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MASS SPECTRA OF POSITIVE 

AND NEGATIVE IONS I N  

NITROUS AND N I T R I C  OXIDES 

By C. S. Harden and E. E. Muschlitz,  Jr. 

SUMMARY 

Using a high r e s o l u t i o n  m a s s  spectrometer containing an e l e c t r o n  impact 
ion source,  t he  m a s s  s p e c t r a  of p o s i t i v e  and negat ive  ions  i n  N 2 0  and NO have 
been s tudied  f o r  pdss ib l e  gas  phase ion-molecule r eac t ions .  Over a pressure  
range of 0.05 t o  0.5 microns Hg, as measured by a P i r a n i  gauge i n  t h e  ion  
source,  no such r e a c t i o n s  were observed. 

The formation of NO' by e l e c t r o n  impact i n  NO was found t o  be second 
order  pressure  dependent a t  low pressures  and f i r s t  order  a t  higher  pressures .  
I n i t i a l  e l e c t r o n  attachment followed by c o l l i s i o n  s t a b i l i z a t i o n  i s  proposed 
a s  the  mechanism f o r  t he  process. The formation of NO- ions  from N 2 0  molecules 
was found t o  dev ia t e  s l i g h t l y  from a f i r s t  o rder  pressure  dependence toward

7second order .  It i s  suggested t h a t  t h e  ion i s  i n i t i a l l y  formed i n  an  exc i t ed  
energy s t a t e  and t h a t  a second c o l l i s i o n  i s  requi red  f o r  the  r e l e a s e  of i t s  
excess energy. An i n t ense  peak a t  mass 26 w a s  observed i n  t h e  nega t ive  ion  
spec t r a  of bo th  N20 and NO. It i s  suggested t h a t  t h i s  peak i s  due t o  CN' which 
i s  produced i n  a su r face  r e a c t i o n  involving N+ ions  and adsorbed hydrocarbons. 
The i n t e n s i t y  i s  markedly reduced upon cleaning t h e  source e lec t rodes .  

INTRODUCTION 

Pos i t i ve  Ion Format ion 

The s tudy of gas  phase r e a c t i o n s  between ions and n e u t r a l  molecules has 
been g r e a t l y  a ided  by t h e  observa t ion  of secondary r e a c t i o n s  i n  the  ion  
source of a m a s s  spectrometer.  These processes  w e r e  observed by the  e a r l y  
workers i n  t h e  f i e l d  of mass spectrometry (ref. 1) b u t  w e r e  considered as 
nuisances i n  the  development of t h e i r  machines which w e r e  p r imar i ly  used f o r  
measuring nuclear  packing f r a c t i o n s  and i s o t o p i c  abundance r a t i o s .  

The number of secondary ions  t h a t  are produced as a r e s u l t  of an ion-
molecule r e a c t i o n  w i l l  be  propor t iona l  t o  t h e  number of primary ions  t r ave r s ing  
a gas  f i l l e d  reg ion  and t o  t h e  number of n e u t r a l  molecules occupying t h e  
region. Hence, t h e  r a t i o  of t he  number of secondary ions  c o l l e c t e d  t o  the  
number of primary ions  c o l l e c t e d  (assuming the  s a m e  c o l l e c t i o n  e f f i c i e n c y  f o r  
both ions) w i l l  be  propor t iona l  t o  t h e  pressure  of n e u t r a l  molecules i n  t h e  
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i on  source. I n  genera l ,  t h e  des i r ed  information concerning such r e a c t i o n s  i s  
obtained from measuring the  secondary t o  primary ion r a t i o  a s  a func t ion  of 
pressure .  

I n  t h i s  work, the  mass spec t r a  of t he  p o s i t i v e  and negat ive  ions  produced 
by e l ec t ron  impact i n  n i t r o u s  oxide and n i t r i c  oxide are inves 
ion-molecule r eac t ions .  Curran and Fox ( r e f .  2) show t h a t  
and 0+ a r e  produced a s  primary ions  i n  N20.  Hence, t h e r e  
equat ions t h a t  may be w r i t t e n  f o r  poss ib l e  gas  phase r e a c t i o n s  i n  N20. A few 
of t hese  are:  

NO+ + N20 = N O 2
+ + N2 

N2+ + N20 = N O +  + N2 + N 

N+ + N20 .NO3' + N2 

O+ + N20 =02+ + N2 

C lou t i e r  and Schiff  ( re f .  3 )  found t h a t  NO+, N+, and 0" a r e  primary ions 
produced i n  NO a s  a r e s u l t  of e l e c t r o n  bombardment. Some of t h e  equat ions 
t h a t  can be w r i t t e n  f o r  poss ib l e  ion-molecule r eac t ions  in NO are:  

NO+ + NO -NO2+ + N 

N+ 4- NO *N2+ + 0 

0' + NO =02+ f N 

Negative Ion Formation 

Negative ion formation a r i s i n g  from c o l l i s i o n s  of e l e c t r o n s  with molecules 
comes about by th ree  processes ,  namely 

X Y + e  XY- (1) 

X Y + e  = x  + Y- (2) 

X Y + e  =IC+ + Y- + e ( 3 )  

Process (1) occurs  by attachment of an e l ec t ron  t o  a n e u t r a l  molecule XY 
leaving t h e  molecule i n  a v i b r a t i o n a l l y  exci ted energy s t a t e .  Unless t h i s  
excess energy can be el iminated by c o l l i s i o n  with a t h i r d  body t h e  molecule 
w i l l  d i s s o c i a t e  or  emit a photon. I f  t he  t h i r d  body i s  an atom, t h e  energy 
w i l l  appear i n  an increase  of t r a n s l a t i o n a l  energy; i f  i t  i s  a molecule, t he  
energy can a l s o  appear a s  v i b r a t i o n a l  exc i t a t ion .  The over-al.1 e f f e c t  of t h e  
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attachment process obeys a t h r e e  body equation 

X Y + e + M  * XY- + M + energy 

Biondi ( r e f .  4)  has discussed a number of s t u d i e s  of t h i s  attachment process 
i n  02. A t  low pressure o r  low concentrat ion of M, t h e  number of 02- ions 
formed by t h i s  process should be  a func t ion  of t h e  square of t h e  pressure.  A t  
high concentrat ions of M where chances of t h i r d  body c o l l i s i o n  are good, t h e  
formation process should be l i n e a r  with pressure.  The reasons f o r  t h i s  w i l l  
be explained la ter  by consider ing a similar process. 

