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TECHNIQUES APPLICABLE TO -PIASS SPECTRO-METRY 
OF GASEOUS T - U C E  COhTAMINANTS 

By Pe te r  Warneck, GCA Corporat ion,  GCA Technology Div i s ion ,  
Bedford, Massachusetts 

SUMMARY 

This  r e p o r t  desc r ibes  t he  con t inua t ion  of an  i n v e s t i g a t i o n  i n t o  t h e  
a p p l i c a t i o n  of charge t r a n s f e r  a s  t h e  ion iz ing  process  i n  t h e  ion  source  
of t h e  mass spectrometer .  The experimental  se tup  was modified i n  o rde r  
t o  e l i m i n a t e  t h e  i n t e r a c t i o n  of sample gas w i th  t h e  primary ion  source.  
To t h i s  end a  d i f f e r e n t i a l l y  pumped gap was incorpora ted  between t h e  charge 
t r a n s f e r  chamber and t h e  d ischarge  sou rce  which se rves  as t h e  primary 
ion  source.  Thereby, t h e  e x t e n t  of i n t e r a c t i o n  of t h e  sample gas wi th  t h e  
primary ion  source  was reduced by about  two o rde r s  of magnitude. A f u r t h e r  
r educ t ion  can be achieved by a  more e f f i c i e n t  d i f f e r e n t i a l  pumping ar range-  
men t . 

Charge t r a n s f e r  mass s p e c t r a  a r e  given f o r  t he  sample gases  CQ2, N20, 
NH3, N02, S02, CO, i s o b u t y l  a l coho l  and formic a c i d  f o r  s i n g l y  charged 
krypton a s  t h e  main primary ion.  For t h e  l a t t e r  two a comparison of i on  
i n t e n s i t i e s  i s  made w i t h  photo ioniza t ion  and e l e c t r o n  impact mass s p e c t r a .  
The f e a s i b i l i t y  of u t i l i z i n g  nega t ive  pre l iminary  ions  f o r  charge t r a n s f e r  
was demonstrated f o r  t h e  process  0-, 02' -I- 802 -, NO2" -I- 0, 02. The f e a -  
s i b i l i t y  of d i sc r imina t ing  carbon monoxide i n  t h e  presence of n i t rogen  by 
means of t h e  mass number 28 s i g n a l  was explored f o r  krypton primary ions .  
A r e s i d u a l  n i t r o g e n  i o n i z a t i o n  l i m i t s  t h e  d e t e c t a b l e  amount of CO i n  n i t r o -  
gen t o  f i v e  p a r t s  per  t e n  thousand. The o r i g i n  of t h e  r e s i d u a l  n i t r o g e n  
i o n i z a t i o n  was i n v e s t i g a t e d .  It is  due i n  p a r t  t o  a  r e s i d u a l  i n t e r a c t i o n  
of sample gas w i th  t h e  d ischarge  source  boundary, and i n  p a r t  t o  a  primary 
ion  w i t h  s u f f i c i e n t  i n t e r n a l  energy, probably exc i t ed  metas tab le  ions .  

The f i r s t  source  of n i t r o g e n  i o n i z a t i o n  can be reduced by an  improved 
d i f f e r e n t i a l  pumping arrangement. The second source  was found t o  vary 
wi th  d i scha rge  cond i t i ons .  Low f i e l d s  and h igh  p re s su res  minimize t h i s  
l a t t e r  source  of N ~ + .  I f  krypton ions  a r e  t o  be r e t a i n e d  a s  t h e  primary 
ions  f o r  t h e  purpose of CO - N d i sc r imina t ion ,  a  more d e t a i l e d  inves t iga -  1 t i o n  of primary ion  sources  w i  h be r equ i r ed  t o  determine techniques by 
which t h e  c o n t r i b u t i o n  of exc i t ed  ions  can be e l imina ted .  

