o r  by r e a c t i o n  ( 9 )  con ta ins  an apprec i ab le  f r a c t i o n  of 
atomic oxygen ions wi th  excess k i n e t i c  energy.  Product imbalance observed 
f o r  r e a c t i o n  (9)  i s ,  t h e r e f o r e ,  a t t r i b u t e d  t o  energy d i sc r imina t ion  i n  the  
ion  source .  

The present  r e s u l t s  f o r  r e a c t i o n s  ( l o ) ,  (13 ) ,  and (14) are a l s o  i n  good 
accord wi th  the previous da t a  obtained by Ferguson and c o l l a b o r a t o r s  [33,34].  
No previous values  appear t o  be a v a i l a b l e  f o r  r e a c t i o n s  (11) and (12 ) .  In- 
t e r e s t i n g l y ,  the r e s u l t s  f o r  r e a c t i o n s  (11) through (13) a l s o  i n d i c a t e  product  
imbalance. In  view of the  experience gained wi th  the  r e a c t i o n s  of helium ions 
the observat ion i s  aga in  i n t e r p r e t e d  a s  being due t o  ions ca r ry ing  excess  
k i n e t i c  energy, a l though i n  these  cases  no s p e c i f i c  a t tempts  were made t o  
v e r i f y  the ex is tence  of f a s t  product i o n s .  

Discuss ion  

Although the p re sen t  da t a  show l i t t l e  s c a t t e r ,  and even though good agree- 
ment i s  obtained i n  the  cases  where comparison w i t h  previous va lues  i s  p o s s i b l e ,  
i t  i s  be l ieved  t h a t  the der ived  rate cons t an t s  a r e  only moderately accu ra t e  be- 
cause of the var ious  co r rec t ions  appl ied  i n  determining pa ren t  ion  res idence  
t imes .  An es t imate  p l aces  the  combined sys t ema t i c  e r r o r  a t  25 pe rcen t .  

The maximum energy acquired by an ion  moving i n  the  r e p e l l e r  f i e l d  i s  
given by the  p e r t i n e n t  a c c e l e r a t i n g  p o t e n t i a l .  From the  app l i ed  r e p e l l e r  
p o t e n t i a l ,  the  r e p e l l e r  p o s i t i o n ,  and the f l i g h t  d i s t a n c e  from the  pa ren t  ion  
o r i g i n  t o  the  e x t r a c t i o n  o r i f i c e ,  the  maximum energy f o r  ions leav ing  the  
source i s ,  f o r  t he  p re sen t  experiments ,  e s t ima ted  a s  Ud = 0.5 eV. Th i s ,  how- 
e v e r ,  i s  not  the energy which, on the  average ,  i ons  have acqui red  when they 
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Figure 15. Normalized average energy of reacting ions U/Ud = I ( a )  as 
a function of the reaction parameter a = UT. 
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undergo a r e a c t i o n ,  because the  r e a c t i o n  p r o b a b i l i t y  decreases  a s  t he  ions 
approach the  e x t r a c t i o n  o r i f i c e  due t o  t h e i r  i nc reas ing  v e l o c i t y  on one hand 
and t h e i r  decreasing concen t r a t ion  on the  o t h e r .  The average energy of t he  
r e a c t i n g  ions is  der ived  i n  Appendix B. It i s  assumed t h a t  the  average i n i t i a l  
( thermal)  energy of t he  ions can be neglec ted .  The average energy of r e a c t i n g  
ions i s  found t o  be p ropor t iona l  t o  the  appl ied  a c c e l e r a t i n g  p o t e n t i a l  and t o  
a func t ion  F of the  parameter a =  AT, where k i s  the  ra te  cons tan t  a s s o c i a t e d  
wi th  the r e a c t i o n ,  A the  n e u t r a l  r e a c t a n t  number dens i ty ,and  5 the  pa ren t  i on  
res idence  t i m e .  The func t ion  F(a)  i s  p l o t t e d  i n  F igure  15. For a x 0 ,  when 
the  degree of r e a c t i o n  i s  s o  small t h a t  t he  decrease i n  pa ren t  ion  i n t e n s i t y  
i s  s t i l l  inapprec iab le ,  the  average energy of ions undergoing r e a c t i o n  i s  