A d i s s o c i a t i v e  attachment process,  r e a c t i o n  (2) occurs when t h e  energy 
of t h e  inc iden t  e l e c t r o n  i s  such t h a t ,  when captured, it rup tu res  t h e  X-Y 
bond and i s  a t t ached  t o  the Y fragment. This process ,  i n  gene ra l ,  occurs over 
a narrow range of e-lectron energies .  Curran and Fox ( r e f .  2) observe t h a t  t h e  
r e a c t i o n  

N 2 0  + e N 2  + 0' 

occurs over a range of e l e c t r o n  energies  of about zero t o  fou r  e l e c t r o n  v o l t s .  
According t o  C lou t i e r  and Schiff  ( r e f .  3 )  t h e  range of e l e c t r o n  energies  
over which t h e  r e a c t i o n  

NO f e - N  + 0 

occurs i s  about seven t o  eleven eV. I n  cases where Y' i s  polyatomic, vibra
t i o n a l  e x c i t a t i o n  could occur and a t h i r d  body c o l l i s i o n  may b e  necessary f o r  
s t a b i l i z a t i o n  of t h e  ion. Thus, such an in s t ance  would involve a second 
o rde r  pressure dependence a t  low p res su res  and a f i r s t  order  dependence a t  
higher pressures .  

Case ( 3 )  may occur as t h e  r e s u l t  of an e l e c t r o n  s t r i k i n g  a molecule, 
e x c i t i n g  i t  t o  an uns t ab le  s t a t e  which d i s s o c i a t e s  spontaneously i n t o  p o s i t i v e  
and negat ive ions. I n  t h i s  ca se  t h e  e l e c t r o n  i s  n o t  captured bu t  merely ac t s  
as a source of energy needed t o  cause t h e  e l e c t r o n i c  t r a n s i t i o n s  necessary f o r  
such a d i s soc ia t ion .  

Hagstrum and Tate ( r e f .  5) have shown by mass spectrometr ic  methods t h a t  
i n  02, CO, and NO, 0- i s  produced bo th  by a d i s s o c i a t i v e  capture  process and 
by d i s s o c i a t i o n  of t h e  molecules i n t o  p o s i t i v e  and nega t ive  ions. I n  a l l  t h r e e  
molecules t h e  appearance p o t e n t i a l  of 0' by t h e  l a t t e r  process i s  i n  t h e  
neighborhood of 20 eV. 

I n  the work of Curran and Fox ( r e f .  2) and of C lou t i e r  and Schiff  ( ref .  3)  
on N 2 0  and NO r e spec t ive ly  only 0' i s  reported as appearing i n  t h e  negat ive 
ion mass spectra of t h e  gases. Knox and Bur t t  ( ref .  6) a l s o  found only 0' i n  
t h e  two gases.  However, Rudolph, Melton, and Begun ( r e f .  7) r epor t  t h e  fo r 
mation of NO- i n  bo th  gases.  They suggest t h a t  secondary processes are 
p a r t i a l l y  r e spons ib l e  f o r  i t s  formation. I n  p a r t ,  t h i s  work is  an attempt t o  
c a r r y  t h e  study of t he  formation of NO' i n  N 2 0  and NO t o  higher  pressures  than 
were used by Rudolph, et&. 
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Surf ace Phenomena 

I n  1936, Arnot and Mil l igan ( r e f .  8) reported experimental evidence which 
ind ica t ed  t h a t  a p o s i t i v e  ion ,  upon c o l l i s i o n  with a m e t a l  su r f ace ,  may. ionscapture  two e l e c t r o n s  t o  form a negat ive ion. They found t h a t  when Hg 
of about 200 e V  energy impinge upon n i c k e l  o r  tungsten su r faces  t h e  chance of 
producing Hg- ions i s  about 1 i n  lo4. S imi l a r ly ,  H2+ ions were found t o  
produce H' ions. They found t h a t  t h e  negat ive ions were produced i r r e s p e c t i v e  
of whether t h e  s u r f a c e s  were ho t  or cold. I n  1935 ( r e f .  9 ) ,  i t  had been 
observed experimentally t h a t  nega t ive  ions are formed on a su r face  from which 
atoms o r  molecules are evaporated. Zandberg and Ionov (ref .  10) g ive  an 
extensive review of t h e  formation of p o s i t i v e  and negat ive ions a t  a hot 
su r f ace  by su r face  ion iza t ion .  

k n o t  ( r e f .  8) proposed t h e  following mechanism f o r  t he  formation of a 
negat ive atomic ion from a p o s i t i v e  atomic ion  s t r i k i n g  a m e t a l  surface.  The 
p o s i t i v e  ion f i r s t  cap tu res  an e l e c t r o n  from the su r face  placing t h e  atom i n t o  
an exc i t ed  s ta te .  The exc i t ed  atom then cap tu res  an e l e c t r o n  from t h e  su r face  
and becomes a nega t ive  ion. This double cap tu re  process w i l l  be e n e r g e t i c a l l y  
favorable  provided t h e  sum of t h e  i o n i z a t i o n  p o t e n t i a l  and t h e  e l e c t r o n  
a f f i n i t y  of t h e  incident  atom is  g r e a t e r  than twice t h e  work func t ion  of t h e  
surface.  Smith (ref .  11) worked out t he  quantum mechanical d e t a i l s  of t h i s  
process and found good agreement between theory and experimental r e s u l t s .  