3. INTRODUCTION 

This  r e p o r t  desc r ibes  r e s u l t s  ob ta ined  i n  t h e  second phase of Contract  
PIrAS12-64l, which i s  concerned wi th  t h e  d e t e c t i o n  of gaseous t r a c e  c0nta.m- 
i n a n t s .  The t o t a l  s tudy involved t h r e e  a r e a s  which were pursued in2epeadent- 
l y  and a r e  specLfied as fo l lows:  (I) t h e  i n v e s t i g a t i o n  of a cryogenic target 
ho lde r  f o r  the  GCh s o l i d s  a n a l y s i s  mass spectrometer  f o r  t h e  purpose of gas 
s o l i d i f i c a t i o n  and a n a l y s i s ,  (2 )  a  s tudy  of t h e  f e a s i b i l i t y  of u t i l i z i n g  
charge t r a n s f e r  as  the  source of sample i o n i z a t i o n  i n  a  gas a n a i y t i c a i  mass 
spec t rometer ,  and ( 3 )  a n  i n v e s t i g a t i o n  of resonance s c a t t e r i n g  of xenon s s  
a means for  p re s su re  gauge c a l i b r a t i o n  i n  t h e  u l t r a -h igh  vacuum regLon. Of 



t%ese ,  i tems 1 an? 3 were brought t o  a reasonable  degree of completion 
6uring the  f i r s t  phase of t he  p re sen t  program. For e d e t a f l e d  d e s c r i p t i o n  
and discussFon of t h e  r e s u l t s  rezerence  i s  made t o  a previous t e c k n l c a l  
r e p o r t  (Ref. 1 ) .  I tem 2, however, r equ i r ed  a d d i t i o n a l  e f f o r t ,  so  t h a t  t h e  
second phase of t h e  program was concerned predominantly wi th  that- a spec t .  
Accordingly, t h e  p re sen t  r e p o r t  w i l l  d e sc r ibe  and d i s c u s s  t h e  progress  
made i n  cont inuing  t h e  i n v e s t i g a t i o n  of charge t r a n s f e r  mass spectrometry.  

I n  t h e  folbowing Sec t ion  (If) t h e  concept of charge t r a n s f e r  m.ss 
spectrometry w i l l  be b r i e f l y  reviewed, and t h e  o b j e c t i v e s  of t h e  p re sen t  
i n v e s t i g a t i o n  s t a t e d .  Su.bsequently, i n  Sec t ion  111, experimental  d e t a i l s  
a r e  given f o r  t h e  modi f ica t ions  made i n  t h e  appara tus .  Sec t ion  IV se rves  
t o  present  and d i s c u s s  t h e  experimental  r e s u l t s .  F i n a l l y ,  i n  Sec t ion  V t h e  
present  l e v e l  of development is  summarized. 



The pr inc ip les  underlykng t h e  concept of charge  t r a n s f e r  mass s p e c t r o -  
metry may be  b r i e f l y  descr ibed:  An ion  moving i n  a gas mixture i n t e r a c t s  
wi th  n e u t r a l  p a r t i c l e s  i n  two ways: ( a )  by charge  t r a n s f e r  and (b) by 
chemical i n t e r a c t i o n s .  The f i r s t  type of process  can occur only i f  t h e  
i o n j z a t i o n  p o t e n t i a l  of t h e  n e u t r a l  p a r t i c l e  i s  l e s s  than t h e  energy l i b e r -  
a t e d  by t h e  n e u t r a l i z a t i o n  of t h e  ion. I f  t h i s  is t h e  case ,  and ion  ve loc-  
i t i e s  a r e  n e a r l y  thermal,  charge t r a n s f e r  occurs  w i th  high p r o b a b i l i t y .  TIE 
second type  of process ,  chemical i n t e r a c t i o n  a l s o  r e q u i r e s  e n e r g e t i c a l l y  
f avo rab le  cond i t i ons .  I n  t h i s  category f a l l  t h e  t r a n s f e r  of an  atom, a 
group of atoms, o r  a gene ra l  rearrangement of t h e  molecular components 
w i th  o r  wi thont  charge t r a n s f e r .  Frequent ly,  they a r e  a s  r a p i d  a s  s imple  
charge t r a n s f e r ,  un l e s s  t h e  process  is  endothermic. Proton t r a n s f e r  and 
hydrogen a b s t r a c t i o n  may be c i t e d  a s  examples f o r  f a s t  processes .  