va lue  of a reached i n  the  p re sen t  experiments i s  around a = 1 . 3 ,  where 
U = 0.23 ud. 
i s  0.115 t o  0.166 eV. These va lues  must be considered approximate,  s i n c e  a t  
such low ene rg ie s ,  i t  i s  no longer admissible  t o  neg lec t  the  average i n i t i a l  
energy of the ions .  The p resen t  range of ene rg ie s  l i e s  apprec iab ly  above 
t h a t  found previously f o r  N + ions i n  a i r  a t  h igher  p r e s s u r e s ,  a l though i t  is  
s t i l l  i n  the thermal energy range.  Owing t o  the non-Maxwellian energy d i s -  
t r i b u t i o n  of r eac t ing  i o n s ,  no a t tempt  i s  made t o  r ep resen t  the  average 
ene rg ie s  by equivalent  temperatures .  

= 0.33 ud. With inc reas ing  a,  the  average energy dec reases .  The maximum 

& 

Accordingly,  the  range of average ene rg ie s  of the  r e a c t i n g  ions  

2 

Despite the f a c t  t h a t  the change i n  average energy w i t h  increas ing  a 
amounts t o  only 35 pe rcen t ,  i t  i s  s i g n i f i c a n t  t h a t  the  r a t e  cons t an t s  are 
independent of the average energy. Since the ra te  cons t an t  k f o r  a r e a c t i o n  
i s  r e l a t e d  t o  the r e a c t i o n  c ros s  s e c t i o n  a(v)  by 

m 

k =I v u(v) f ( v )  dv 

0 

where v i s  the r e l a t i v e  v e l o c i t y  of the  i n t e r a c t i n g  p a r t i c l e s ,  and f ( v )  i s  
the  appropr i a t e  normalized d i s t r i b u t i o n  f u n c t i o n ,  the  invar iance  of k w i t h  
energy ind ica t e s  t h a t  the product  v ~ ( v )  i s  e s s e n t i a l l y  cons tan t  f o r  suf -  
f i c i e n t l y  slow ions .  The v a l i d i t y  of the u a l / v  l a w  f o r  low energy c o l l i -  
s ions  has been discussed i n  a t h e o r e t i c a l  contex t  by Rapp and Franc is  [35] 
and by Takayanagi [36].  Since t h i s  i s  a l s o  an  impl i ca t ion  i n  the  theory of 
thermal ion-molecule r e a c t i o n s ,  pu t  f o r t h  by Gioumousis and Stevenson 1371, 
i t  i s  of i n t e r e s t  t o  compare the p re sen t  experimental  ra te  cons t an t s  w i t h  
the  corresponding t h e o r e t i c a l  va lues .  From the  theo ry ,  k i s  given by 

11 2 k = 21t e ( a / p )  

where e i s  the charge of the  ion ,  a the  p o l a r i z a b i l i t y  of t h e  n e u t r a l  r e a c t a n t ,  
and p the  reduced mass of t he  r e a c t i o n  p a r t i c i p a n t s .  
equa t ion  is  the assumption t h a t  a l l  s u f f i c i e n t l y  c l o s e  encounters  l ead  t o  
r e a c t i o n .  I f  t h i s  is no t  t he  c a s e ,  the  i n t r o d u c t i o n  of a . p r o b a b i l i t y  f a c t o r  
R i s  r equ i r ed  which corresponds t o  the  t ransmiss ion  c o e f f i c i e n t  i n  the  o lde r  
theory by Eyring, H i r sch fe lde r ,  and Taylor [38] .  