By using an apparatus  which could be thoroughly degassed, Sloan and 
Press  ( r e f .  12) were unable t o  f i n d  Hg' i ons  being produced as  a r e s u l t  of 
bombarding a n i c k e l  su r f ace  with Hg+ ions.  Arnot and Beckett  ( r e f .  13) found 
t h a t  t h e  negat ive ion spectra produced by Ar+, N2+, and Hgf s t r i k i n g  a f i lament  
t h a t  had no t  been degassed t o  con ta in  t h e  same peaks, including ions of masses 
12, 1 6 ,  24, 29,  32, 38, 44, and 51. The ions of mass 16 and 32 were i d e n t i f i e d  
as 0' and 02- while mass 24 may have been C2-. These ions were produced from 
gases  adsorbed on t h e  su r face  r e a c t i n g  with t h e  bombarding ions of adequate 
energy. These peaks were removed by degassing t h e  f i lament .  

I n  experiments involving t h e  e f f i c i e n c y  of i on iza t ion  by e l e c t r o n  bombard
ment i n  seve ra l  gases ,  M a r m e t  and Morrison ( r e f .  14) explained t h e  t i m e  vary
ing n a t u r e  of t h e i r  da t a  by considering t h a t  i o n i z a t i o n  a t  metal surfaces  i n  
t h e i r  apparatus  contr ibuted t o  t h e  spectra .  

The f i n a l  p a r t  of t h i s  work d e a l s  with t h e  study of a negat ive ion i n  the  
s p e c t r a  of N20 and NO which seems t o  a r i se  i n  much the  same manner as t h e  
ions observed by Arnot and co-workers ( r e f .  8,13).  

4 




EXPERIMENTAL 

Apparatus 

Mass spectrometer and ion source. The mass spectrometer used i n  t h i s  
work i s  a f i r s t  order  d i r e c t i o n  focusing instrument with 60-degreey 12-inch 
radius-of-curvature magnetic d e f l e c t i o n .  It i s  schematically i l l u s t r a t e d  i n  
Figure 1. The ion source which w a s  designed by S. 0. Colgate ( r e f .  15) i s  con
t a ined  i n  sec t ions  1 and 2. D i f f e r e n t i a l  pumping on the  f i lament  i s  provided 
through s e c t i o n  6 ,  Sect ion 3 i s  t h e  analyzer  region,  s ec t ion  5 i s  the def lec
t i n g  magnet, and sec t ion  4 houses a Nuclide Analysis 16-stage e l e c t r o n  mul
t i p l i e r ,  Model E M - l .  The e l e c t r o n  m u l t i p l i e r  i s  connected to  a Cary, Model 
31, v i b r a t i n g  reed electrometer .  The instrument i s  evacuated through tubes 
P i ,  P2, and P3 from s e c t i o n s  2 ,  3 ,  and 6 .  Each of t hese  tubes i s  connected 
through a l i q u i d  n i t rogen  t r a p  t o  a mercury d i f f u s i o n  pump having a pumping 
speed of 80 l i t e r s  p e r  second. The d i f f u s i o n  pumps a r e  connected t o  a Welch 
mechanical pump with a pumping speed of 375 l i t e r s  p e r  minute. 

A schematic diagram of t h e  ion source i s  shown i n  Figure 2. I n  t h i s  
diagram F denotes t h e  f i lament  which i s  a t h o r i a  coated i r idium s t r i p ,  A i s  
t h e  anode, GI and G2 are e l e c t r o n  beam focusing e l e c t r o d e s ,  R i s  t h e  re
p e l l e r ,  T i s  t h e  e l e c t r o n  t r a p ,  and J1 through J6 are ion acce le ra t ing  and 
focusing electrodes., The ion source con ta ins  a P i r a n i  gauge, P, which p e r m i t s  
d i r e c t  pressure measurements i n  t h e  i o n i z a t i o n  chamber, I. The temperature 
of t h e  gas  i n  t h e  i o n i z a t i o n  chamber i s  con t ro l l ed  by c i r c u l a t i n g  s i l i c o n e  o i l  
from a constant  temperature ba th  through a b r a s s  block which houses t h e  
chamber, The P i r a n i  gauge i s  c a l i b r a t e d  aga ins t  a McLeod gauge. 

Gas handling system. The gases  used i n  t h i s  work are obtained from 
Matheson Company. The n i t r o u s  oxide has a minimum p u r i t y  of 98 p e r  cen t  with 
t h e  p r i n c i p a l  impurity being a i r .  Minimum p u r i t y  of t h e  n i t r i c  oxide i s  99 
p e r  cen t ,  t he  major impur i t i e s  being carbon dioxide and ni t rogen.  

A diagram of the gas handling and pumping system i s  shown i n  Figure 3. 
Pa r t  of t he  system i s  designed f o r  handling co r ros ive  gases ,  such as NO. 
The n i t r o u s  oxide s to rage  and p u r i f i c a t i o n  system c o n s i s t s  of a high pressure 
sample  c y l i n d e r ,  a Matheson needle va lve ,  V12, e i g h t  g l a s s  stopcocks, VI ,  Vg 
through V 1 1 ,  two g l a s s  f r e e z e  bulbs ,  B 1  and B 2 ,  a mercury manometer, and a 
1 2 - l i t e r  g l a s s  s to rage  b o t t l e .  This system i s  evacuated by a mercury d i f f u s i o n  
pump, D.P. 1, connected t o  a Welch mechanical pump. The n i t r i c  oxide s to rage  
system c o n s i s t s  of a high pressure sample cy l inde r ,  a Matheson needle valve,  
V4 ,  a high p res su re  gauge, G 2 ,  a s t a i n l e s s  s t e e l  s to rage  tank, T ,  a Marsh 
abso lu te  pressure gauge, GI ,  and a 3/8-inch composition seat Henry va lve ,  V3. 
The leak system has one 3/8-inch Henry va lve ,  V13, two I l4- inch Hoke valves, 
Vi4 and V16, and a s t a i n l e s s  s t ee l  bellows type leak valve,  L1, having a s t e m  
taper of 1 O O O : l .  The rest of t h e  l eak  system i s  used f o r  atmospheric gases. 
The n i t r i c  oxide s to rage  system and t h e  leak system are evacuated by a Consoli
dated Vacuum Corporation a i l  d i f f u s i o n  pump, D,P. 2 ,  connected t o  a Cenco 
mechanical pump. The vacuum i n  the  NO s to rage  system and i n  t h e  leak system i s  
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Fig. 1.-Schematic diagram of the mass spectrometer. 
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SIDE VIEW 
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TOP VIEW 