While both types of i on -neu t r a l  i n t e r a c t i o n s  can be u t i l i z e d  t o  form 
ions c h a r a c t e r i s t i c  of t h e  ( n e u t r a l )  sample gas mixture,  t h e  p re sen t  work 
has  emphasized s imple charge t r a n s f e r  a s  a promising and gene ra l ly  a p p l i c a b l e  
technique f o r  sample gas i o n i z a t i o n .  The s e l e c t i o n  of primary ions  with. 
s u f f i c i e n t l y  low recombination energ ies  makes i t  p o s s i b l e  i n  p r i n c i p l e ,  t o  
i o n i z e  a sample without  exces s ive  fragmentat ion of t h e  secondary (sample) 
ion. The r e s u l t i n g  ion  spectrum thus  f e a t u r e s  predominant l y  parent  ions ,  and 
t h e  occurrence of fragment ions  i s  g r e a t l y  reduced. I n  t h i s  manner, t h e  
mass s p e c t r a  of  complex gas mixtures  a r e  s i m p l i f i e d  and t h e i r  a n a l y s i s  i s  
f a c i l i t a t e d .  Herein l i e s  a p r i n c i p a l  advantage of t h e  charge t r a n s f e r  i on  
source and i t s  a p p l i c a t i o n  t o  a n a l y t i c a l  mass spectrometry.  

The p re sen t  program extends a n  exp lo ra t ion  i n t o  t h e  f e a s i b i l i t y  of a 
charge t r a n s f e r  ion  source.  Bas ica l ly ,  t h e  sou rce  des ign  inco rpora t e s  two 
components: a source  of primary ions and a chamber which t h e  primary ions  
t r a v e r s e  and i n  which t h e  charge t r a n s f e r  r e a c t i o n s  t ake  p lace .  Both 
primary ions  and secondary ions  leaving  t h e  charge t r a n s f e r  reg ion  a r e  sub- 
sequent ly  processed wi th  a mass ana lyzer .  I n  t h e  p re sen t  s tudy  s i n g l y  
charged krypton ions  were employed a s  t h e  p r i n c i p a l  primary ions .  For  con- 
venience, t h e  primary ions  a r e  produced i n  a d i scharge  source.  Previous-  
ly ,  t h e  d ischarge  reg ion  was mounted d i r e c t l y  a d j a c e n t  t o  t h e  charge t r a n s -  
f e r  chamber con ta in ing  t h e  sample gas .  The r e s u l t s  of a s e r i e s  of expe r i -  
ments performed wi th  t h i s  source  arrangement had ind ica t ed  t h a t  t h e  f u n c t i o n a l  
behavior of t h e  secondary ions and t h e  s e n s i t i v i t y  of t h e  technique  were 
gene ra l ly  i n  agreement w i t h  expec ta t ion ,  but  t h a t  i o n i z a t i o n  processes  o t h e r  
than  charge t r a n s f e r  occurred a l s s .  One important source  of i o n i z a t i o n  
appeared t o  be t h e  i n t e r a c t i o n  of t h e  sample gas w i t h  t h e  boundary of t h e  
d ischarge  p e n e t r a t i n g  i n t o  t h e  charge t r a n s f e r  chamber due t o  t h e  gas flow. 
To e l i m i n a t e  t h i s  undes i r ab le  s i d e  e f f e c t ,  a more complete s e p a r a t i o n  of 
t h e  d ischarge  reg ion  from t h e  charge t r a n s f e r  reg ion  was d e s i r a b l e .  Accord- 
i ng ly ,  t h e  source des ign  was modified t o  inc lude  a d i f f e r e n t i a l l y  pumped 
gap between t h e  d ischarge  reg ion  and t h e  charge t r a n s f e r  space.  Tes t  r e -  
s u l t s  ob ta ined  wi th  t h i s  modified source arrangement a r e  repor ted  f u r t h e r  



below. A second problem t h a t  may be b r i e f l y  ment imed i s  due t o  i m p u r i t i e s ,  
p a r t i c u l a r l y  water  given o f f  by t h e  walls of  t h e  system and contained i n  
t h e  c a r r j e r  ga se  This  problem could no t  be  e l imina ted  i n  t h e  course of t he  
p r e s e c t  work because i t  r equ i r ed  p rov i s ions  f o r  baking t h e  e n t i r e  source.  
The source  modi f ica t ions  necessary  t o  a l low baking were beyond t h e  scope 
of t h e  p re sen t  program and were not a t tempted .  