Also i m p l i c i t  i n  t h i s  
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The da ta  f o r  the  i n v e s t i g a t e d  r eac t ions  a r e  summarized i n  Table 12 .  The 
p o l a r i z a b i l i t i e s  used i n  the  computations were taken from the  t a b u l a t i o n s  by 
Maryott and Buckley [39 ] .  It is  apparent t h a t  the  observed ra te  cons t an t s  
a r e  a l l  smaller than  the  t h e o r e t i c a l  ones ,  a l though t h e  order  of magnitude i s  
g e n e r a l l y  preserved .  However, s i n c e  the  computed ra te  cons t an t s  are i n  r e a l i t y  
only upper l i m i t  v a l u e s ,  i t  appears  t h a t  the  experimental  r a t e  cons t an t s  a r e  
i n  reasonable  agreement wi th  theory and t h a t  t he  d i f f e r e n c e s  should be a t t r i -  
buted t o  vary ing  r e a c t i o n  p r o b a b i l i t y  f a c t o r s .  Rat ios  of experimental  t o  
t h e o r e t i c a l  ra te  c o n s t a n t s ,  which would s i g n i f y  the ind iv idua l  p r o b a b i l i t y  
f a c t o r s ,  are a l so  en te red  i n  Table 12. According t o  these  r a t i o s ,  t h e  r e a c t i o n  
of n i t r o g e n  ions  w i t h  carbon dioxide and t h a t  of oxygen ions wi th  NO a r e  the  
most e f f i c i e n t ,  whereas the  r e a c t i o n  of n i t r o g e n  ions w i t h  oxygen i s  the  l e a s t  
e f f i c i e n t .  

Severa l  yea r s  ago,  Massey [ 4 0 ]  put  f o r t h  the  hypothesis  t h a t  the  cha rac t e r  
of low energy c o l l i s i o n s  i s  a d i a b a t i c .  and by use of a correspondence p r i n c i p l e  
argument, he suggested t h a t  c ros s  sec t ions  f o r  charge t r a n s f e r  under gas  k i n e t i c  
cond i t ions  would be extremely s m a l l  un less  the  energy change i n  the  involved 
e l e c t r o n i c  t r a n s i t i o n s  i s  small; l a rge  c ros s  s e c t i o n s  should be expected only 
i n  the  cases  of resonance. The present  r e s u l t s  argue s t r o n g l y  a g a i n s t  t h i s  
p o i n t .  Column 3 of Table 1 2  shows r e a c t i o n  c ros s  s e c t i o c s  c a l c u l a t e d  from 
G = k/v  f o r  t he  maximum average energy of r e a c t i n g  ions U = 0.166 eV. The 
r e s u l t i n g  c ros s  s e c t i o n s  a r e  comparable t o  gas k i n e t i c  v a l u e s .  Also,  the one 
r e a c t i o n  having the sma l l e s t  energy d e f e c t ,  the  r e a c t i o n  of argon ions wi th  
n i t r o g e n ,  has the sma l l e s t  c ros s  s e c t i o n ,  con t r a ry  t o  expec ta t ion  according t o  
t h e  a d i a b a t i c  hypothes is .  Paulson [41] has prev ious ly  poin ted  out  t h a t  the  
Massey hypothesis  appears t o  f a i l  a t  low energ ies  f o r  those processes  i n  which 
i o n  induced d ipo le  fo rces  dominate,  because then an  in te rmedia te  complex of 
l i f e t i m e  g r e a t e r  than  one v i b r a t i o n a l  per iod  can be formed. This  i s  a l s o  the 
p o s i t i o n  taken by Light  [42,43] who used a phase space formulat ion t o  evalu- 
a t e  t h e  p r o b a b i l i t y  of the  va r ious  decay modes of the  in te rmedia te  complex, 
and who has der ived  energy dependencies of c ros s  s e c t i o n s  i n  s u r p r i s i n g l y  good 
agreement w i t h  experimental  d a t a  i n  many cases .  On the  o ther  hand, i t  should 
be r e a l i z e d  t h a t  Massey's hypothesis  w a s  o r i g i n a l l y  formulated f o r  atomic col-  
l i s i o n s  where, except  f o r  symmetrical systems, resonances a r e  co inc iden ta l  and 
few, and where t h i s  hypothesis  had i t s  g r e a t e s t  measure of success .  Molecules,  
by comparison, possess  many c lose - ly ing ,  e l e c t r o n i c ,  v i b r a t i o n a l  and r o t a t i o n a l  
l e v e l s ,  so  t h a t  t he  p r o b a b i l i t y  of near resonance i s  cons iderably  increased .  
The p r e s e n t  observa t ion  t h a t  r e a c t i o n  systems wi th  a l a r g e  energy d e f e c t  AE, 
such as the  charge t r a n s f e r  process  involving argon ions and n i t r i c  oxide have 
l a r g e  c r o s s  s e c t i o n s ,  may r e f l e c t  the p o s s i b i l i t y  of e x c i t e d  secondary ion  
formation.  A judgement concerning t h i s  p o i n t  must be reserved  u n t i l  more ex- 
per imenta l  d e t a i l s  a r e  a v a i l a b l e  on the  na tu re  of t he  product  ions evolved 
from such r e a c t i o n s .  The i n d i c a t i o n  i n  the  p re sen t  work t h a t  exothermic r e -  
a c t i o n s  may r e s u l t  i n  product  ions  having apprec iab le  excess  k i n e t i c  energy, 
a l s o  sugges ts  the  importance of ene rge t i c  cons ide ra t ions  and c a l l s  f o r  more 
d e t a i l e d  i n v e s t i g a t i o n s  of t h i s  e f f e c t .  
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TABLE 12 