Fig. 2.-Schematic diagram of the ion source. 
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checked by a Consolidated Electrodynamics Corporation thermocouple gauge. 
Gauge G3 is  a Wallace and Tiernan d i f f e r e n t i a l  p ressure  gauge f o r  measuring 
pressures  g r e a t e r  than  one mm Hg. 

Procedure 

N20 p u r i f i c a t i o n .  To evacuate t h e  N20 p u r i f i c a t i o n  system, va lves  V2 and 
V5 are c losed ,  va lves  V i ,  V6, V7, Vg, vg, V p ,  v11, a r e  opened and D.P. 1 is 
t urned on. The system i s  f lushed  t w i c e  w i t  N20 and evacuated again. V6 and 
v8 a r e  then closed.  N20 i s  leaked i n t o  the  sys t em t o  a p res su re  of approxi
mately one atmosphere through a dry i c e  t r a p  and f rozen  out  i n t o  B 1  by means 
of a l i q u i d  n i t rogen  bath.  Any r e s i d u a l  gases  are pumped away. The l i q u i d  
n i t rogen  b a t h  is removed t o  a l low about one-fourth of t h e  f rozen  m a t e r i a l  t o  
vaporize.  Then Vg i s  c losed ,  t he  l i q u i d  n i t rogen  ba th  replaced around B1 ,  
and t h a t  po r t ion  of t h e  gas pumped away. Vg i s  then opened and t h e  l i q u i d  
n i t rogen  removed from B 1  u n t i l  approximately one-half of t he  o r i g i n a l  sample  
has vaporized. This po r t ion  of gas  i s  f rozen  out  i n t o  B2. The remainder of 
t he  o r i g i n a l  sample i s  discarded.  This procedure i s  repeated seve ra l  times. 
Then the  gas  i s  t r a n s f e r r e d  from B2 t o  the  gas  s torage  b o t t l e  where it i s  
f rozen  out  i n t o  a co ld  t r a p  and pumped on f o r  about two hours t o  remove any 
r e s i d u a l  N2 o r  0 t h a t  may be  present .  The p u r i t y  of t h e  gas  i s  est imated t o  
be b e t t e r  than 96.5 p e r  cen t .  

Measurements of m a s s  spec t r a .  For the  p o s i t i v e  ion  measurements, t h e  
energy of t he  ion iz ing  e l e c t r o n s  i s  70 e l e c t r o n  v o l t s ,  t h e  t r a p  v o l t a g e  i s  f i v e  
v o l t s  p o s i t i v e  with r e spec t  t o  J1, and the  ion  acce le ra t ing  p o t e n t i a l  i s  5,000 
v o l t s .  The e l e c t r o n  energy f o r  t h e  nega t ive  ion s t u d i e s  i s  30 e V ,  t he  t r a p  
vo l t age  i s  ad jus t ed  f o r  maximum t r a p  cu r ren t ,  and the  ion a c c e l e r a t i n g  poten
t i a l  i s  6,500 v o l t s .  The r e p e l l e r  vo l t age ,  i n  most ca ses ,  i s  p lus  or minus 20 
v o l t s  with respec t  t o  J1 depending on whether p o s i t i v e  ions o r  negat ive ions  
a r e  being observed. The spec t r a  were observed by sweeping the  magnetic f i e l d  
a t  approximately one mass u n i t  every 30 seconds. When obta in ing  the  r a t i o s  of 
m a s s  30 t o  mass 16 and of mass 26 t o  mass 16 i n  t h e  nega t ive  ion  spec t r a ,  t h e  
des i red  peak i s  swept a t  the  speed given above and t h e  f i e l d  i s  changed 
manually t o  a po in t  where the  next  peak of i n t e r e s t  can be swept without a 
g r e a t  dea l  of t i m e  l a p s e  between peaks. I n  a l l  cases ,  t h e  mass spectrometer i s  
focused f o r  maximum i n t e n s i t y  of t he  primary ion of i n t e r e s t .  The peak he igh t s  
are recorded on a Varian type G - 1 1  recorder .  

The masses a r e  determined by the  use of a Harvey-Wells NMR Prec is ion  
Gaussmeter. The gaussmeter i s  c a l i b r a t e d  aga ins t  peaks of known mass. 

The temperature of t h e  gas  i n  t h e  ion iza t ion  chamber i s  40 degrees Centi
grade f o r  a l l  t he  gases  used. 
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RESULTS 

P o s i t i v e  Ions 

As w a s  s t a t e d  i n  t h e  In t roduc t ion ,  t h e  p r i m a r j  p o s i t i v e  ions  in N20 are 
N20+ (m/e = 44), N@ (m/e = 30) , N2+ (m/e = 28) 0 (m/e = 16), and d (m/e = r 
14). The primary ions  i n  NO are NO+, $, and 04. I n  N20, excluding the  
primary ions,  peaks were observed a t  m / e  of 46, 45, 32, 31, 29, 18, and 15. It 
i s  obvious t h a t  t h e s e  peaks can be  a t t r i b u t e d  t o  isotopes of the primary ions. 
However, i n  o rde r  t o  determine whether any of t h e s e  peaks are due t o  secondary 
r e a c t i o n s ,  t h e  r a t i o s  of t h e i r  i n t e n s i t i e s  t o  t h e  primary ion of which they are 
probable isotopes were taken as a func t ion  of pressure.  The same w a s  done f o r  
peaks occurring a t . m / e  of 44, 32, 31, 24, 18, and 15 i n  t h e  NO spectrum. No 
p res su re  dependence w a s  noted f o r  any of t hese  r a t i o s  over t h e  p re s su re  range 
0-0.5 microns. With t h e  exception of masses 44 and 28 i n  NO, a l l  t h e  r a t i o s  
were very n e a r l y  t h e  s a m e  as those ca l cu la t ed  from t h e  abundances of n a t u r a l l y  
occurr ing N15 and 0l8 isotopes of n i t r o g e n  and oxygen (ref. 16). These peaks 
may b e  a t t r i b u t e d  t o  s m a l l  C02 and N2 impur i t i e s  i n  t h e  n i t r i c  oxide. 