m  he design c r i t e r i a  f o r  t h e  charge t r a n s f e r  i on  sou-rce were descr ibed  
p rev ious ly  (Ref. 1). A f e a s i b i l i t y  mode1 source had been b u i l t  accord ingly .  
The inco rpora t ion  of a  d i f f e r e n t i a l l y  pumped gap between t h e  d ischarge  
and t h e  sample i o n i z a t i o n  chamber r e s u l t e d  i n  t h e  modified Layout shown i n  
F igu re  1. A major experimental  requirement i s  t h a t  t h e  ions  leavFng t h e  
d ischarge  source  do no t  s u f f e r  c o l l i s i o n s  wi th  n e u t r a l  p a r t i c l e s  wh i l e  
c ros s ing  t h e  gap r eg ion .  The maximum t o l e r a b l e  p re s su re  was found t o  be 
about  1 m i l l i t o r r .  S ince  both t h e  d ischarge  and t h e  charge t r a n s f e r  cham3er 
emit a  gas  f l u x  through t h e  o r i f i c e s  r equ i r ed  f o r  t h e  withdrawal  and i n j e c -  
t i o n  of ions ,  a  r a t h e r  e f f i c i e n t  pumping u n i t  i s  needed. The 4-inch 
d i f f u s i o n  pump employed f o r  t h e  evacuat ion of t h e  ion  a c c e l e r a t i o n  r eg ion  
behind t h e  e x i t  ~ r i f i c e  of t he  charge t r a n s f e r  chamber suppl ied  a  s u f f i c -  
i e n t  pumping capac i ty ,  bu t  t he  gap reg ion  could not  be connected d i r e c t l y  
t o  t h e  main ion  sou rce  housing evacuated by t h e  pump because of space  l i m i t -  
a t i o n s .  Ins tead ,  a  l e s s  e f f i c i e n t  e x t e r n a l  pump connection had t o  be t o l -  
e r a t ed .  This  approach allowed t h e  re -use  of t he  e x i s t i n g  components of t h e  
ion  source. The d i f f e r e n t i a l l y  pumped gap i s  contained i n  a  1-inch t h i c k  
spacer  f l a n g e  provided wi th  a  I- inch diameter  pump lead .  The d ischarge  
ion  source  i s  mounted onto  a n  aluminum cover p l a t e  which i n  t u r n  i s  i n s u l -  
a t e d  from t h e  body of t h e  charge t r a n s f e r  ion  source by a  nylon spacer  
f l ange .  A v a r i a b l e  p o t e n t i a l  of 0  - 150 v o l t s  between t h e  d ischarge  source  
e x i t  and t h e  charge t r a n s f e r  chamber p l a t e s  was provided, but  was not  found 
c r i t i c a l  i n  ob ta in ing  adequate  primary ion  i n t e n s i t i e s .  S imi l a r ly ,  i t  was 
i n i t i a l l y  at tempted t o  focus t h e  primary ions  onto t h e  en t r ance  a p e r t u r e  of 
t h e  chamber by a n  a d d i t i o n a l  r i n g  e l e c t r o d e  i n  t h e  d i f f e r e n t i a l l y  pumped 
gap. The ga in  was found t o  be l e s s  than  a  f a c t o r  of two so  t h a t  t h e  e l e c -  
t r o d e  was l a t e r  omit ted.  The e x i t  o r i f i c e  of t h e  d i scha rge  source  was made 
0,06 cm i n  diameter t o  pa t ch  i t  wi th  t h e  en t rance  a p e r t u r e  of t h e  charge 
t r a n s f e r  chamber. The a x i a l  p o s i t i o n  of t h e  d ischarge  end p l a t e  was va r -  
i a b l e .  However, no a t t empt s  were made t o  opt imize i t .  