COMPARISON OF RESULTS WITH THEORY 

10 10 
DE u* x 10 k exP x10 ktheor lo kexp/ktheor 2 Reaction 
(ev) (cm /molecule) (cc/molecule sec) 

9 .o 5 30 15 16.5 0.91 + He + N2 
420 12 15.5 0.77 

3.54 12 1.1 6.92 0.16 

+ He + O2 12.37 

A + O2 + 

1.96 78 + A + C02 7 .O 8.75 0.80 

3.37 15 1.1 7.55 0.15 

N: + C02 1.79 121 9.1 9.67 0.94 
+ O2 

N2+ + NO 6.33 64 4.8 8.45 0.57 

0,' + NO 2.96 96 7.7 8.17 0.94 

dk for ions of 0.166 eV energy 
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CONCLUSIONS 

The present investigation differs from previous mass spectrometer investi- 
gations of ion-molecule reactions in two respects: ( a )  photoionization replaces 
the more commonly employed electron impact mode of ion formation and (b) a new 
technique is employed for the determination of ion residence times in the source 
in the presence of a constant repeller field. The ensuing advantages are: the 
state of the primary ions is reasonably well defined by the choice of ionizing 
wavelength and residence times can be obtained without a detailed knowledge of 
the electric field configuration in the ion source. This is particularly valuable 
at higher pressures where residence times are not calculable form Newton's 
formula. 
tributions enables the determination of ion diffusion coefficients from the 
broadening of the density profile, and ultimately the derivation of approxi- 
mate ion temperatures. It is an important finding that at pressures above 50 
microns, where the basic motion of ions is drift in the electric field, the 
ionic temperatures are in the thermal range provided only moderate fields are 
applied. Finally, rate constants for several reactions involving helium argon 
nitrogen, oxygen and hydrogen ions are given and compared with existing data 
where available. Satisfactory agreement is obtained in all cases, indicating 
that the methods applied here are useful in extending rate constant determina- 
tions toward higher pressures than was previously thought possible. 