Negative Ions 

In t h e  negat ive ion spectrum of both N20 and NO, peaks were observed a t  
masses 16, 26, and 30. Mass 16 i s  a t t r i b u t e d  t o  0' and m a s s  30 t o  NO' i n  both 
gases. The r a t i o s  of masses 26 and 30 t o  mass 16 were measured as a func t ion  
of pressure.  

A p l o t  of INO-/IOversus  p re s su re  (Figure 4) i n  N20 g ives  a s t r a i g h t  l i n e  
with a very s m a l l  s lope.  A p l o t  of I3o/I16 ve r sus  p re s su re  i n  NO (Figure 5 ) ,  
which includes a po in t  from t h e  work of Rudolph, Melton, and Begun ( re f .  7 ) ,  
shows a p res su re  dependence a t  low p res su re  and a n  independence with pressure 
a t  higher pressures .  

P l o t s  of I26/Io- ve r sus  p re s su re  i n  N20 and NO (Figures 6 and 7) g ive  a 
s lope  of zero,  w i th in  experimental e r r o r ,  i nd ica t ing  t h a t  t h e  number of mass 
26 ions being produced i s  p ropor t iona l  t o  the number of some primary ion being 
produced as a r e s u l t  of e l e c t r o n  bombardment. This a l s o  i n d i c a t e s  t h a t  t he  
m a s s  26 ion does not  r e s u l t  from a g a s  phase react ion.  It appears t h a t  t h i s  
peak i s  due t o  CN'. The only o t h e r  negat ive ion  of mass 26 which could con
ceivably b e  p re sen t  i s  C2H2'. C2H2' i s  r epor t ed  by Melton and Rudolph (ref .  
17)  as being p resen t  i n  t h e  s p e c t r a  of methane, ethane, ace ty l ene ,  n-butane, 
and several alcohols .  I n  most cases t h e  number of C2H2- present  i n  t h e  nega
t ive  ion s p e c t r a  of t hese  substances i s  less than 0.1 per  c e n t  of t h e  t o t a l  
number of negat ive ions.  I n  ethane, C2H2- makes up about 2 p e r  c e n t  of t h e  
nega t ive  ions  and i n  n-butane, about 3 per cent.  Therefore,  s i n c e  t h e  m a s s  26 
peak is  so s m a l l  i n  t he  nega t ive  ion  s p e c t r a  of hydrocarbons, i t  probably would 
n o t  appear here .  A small peak w a s  found a t  mass 27 i n  both gases. An i s o t o p i c  
a n a l y s i s  w a s  performed on the ion and t h e  r a t i o  of t h e  i n t e n s i t i e s  of m a s s  27 t o  
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m a s s  26 i s  0.014. This i s  almost exact ly  t h e  r a t i o  which i s  t o  b e  expected 
from t h e  (C13N14)' and (C12N15)- con t r ibu t ions  t o  CN' (0.0147) ( r e f .  16). The 
n a t u r a l l y  occurring abundance of (C13C12H2)' in  C2H2- i s  2.2 per  cent  (ref. 16). 
To be  su re  t h a t  t h e  m a s s  26 ion  w a s  not  formed by a n  ion-molecule r e a c t i o n  in
volving a C02 impurity,  which i s  about 0.6 per cen t  i n  t h e  NO sample  used, a 
mixture of 98 per cent  NO and 2 p e r  cent  C02 w a s  introduced i n t o  t h e  machine. 
ICN-/IOw a s  then measured as a func t ion  of pressure.  The r a t i o  w a s  found t o  
b e  unchanged and constant  w i th  pressure.  

I The appearance p o t e n t i a l  of CN- w a s  measured i n  NO (Figure 8) and found t o  
b e  19 eV. This i s  n e a r l y  the  same as the  va lue  of 19.5 e V  f o r  t h e  appearance 
p o t e n t i a l  of $ i n  NO r epor t ed  by C lou t i e r  and Schiff  ( ref .  3). This observa
t i o n  suggested t h a t  t h e  precursor  of t h e  CN' i on  w a s  #. To v e r i f y  t h i s ,  pure 
N2 w a s  introduced i n t o  t h e  machine and t h e  mass 26 peak reappeared. I ts  appear
ance p o t e n t i a l  w a s  measured (Figure 9) and found t o  b e  15 e V  with a d i s c o n t i n u i t y  
i n  t h e  curve a t  28 eV. The energy scale f o r  t h e  e l e c t r o n s  w a s  no t  c a l i b r a t e d ,  
t h e r e f o r e  the  experimental  e r r o r  i n  determining t h e s e  appearance p o t e n t i a l s  may 
be  i n  t h e  neighborhood of p lus  o r  minus two o r  t h r e e  e l e c t r o n  v o l t s .  Hence, 
t h e  va lues  determined he re  are t h e  same as t h e  reported appearance p o t e n t i a l s  of 
15.6 e V  f o r  N2+ and 24.3 e V  f o r  i n  n i t rogen  (ref .  18) wi th in  t h e  .experimental 
e r r o r .  