The o the r  components of t h e  appara tus  were l e f t  unchanged. Br i e f ly ,  
primary and secondary ions  emerge from t h e  charge t r a n s f e r  r eg ion  through 
a  0.14 cm diameter o r i f i c e  due t o  t h e  a c t i o n  of a  weakly converging f i e l d  
i n s i d e  t h e  chamber, a d  a r e  a c c e l e r a t e d  and focused onto t h e  en t r ance  ape r -  
t u r e  of a  180 degree magnetic ana lyze r  by an  assembly of s t a i n l e s s  s t e e l  
p l a t e s  forming a n  immersion l e n s  system. Af t e r  passage of t h e  mass ana lyze r  
t h e  ions  a r e  e i t h e r  c o l l e c t e d  i n  a  fa raday  cage and r e g i s t e r e d  w i t h  a n  e l e c -  
t rometer ,  o r  processed wi th  a  secondary e l e c t r o n  m u l t i p l i e r  d e t e c t o r  p r i o r  
t o  r e g i s t r a t i o n .  

The gas i n l e t  s e rv ing  t h e  d i scha rge  tube was t h e  same a s  t h a t  used 
previous ly  (Ref. 1 ) .  Before e n t e r i n g  t h e  d ischarge  t h e  gas passed a  l i q u i d  
n i t rogen  c o l d  t r a p  t o  reduce t h e  contamination by water  vapor.  The sample 
gas i n l e t  t o  t he  charge t r a n s f e r  chamber was supplemented wi th  a second 
i n l e t  and c o n t r o l  va lve  f o r  the  i n t r o d u c t i o n  of a b u f f e r  gas.  I n  a l l  
experiments the b u f f e r  gas was t h e  same a s  tha t  used in the d ischarge .  
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Figure  1. Charge t r a n s f e r  ion s o u r c e .  



A.  P r i ~ a s y  Ion  I n t e n s i t i e s  and S e n s i t i v i t i e s  

Previously,  t he  primary d ischarge  ion  source  had been operated e i t h e r  
a s  a  dc cold cathode d ischarge ,  o r  by way of microwave e x c i t a t i o n .  In  
t h e  l a t t e r  mode, an a i r - coo led  Evenson c a v i t y  was used i n  c m j u n c t i o n  wi th  
a  100 Watt Microtherm u n i t  t o  supply the e l e c t r i c  f i e l d .  The microwave 
e x c i t a t i o n  provided h ighe r  ion  i n t e n s i t i e s ,  but  Led a l s o  t o  a  cons ide rab le  
pene t r a t ion  of t h e  d i scha rge  plasma i n t o  t h e  charge t r a n s f e r  r eg ion  thereby  
causing a  d i r e c t  i o n i z a t i o n  of t h e  sample gas (Ref. 1 ) .  This  e f f e c t  w a s  
completely e l imina ted  by t h e  d i f f e r e n t i a l l y  pu.mped ga.p. Since h ighe r  i on  
i n t e n s i t i e s  a r e  der ived  from t h e  microwave d ischarge ,  a l l  t h e  experiments 
r epo r t ed  below were performed wi th  microwave e x c i t a t i o n .  

Due t o  the spread of t h e  ion  beam emerging from t h e  primary (d ischarge)  
i on  source  only a po r t ion  of t h e  t o t a l  emi t ted  ion  c u r r e n t  e n t e r s  i n t o  t h e  
charge t ra .nsfer  chamber. Accordingly, a  smal le r  primary ion  i n t e n s i t y  is  
a n t i c i p a t e d  i n  comparison w i t h  previous ly  e s t a b l i s h e d  va lues .  However, 
t h e s e  l o s s e s  were not  s e r i o u s .  Primary ion c u r r e n t s  t r ansmi t t ed  through 
t h e  charge t r a n s f e r  chamber ( a t  low p res su res  i n  t h i s  r eg ion )  and measured 
a t  t h e  en t r ance  of t h e  mass ana lyze r  were,, t y p i c a l l y ,  4 x 10-10 amps f o r  
krypton ions .  With about  0 . 1  t o r r  of krypton i n  t h e  charge t r a n s f e r  cham- 
ber ,  t h e  t r ansmi t t ed  primary i m  i n t e n s i t y  decreased t o  about 1 . 5  x 10-lo 
amps. The corresponding l o s s  of ion  i n t e n s i t y  i n s i d e  t h e  charge t r a n s f e r  
chamber due t o  spreading of t h e  en t e r ing  ion  beam i s  much l e s s  than t h a t  
observed previous ly  when t h e  d ischarge  ion source  was connected d i r e c t l y  
t o  t h e  charge t r a n s f e r  chamber. 