The interpretation of ion pulse shapes in terms of ion density dis- 
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APPENDIX A 

CORRECTION FORMULA FOR THE DETERMINATION OF RESIDENCE 
TIMES ' *- 

To eva lua te  the e f f e c t  of d i f f u s i o n  on a group of i ons  moving i n  the  
source under the  in f luence  of a f i e l d ,  cons ider  t he  fol lowing i d e a l i z e d  phys i -  
c a l  s i t u a t i o n .  
a t  t he  i n s t a n t  t = 0 i n  the plane x = 0, and t h a t  a one-dimensional Gaussian 
i o n  concen t r a t ion  p r o f i l e  develops due t o  d i f f u s i v e  motion perpendicular  t o  
the  plane of o r i g i n :  

It i s  assumed t h a t  ions a r e  depos i ted  by a d e l t a  source release 

2 
exp(-x /4Dt) 

-1 /2  
n(x, t) = No (4rrDt) 

Here, x i s  the  d i s t a n c e  from the  c e n t e r  of the  p r o f i l e ,  No i s  the  t o t a l  number 
of i ons  generated pe r  u n i t  a r ea  i n  the plane of o r i g i n ,  and D i s  the  d i f f u s i o n  
c o e f f i c i e n t .  

Superimposed upon d i f f u s i o n  i s  the  motion of i ons  toward the sampling 
o r i f i c e  due t o  the  appl ied  e lec t r ic  f i e l d .  Since the  f i e l d  i s  a l s o  perpendi-  
c u l a r  t o  the plane of o r i g i n ,  i t  i s  convenient t o  express  x i n  terms of t he  
d r i f t  v e l o c i t y  v and t h e  t i m e  t .  
the  d r i f t  v e l o c i t y  i s  cons t an t ,  so t h a t  x = d - v t  wi th  d being the  known d i s -  
tance from the  c e n t e r  of t he  l i g h t  beam t o  the  sampling ape r tu re .  I f  the  
average res idence  t i m e  T~ = d /v  i s  introduced, x = d ( l  - t / - c o ) .  

I n  t h e  p re s su re  r eg ion  where d i f f u s i o n  occurs ,  

Consider now the  f l u x  of i ons  en te r ing  the  sampling ape r tu re .  The con- 
t r i b u t i o n s  of both d r i f t  and d i f f u s i o n  g ive  the  f l u x  

dn(x,  t) 
a t  Q(v , t )  = vn(x , t )  - D 

xn(x,  t )  
2 t  = vn(x , t )  + 

The bui ldup of charge a t  t he  d e t e c t o r  loca ted  behind the  sampling ape r tu re  i s  
g iven  by the  t i m e  i n t e g r a l  

P (v , t )  = Q(v, t )  d t  = n ( x , t )  (v + x / 2 t )  d t  
0 s 0 s 

which can  be evaluated to y i e l d  

The de termina t ion  of the  t i m e  t = 'I a t  which ions a r e  f i r s t  de tec ted  r e q u i r e s  
the  d e f i n i t i o n  of a threshold .  
p r a c t i c a l  d e t e c t i o n  l i m i t  i s  around t e n  percent  of t he  t o t a l  pu lse  he ight  

Since experience has shown t h a t  the  average 
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disp layed  on the osc i l l o scope ,  it i s  reasonable  t o  set P ( v , t )  = 0.1 No and 
eva lua te  t h e  e r r o r  func t ion  accordingly.  This l eads  t o  

'0.906 = x/2  = d ( 1 - ~ / ~ ~ ) / 2 &  

which can be rearranged t o  y i e l d  

I n  t h e  low pres su re  r eg ion  where t h e  motion of i ons  i s  governed by c o l l i s i o n -  
f r e e  a c c e l e r a t i o n  i n  t h e  e lec t r ic  f i e l d ,  t h e  broadening of t h e  ion  concentra-  
t i o n  p r o f i l e  i s  due t o  t h e  thermal  d i s t r i b u t i o n  of i n i t i a l  i on  v e l o c i t i e s ,  and 

0 
N 

t n ( x , t )  = - 

Here,m i s  t h e  mass of t h e  ion ,  k t h e  Boltzmann Constant ,  and T t h e  temperature .  
The f l i g h t  v e l o c i t y  i s  no longer cons t an t ,  bu t  t h e  acce lera t ion ,a ,provided  by 
t h e  f i e l d  is. S imi l a r ly  as above, x = d - a t 2 / 2  = d ( l - t 2 / T z )  and by t h e  same 
arguments, one de r ives  f o r  t h i s  c a s e  

T *  = .r2/[1 - ( 1 . 2 8 ~ / d )  1 
0 

... 