The IcN-/Io-r a t i o  w a s  measured as a func t ion  of r e p e l l e r  vo l t age  and 
found t o  be independent of t h i s  vo l t age  and t h e r e f o r e  independent of the energy 
of t he  p o s i t i v e  ions  s t r i k i n g  t h e  r e p e l l e r .  

One explanat ion f o r  t h e  formation of CN' i n  N20, NO, and N2 i s  t h a t  N+ and 
N2+ from these  gases  could b e  r e a c t i n g  on t h e  r e p e l l e r  p l a t e  with hydrocarbons 
t h a t  had been adsorbed t h e r e  i n  previous experiments using t h i s  ion-source. An 
attempt w a s  made t o  c l ean  t h e  r e p e l l e r  p l a t e  by running a high vo l t age  d i s 
charge from i t  f o r  30 minutes i n  an atmosphere of oxygen. This would b r i n g  
about t h e  formation of C02 from the  hydrocarbons which could be frozen ou t  
i n  t h e  l i q u i d  n i t rogen  t r aps .  When t h i s  had been done a vacuum run w a s  made 
t o  determine t h e  background of 0-. The 0- peak w a s  less than 0.1 p e r  c e n t  of 
t he  0- peak i n  NO. The ICN-/Io- r a t i o  w a s  found t o  be  about one-half of t h a t  
obtained be fo re  t h e  clean-up procedure and d id  not  vary with pressure.  

CONCLUSIONS 

Pos i t i ve  Ion S tud ie s  
t 

I n  t h e  p o s i t i v e  ion spec t r a  of b o t h  N20 and NO, no ion-molecule r e a c t i o n si 	 are observed. I n  N20, p l o t s  of I46/I44 and I32/I30 ve r sus  p re s su re  s u b s t a n t i a t e  
t h e  f a c t  t h a t  N02+ and 02+ are n o t  produced t o  any apprec iab le  ex ten t  as a 
r e s u l t  of secondary r e a c t i o n s  i n  t h i s  gas. It has  been shown t h a t  t h e  peaks a t  
masses 46 and 32 are due t o  a n  i so tope  of oxygen i n  N20+ and NO+ r e spec t ive ly .  
P l o t s  of I44/130, 128/130+ and 132/130 ve r sus  p re s su re  of NO v e r i f y  t h a t  mass 
44 (C029 and m a s s  28 are impur i t i e s  i n  t h e  g a s  and t h a t  m a s s  32 i s  no t  
due t o  02+ b u t  t o  t h e  3' i so tope  of oxygen i n  NO+. 
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I f  any ion-molecule r e a c t i o n s  are occurring i n  these  gases ,  t h e  s e n s i t i v i t y  
of t h e  apparatus  i s  such t h a t  t h e  cross-sect ions must be less than 0.01 x 10-16 
cm. 2 

Negative Ion S tud ie s  

The dependence upon pressure of the formation of NO- from NO molecules i s  
second o rde r  a t  low p res su res  and f i r s t  order  a t  higher  pressures.  I n  t e r m s  of 
t h e  measured q u a n t i t i e s ,  t h e  r a t i o  of t he  NO' t o  0' ion i n t e n s i t i e s  i s  f i r s t  
o rde r  pressure dependent a t  low pressures  and independent of p re s su re  a t  higher  
pressures .  This i s  due t o  t h e 0' i on  i n t e n s i t y  being d i r e c t l y  p ropor t iona l  
t o  pressure.  Using a po in t  taken from t h e  work of Rudolph, Melton, and Begun 
and t h e  da t a  obtained i n  t h i s  work, a p l o t  of INO-/IOversus  p re s su re  of NO 
w a s  made. The p l o t  shows t h a t  t h e  r a t i o  inc reases  up t o  a p res su re  of about 
0.1 microns Hg. A t  t h i s  point  t he  r a t i o  starts t o  become independent of 
pressure and a t  about a pressure of about 0 . 3  t o  0.4 microns Hg the  s lope goes 
t o  zero. These r e s u l t s  may i n d i c a t e  t h a t  NO' i ons  are produced by e l e c t r o n  
bombardment i n  NO as highly exc i t ed  ions  r equ i r ing  subsequent c o l l i s i o n s  f o r  
s t a b i l i z a t i o n .  The following mechanism i s  proposed f o r  such a process. 

NO i-e No->k 

NO-" - N O  + e 

Where NO-" denotes the  exc i t ed  s ta te  of t h e  NO- ion. An expression f o r  t he  
pressure dependence of t he  'NO- formation may be derived i n  the  following manner. 

L e t  (INo-$:)be the number of NO'" ions  produced p e r  second as t h e  e l e c t r o n
0
beam t r a v e l s  a d i s t a n c e  1, through t h e  gas .  Then 

(INo-*)~is  t h e  i n i t i a l  i n t e n s i t y  of t h e  NO'* i ons ,  N i s  the  number of mole
c u l e s  per  u n i t  volume a t  one t o r r  p re s su re ,  p i s  t h e  pressure of the gas  i n  
t o r r ,  ~1i s  t h e  c r o s s  s e c t i o n  f o r  r e a c t i o n  ( 4 ) ,  and te i s  t h e  l eng th  of t h e  
e l e c t r o n  beam i n  t h e  i o n i z a t i o n  chamber. A s  t h e  NO-" ions are acce le ra t ed  

is  diminished due t otoward t h e  e x i t  s l i t  of t h e  i o n i z a t i o n  chamber. (INo-+:)~ 

r e a c t i o n s  (5) and ( 6 ) .  The i n t e n s i t y  of NO-* i ons  a f t e r  having t r ave led  a 

d i s t a n c e  1 through t h e  n e u t r a l  molecules i s  


where t h e  constant  K determines t h e  l o s s  of exc i t ed  ions by r e a c t i o n  (5) and 
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62 i s  the  sum of the  c r o s s  sec t ions  f o r  t he  disappearance of NO-* ions by 
r eac t ions  (6). Since NO' ions  are produced only a s  a r e s u l t  of t he  f i r s t  of 
r e a c t  ions  (6), t he  NO' ion i n t e n s i t y  w i l l  be  only a f r a c t i o n  of t h e  a t tenua
t i o n  of t he  NO-.JC i n t e n s i t y .  The a t t e n u a t i o n  of 1 ~ 0 - 9 ~i s  