From t h i s  observa t ion  and on t h e  b a s i s  of comparable sample i o n i z a t i o n  
e f f i c i e n c i e s  one expects  equiva len t  s e n s i t i v e s .  Indeed, t h e  measured sample 
gas s e n s i t i v i t i e s  a r e  s i m i l a r  t o  those  e s t a b l i s h e d  w i t h  t h e  previous source  
conf igu ra t ion  a s  i s  shown i n  Table 1, f o r  approximately equal  p re s su re  and 
f i e l d  cond i t i ons  i n  t h e  charge t r a n s f e r  reg ion .  It has  a l r e a d y  been noted 
previous ly ,  t h a t  t h e  s e n s i t i v i e s  achieved wi th  t h e  p re sen t  device  a r e  
about  t h r e e  o rde r s  of magnitude lower than those  obta ined  wi th  e l e c t r o n  
impact i o n i z a t i o n .  However, t h e  u sab le  sample p re s su res  i n  t h e  ion  source  
a r e  about  t h r e e  o r d e r s  of magnitude h igher ,  s o  t h a t  t h e  lower s e n s i t i v i t y  
i s  compensated and ion  c u r r e n t s  comparable t o  e l e c t r o n  kmpact i o n i z a t i o n  
a r e  achieved,  

B. Charge Transfer  Mass Spect ra  

To i l l u s t r a t e  t h e  kind of mass s p e c t r a  observed wi th  t h e  charge t r a n s -  
f e r  ion  s o m c e ,  we p re sen t  i n  F igures  2 through 5 t h e  s p e c t r a  observed 
when smal l  amounts of SO2, N20, CO o r  ammonia a r e  admixed t o  krypton i n  t h e  
charge t r a n s f e r  chamber. The primary ions  were der ived  from a krypton 
d ischarge  and cons i s t ed  mainly of s i n g l y  charged krypton which appears  a t  



SENSITIVITIES OF CEIARGE TwSPER ION SOURCE 

FOR VARIOUS SAMPLE GASES USING XYf AS P R I M Y  I O N  

SAMPLE GAS 
MASS OF SENSITIVITY amps / t o r r )  

PARCNT PEAK PRESENT PREVIOUS 

Carbon Dioxide 44 2.0 1 . 2  

Ni t rous  Oxide 44 2 . 0  1 . 8  

Su l fu r  Dioxide 64 5 .0  8 .3  

Oxygen 3 2 0 . 3  - 
Ammonia 1 7  6.0 6 . 1  

Carbon Monoxide 2 8 0 .35  - 



Figure 2: Charge transfer mass spectrum of s u l f u r  d i o x i d e  



Figu re  3: Charge t r a n s f e r  mass spectrum of  n i t r o u s  ox ide  





F i g u r e  5: Charge t ransfer  mass spectrum of ammonia 



mass number 84 wi th  a n  i s o t o p i c  d i s t r i b u t i o n  ranging  from 80 to 86 atonic 
mass u n i t s .  However, some doubly ion ized  krypton and krypton hydr ide  
ions  were a l s o  p re sen t  as ind ica t ed  by t h e  s i g n a l s  a t  mass number 42 and 
85. In a d d i t i o n  t o  the  primary ions ,  t h e  background spectrum con ta ins  02+ 
a t  m/e = 32 and H20f and N~o-?- a t  mass numbers 18 and 19 r e s p e c t i v e l y .  m e s e  
ions  o r i g i n a t e  from impur i t i e s .  New peaks appear  upon t h e  ingroduct ion  of 
sample gases .  