50 



APPENDIX B 

AVERAGE ENERGY OF REACTING I O N S  

To determine t h e  average energy t h a t  ions  have gained i n  t h e  f i e l d  a t  t h e  
moment of r e a c t i o n ,  cons ider  f i r s t  the  p r o b a b i l i t y  of r e a c t i o n  as a func t ion  of 
time a f t e r  t h e  depos i t i on  of ions  i n  t h e  p lane  x = 0. I f  t h e  process  under con- 
s i d e r a t i o n  i s  w r i t t e n  

N+ + A 3 M+ + B 

t h e  p r o b a b i l i t y  of r e a c t i o n  a t  any i n s t a n t  t i s  

SM' = kN+ A6t 

+ where k i s  t h e  a s soc ia t ed  r a t e  cons tan t  and M , N', and A s tand  f o r  t h e  concen- 
t r a t i o n s  of t h e  r e s p e c t i v e  spec ie s .  
rate equat ion  y i e l d s  

Since f u r t h e r  SM+= -S$ ,  t h e  i n t e g r a t e d  

SM+ S t  kANo e 

and 

M+ = N,(I - e -kAt 

+ +  with  No = M + N 
x = 0 a t  t he  i n s t a n t  t = 0. Thus, one can d e f i n e  the  normalized r e a c t i o n  
p r o b a b i l i t y  

being t h e  i n i t i a l  concen t r a t ion  of parent  ions  i n  t h e  p lane  

kA St 
kAT 6@ = @(t) 6 t  = 

1 - e  

wi th  Q ( T )  = 1, where T i s  the  t o t a l  res idence  t i m e  of parent  ions  N+ i n  t h e  
source.  It i s  convenient t o  in t roduce  t h e  parameter a =  AT as a measure of  
the r e a c t i o n  rate.  Then, 

- a t / z  

-a o ( t )  6 t  = a_ e 
T 1 - e  

I f  t h e  in f luence  of c o l l i s i o n s  upon t h e  motion of ions  can be neglec ted  
and i f  t h e  i n i t i a l  k i n e t i c  energy of ions  being acce le ra t ed  i n  t h e  e l e c t r i c  
f i e l d  i s  n e g l i g i b l e  i n  comparison t o  t h e  energy acquired a t  t h e  moment of  
r e a c t i o n ,  t h e  energy of  a parent  ion a t  t h e  i n s t a n t  t i s  given by 

2 2 2  2 2  u =  e E t /2m = e Edt / T  
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where e i s  t h e  charge of  t h e  e l e c t r o n ,  E t h e  e l e c t r i c  f i e l d  s t r e n g t h ,  m t h e  mass 
of t h e  ion ,  and d t h e  d i s t a n c e  from t h e  o r i g i n  of t h e  ions  t o  t h e  e x t r a c t i o n  
o r i f i c e  i n  t h e  source.  
ions  i s  e Ed = Ud. 
O < t < ~ i s  

The t o t a l  a c c e l e r a t i o n  p o t e n t i a l  experienced by t h e  
The average energy of t h e  ions  r e a c t i n g  a t  any t i m e  t w i t h  

c; = J U ( t )  @(t) 6 t  

0 

Evaluat ion of t he  i n t e g r a l  l eads  t o  t h e  express ion  

cy 

which relates U t o  a. The func t ion  F(a) i s  p l o t t e d  i n  Figure 15.  
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