- 1 = (1( I N O - ' ~ ~(INo-~~) (INo-~~)o- exp[-(K + ~ 2 N p ) l I )  (9) 

and 

J-

Here, [ u2Np/(  u2Np + K)] i s  the  f r a c t i o n  of NO'" ions  disappearing due t o  both  
of r e a c t i o n s  (6) and g i s  the  f r a c t i o n  disappearing due t o  t h e  f i r s t  of r eac t ions  
(6). Subs t i t u t ing  (7) i n t o  (10) g ives  

INO- = g C u*NP/(  U ~ N P+ K)] IeNp U l l e  (1 exp [-(K f C ~ N P ) ~ ] }  (11) 

0' ions  a r e  produced by e l e c t r o n  bombardment as primary ions  i n  NO, hence 
t h e i r  formation provides  a convenient means of measuring the  pressure  depen
dence of the  NO- ion  formation. The i n t e n s i t y  of t h e  0' i ons  i s  

Io- - I euoNPle  (12) 

where u0 i s  t h e  c ros s  s e c t i o n  f o r  t he  0- formation process.  Dividing (11) by 
(12) g ives  

=INO-/IO- g (  Ti/ uo)[ u ~ N P / (  u2Np + K)I  {l - exp [-(K + u 2 N p ) l I )  (13) 

The cons tan t  K may be  expressed as l/w, where T i s  the  l i f e t i m e  of t h e  exc i ted  
ion  and v i t s  average ve loc i ty .  

J-


A t  low pressures  where the  p r o b a b i l i t y  of NO'" ions  being involved i n  
s t a b i l i z a t i o n  c o l l i s i o n s  i s  s m a l l ,  u2Np becomes s m a l l  with r e spec t  t o  K,  and 

I N O - / I o - = g ( C1/ Uo) ( c2Np/K) [1 - exp (-K1) ] (14) 

Hence a t  low p res su res  the  r a t i o  of t he  NO' t o  0' i n t e n s i t i e s  i s  d i r e c t l y  pro
por t iona l  t o  the  pressure  o r  the  NO- i n t e n s i t y  i s  propor t iona l  t o  the  square of 
t he  pressure.  A t  h igh p res su re  where q N p > > K ,  equat ion (13) reduces t o  

Hence, a t  high pressures  where the  chances of s t a b i l i z a t i o n  c o l l i s i o n s  are 
good, t he  r a t i o  is  independent of p re s su re  and t h e  NO' i n t e n s i t y  i s  f i r s t  order  
pressure  dependent This  mechanism i s  analogous t o  t h a t  f o r  t he  formation of I 
02- from 02 by e l elt r o n  impact ( r e f .  4,19). 

It should be pointed out  t h a t  another  poss ib l e  mechanism i s  q u a l i t a t i v e l y  
s a t i s f a c t o r y :  
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Equation (13) w i l l  s t i l l  apply i f  K i s  put  equal  t o  zero and u1 = uO. In 
t h i s  case  ~2 would r ep resen t  t h e  sum of t h e  c r o s s  s e c t i o n s  f o r  t he  two pro
cesses  i n  equat ion (17). The d a t a  can be  f i t  w i th in  t h e  experimental  e r r o r  
only by taking a l a r g e  va lue  f o r  4 2  of about 3,000 A2 with K = 1. This  i s  
not  too unreasonable on the  b a s i s  of t he  c o l l i s i o n  s t a b i l i z a t i o n  mechanism, 
equat ions (4) - ( 6 ) ,  s ince  g may be s m a l l ,  i.e., t he  c r o s s  s e c t i o n  f o r  destruc
t i o n  of t he  exc i t ed  NO' on c o l l i s i o n  may be much l a r g e r  than the  c r o s s  sec t ion  
f o r  s t a b i l i z a t i o n .  Although t h e  c ros s  sec t ions  f o r  e l e c t r o n  detachment from 
negat ive ions  i n  t h e i r  ground state a r e  not  l a rge  ( re f .  20), t h e  c r o s s  s e c t i o n  
f o r  a highly exc i t ed  ion  may be  very  la rge .  With K = 0 f o r  t he  charge t r a n s f e r  
mechanism above, a much l a r g e r  va lue  of ~2 is required.  

Bradbury ( r e f .  21) has proposed t h a t  t he  NO- formation comes about by a 
d i s s o c i a t i v e  cap tu re  process  v i a  the  r e a c t i o n  mechanism 

+ e - : 

k2 - NO- 4- NO 

It can be shown t h a t  t h i s  proposal i s  incons i s t en t  wi th  the  observed data .  
The equi l ibr ium cons tan t  f o r  r e a c t i o n  (17) i s  given by 

where PNo and P(No)2 a r e  t h e  pa r t i a l  pressures  of NO and 
The t o t a l  p ressure ,  P, of t h e  two gases  i s  

respec t ive ly .  