Su l fu r  d iox ide  and n i t r o u s  oxide g ive  r i s e  t o  t h e  peaks a t  64 and 44 
atomic mass u n i t s ,  r e s p e c t i v e l y .  These a r e  t h e  pa ren t  peaks. No fragment 
i ons  a r e  observed, bu t  t h e  pa ren t  peaks show t a i l s  toward h ighe r  mass 
numbers i n d i c a t i n g  t h e  presence of protonated SO2 and N2Ba 

The i n t r o d u c t i o n  of ammonia beads t o  t h e  expected M.17 pa ren t  ions.  I n  
a d d i t i o n ,  a n  i o n  occurs  a l s o  a t  mass number 16 ,  sobably r e p r e s e n t i n g  t h e  
N L ~ ~ +  fragment.  The appearance p o t e n t i a l  f o r  Ml? from ammonia has  been 
given as 15.8 eV. Hence, t h i s  ion  i s  n o t  expected t o  be produced by s imple 
charge t r a n s f e r  from s i n g l y  charged krypton ions .  The in t roduc t ion  of 
carbon monoxide g ives  r i s  e  t o  two peaks a t  mass numbers 28 and 29. The 
f i r s t  of t h e s e  i s  t h e  CO pa ren t  peak, whereas t h e  l a t t e r  i s  COH+, t h e  pro- 
tona ted  spec i e s .  It i s  i n t e r e s t i n g  t h a t  i n  c o n t r a s t  t o  SO2 and N20 t h e  
mass 29 s i g n a l  i s  much g r e a t e r  than  t h e  pa ren t  i o n  s i g n a l .  Apparently,  
d i r e c t  charge  t r a n s f e r  i s  n o t  as e f f e c t i v e  a s  proton t r a n s f e r  by krypton 
hydride.  

-F 
K ~ H +  + CO -, COH + K r  

It should be noted t h a t  d i r e c t  charge t r a n s f e r  i s  s l i g h t l y  endothermic (by 
0.02 eV) f o r  krypton  ions  i n  t h e  ground s t a t e ,  s o  t h a t  i t  may be  l e s s  
e f f i c i e n t  than  f o r  exothermic processes .  The s e n s i t i v i t y  d a t a  i n  Table I. 
show t h a t  CO behaves s i m i l a r  to 02 f o r  which charge t r a n s f e r  exothermic. 
However, t h e  s e n s i t i v i t i e s  f o r  both 02 and CO a r e  lower than  t h a t  f o r  o t h e r  
molecules,  no tab ly  GO2 which has  a s i m i l a r  i on iza t ion  p o t e n t i a l .  Hence, i t  
seems t h a t  t h e  low s e n s i t i v i t y  of 60 is due more t o  t h e  lower e f f i c i e n c y  of 
charge t r a n s f e r  than  t o  t h e  small endothermici ty  of t h e  process .  

The process  of pro ton  t r a n s f e r  r e s u l t i n g  i n  C& i s  q u i t e  e f f i c i e n t  a s  
evidenced by t h e  s t rong  s i g n a l  on mass number 29. A por t ion  of t h e  s i g n a l  
appa ren t ly  is due to  t h e  process  

because t h e  r a t i o  of t h e  peaks a t  mass numbers 28 and 29 v a r i e d  wi th  t h e  
focus ing  cond i t i ons  and wi th  t h e  eLec t r i c  f i e l d  app l i ed  t o  t h e  charge t r a n s -  
f e r  chamber. The former c o n t r o l s  The l o c a t i o n  from which ions  a r e  sampled; 
t h e  l a t t e r  v a r i e s  the  r e s idence  time of primary and sec0nda . r~  ions  in t h e  



chamber. Table 2 s'rrows t h a t  the  60" s i g n a l  increases  ~ 5 t h  increasing drif 2 
vol tage  whereas t h e  COH' and t h e  02" s i g n a l s  decrease. Since t h e  CO" s L g ~ c i 1  
decreases only by a f a c t o r  of f i v e ,  while the  CO& s i g n a l  (and t h e  02' signzl) 
increases  by more than a f a c t o r  of twenty, it is evident  t h a t  r e a c t i o n  (3) 
only supplements COB+ formation by proton t r a n s f e r .  