P = PNO + P
(NO) 2 (2 1) 

The rate of formation,  R, of NO- w i l l  be  

= k2P(N0)2 (22) 

= k2K Pg0 
4 

Subs t i t u t ing  (20) i n t o  (21) and (22) g ives  



I n  order f o r  t he  NO' formation t o  be f i rs t  o rde r  p re s su re  dependent t h e  p a r t i a l  
p re s su re  of (N0)2 w i l l  have t o  be very n e a r l y  equal  t o  t h e  t o t a l  p re s su re  o r  
t h e  p a r t i a l  p re s su re  of NO w i l l  have t o  b e  n e g l i g i b l e .  This i s  shown by equa
t i o n s  (24) and (25). Ca lcu la t ions  by Johnston and W e i m e r  ( ref .  22) show t h a t  
t he  degree of a s s o c i a t i o n  i n  NO t o  form the  dimer i s  about 0.2 per cent  a t  a 
temperature of 193 degrees Kelvin and 160 atmospheres pressure.  Thus, a t  t h e  
temperature of t h e  g a s  he re  (313 degrees K),  t h e  t o t a l  p re s su re  would have t o  
b e  f a r  i n  excess of 160 atmospheres i n  o rde r  f o r  t he  p a r t i a l  p re s su re  of @0)2 
t o  approach t h e  measured pressure.  Therefore,  t h e  r e a c t i o n  mechanism proposed 
by Bradbury i s  n o t  t he  c o r r e c t  one. Every i n d i c a t i o n  seems t o  po in t  t o  
r e a c t i o n s  (4), (5), and (6) as t h e  c o r r e c t  mechanism f o r  t h e  formation of NO-
from NO. 

Over t h e  range of p re s su res  used i n  t h i s  experiment, t h e  formation of NO-
from N20 seems t o  be ve ry  s l i g h t l y  dependent upon t h e  pressure.  Rudolph, 
Melton, and Begun ( r e f .  7) f i n d  t h a t  NO- formation depa r t s  from l i n e a r i t y  with 
pressure a t  a p res su re  of about 8 x mm Hg and i n d i c a t e  t h a t  i t s  formation 
is  p a r t i a l l y  due t o  an ion-molecule r e a c t i o n  and p a r t i a l l y  due t o  d i s s o c i a t i v e  
attachment. The s lope of t he  p l o t  of I30/I16 ver sus  p re s su re  from t h e i r  d a t a  
comes ou t  t o  be  about one order  of magnitude g r e a t e r  than the  s lope obtained 
i n  t h i s  work a t  higher pressures .  This i n d i c a t e s  t h a t  t h e  p re s su re  dependence 
of t h e  r a t i o  may be due i n  p a r t  t o  an NO- ion being formed by d i s s o c i a t i v e  
attachment i n  an exc i t ed  s ta te  which needs a t h i r d  body c o l l i s i o n  f o r  s t a b i l i 
za t  ion. 

It has been mentioned ear l ie r  i n  t h i s  r e p o r t  t h a t  t h e  m a s s  26 ion observed 
i n  the  nega t ive  ion s p e c t r a  of N20, NO, and N2 a p p e a r s  t o  be  due t o  CN'. A 
poss ib l e  explanat ion of t h e  phenomenon i s  t h a t  t h e  ion i s  formed on t h e  su r face  
of  t h e  r e p e l l e r  (R i n  Figure 2) by a r e a c t i o n  of the following type 

N+ + + 2e -CN-

Some o the r  hydrocarbon may be  involved, and the  formation o f  H2 i s  surmised. 
The p o s i t i v e  ion i s  formed i n  the  e l e c t r o n  beam and acce le ra t ed  toward t h e  
r e p e l l e r  which i s  a t  a nega t ive  p o t e n t i a l  with r e spec t  t o  t h e  ion iza t ion  chamber. 
Upon s t r i k i n g  t h e  su r face  t h e  ion  i s  n e u t r a l i z e d  by a n  e l e c t r o n  from the  m e t a l  
t o  atomic n i t rogen  which r e a c t s  with an adsorbed molecule t o  form CN. An 
e l e c t r o n  from t h e  metal su r face  is  then a t t ached  t o  t h e  CN molecule t o  f o r m  
CN- which i s  acce le ra t ed  away from t h e  surface.  The e f f i c i e n c y  of t h e  process 
i s  about 10-3 per cent .  This i s  i n  t h e  neighborhood of some of t h e  e f f i c i e n c i e s  
of processes observed by Arnot and h i s  co-workers (ref. 8,13). The major d i f 
f e rence  between t h i s  process  and those  i s  t h a t  t h e  energy of t he  incident  
p o s i t i v e  ions i s  less than 20 eV whereas, the p o s i t i v e  ion ene rg ie s  i n  Arnot 's  
work were, i n  gene ra l ,  i n  excess of 200 eV. The CN- i ons  continued t o  a p p e a r  
when the  inc iden t  ions had energies  i n  t h e  neighborhood of zero eV,  and t h e i r  
abundance, r e l a t i v e  t o  t h a t  of O', w a s  constant .  This  observat ion suggests t h a t  
t h e  process does no t  r e q u i r e  any k i n e t i c  energy from t h e  inc iden t  ions. M a r m e t  
and Morrison (ref .  14) have shown t h a t  it i s  poss ib l e  f o r  i ons  t o  become trapped 
on t h e  walls of t he  i o n i z a t i o n  chamber and remain t h e r e  f o r  as long as several 
seconds. Hence, t h e r e  arises t h e  p o s s i b i l i t y  t h a t  t h e  CN' i ons  may be produced 
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on the  ion iza t ion  chamber w a l l s  as wel l  as on the  r e p e l l e r  p l a t e  i f  t he  r eac t ion  
does not  r e q u i r e  any k i n e t i c  energy from t h e  p o s i t i v e  ions. That such a process 
may occur i s  not  s u r p r i s i n g  when one s tops  t o  consider  t he  number of molecules 
t h a t  may be adsorbed. I f  the  w a l l s  adsorb a monolayer of molecules t h e r e  w i l l  
b e  approximately lo4 times more molecules on the  w a l l s  than i n  the  volume of 
about one c c  between t h e  w a l l s  a t  a pressure of 0.1 microns Hg. 

The f a c t  t h a t  t he  r e l a t i v e  abundance of CN' t o  0- decreased by one-half by 
cleaning the  r e p e l l e r  suggests  t h a t  t he  r eac t ion  occurs a t  the  sur face  of the 
r e p e l l e r .  Of course,  t h e  clean-up procedure could have cleaned the  w a l l s  of t he  
ion iza t ion  chamber a l so .  
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