I n  a d d i t i o n  t o  the  spec t ra  obsesved f o r  t h e  inorganic  com~ound.~ 
discussed above, f u r t h e r  spec t ra  were obtained f o r  i so-butyl  a lcohol  and 
f o r  formic a c i d  a s  examples f o r  organic compou.nds wi th  low ion iza t ion  poten- 
t i a l .  Representat ive spec t ra  a r e  shown i n  Figures 6 through 9. Two types 
of primary ions were employed: (a)  krypton ions  from a krypton discharge,  
and (b) ions from a d ischarge  through oxygen. I n  Che second case, t h e  major 

-f- primary ions  a r e  O2 , with an ion iza t ion  p o t e n t i a l  of 12.02 erJ and 0+, having 
an  ion iza t ion  p o t e n t i a l  of 13.5 eV. Charge t r a n s f e r  t o  i so-butyl  a lcohol  
from both krypton and oxygen primary ions,  produces extens ive  mass spec t ra  
which a r e  charac ter ized  by considerable fragmentation (Figures 6 and 7 ) .  
The ion iza t ion  p o t e n t i a l  of iso-butyl  a lcohol  i s  9.93 eV, s o  t h a t  fragmenta- 
t i o n  by ions of g r e a t e r  recombination energy is  not  unexpected. I n  f a c t ,  
both photoionizat ion (Ref. 2) and e lec t ron  impact ion iza t ion  (Ref. 3) a l s o  
r e s u l t  i n  considerable fragment ion formation. A comparison of such da ta  
i s  given i n  Table 3. It is  i n t e r e s t i n g  t o  observe t h a t  charge t r a n s f e r  
using oxygen a s  primary ions gives a spectrum q u i t e  s i m i l a r  t o  photoion- 
i z a t i o n  with r a d i a t i o n  of 15.4 eV energy, whereas charge t r a n s f e r  from 
krypton ions r e s u l t s  i n  a spectrum which compares b e t t e r  wi th  the  spectrum 
produced by e lec t ron  impact. Noteworthy i n  t h e  l a t t e r  case  i s  t h e  low 
i n t e n s i t y  of t h e  parent  ion  peak. 

A s i m i l a r  s i t u a t i o n  occurs with formic ac id .  Spectra obtained wi th  
krypton and oxygen primary ions a r e  shown i n  Figures 8 and 9. The obser- 
ved ion i n t e n s i t i e s  a r e  compared i n  Table 4 wi th  those  produced by photo- 
ion iza t ion  (Ref. 2) and e lec t ron  impact (Ref. 4) .  Again, charge t r a n s f e r  
from oxygen ions resembles ion iza t ion  by 15.4 eV photons, whereas charge 
t r a n s f e r  from krypton ions producesa spectrum more l i k e  tha.t observed with 
e l ec t ron  impact. The spec t ra  obtained by charge t r a n s f e r  using oxygen 
primary ions  a r e  approximately i n  accord with expectat ion,  but  charge t r a n s -  
f e r  from krypton appears t o  produce more highly fragmented ion spec t ra  
than an t i c ipa ted .  No explanation can be given f o r  t h i s  behavior a t  t h e  
present  time. 

C. Negative Ions 

While t h e  majori ty of t h e  experiments i n  t h i s  program were concerned 
with charge t r a n s f e r  involving p o s i t i v e  ions, it is  obvious t h a t  a s i m i l a r  
phenomenon should 0ccu.r a l s o  with negative ions.  Negative ion mass spec t ra  
a r e  o f t en  simple and l e s s  extensive than the  p o s i t i v e  ion mass spec t ra  of 
the  same compounds, so  t h a t  it was of i n t e r e s t  t o  explore charge t r a n s f e r  
using negat ive  ions wi th  the  present  experimental set-up.  This involved 



VAPiPnTfON OF M28 AhQ M29 SIGNALS 
WITH DRIFT POTENTIAL FOR CO SlhMPT2 GAS 

Dsif t Peak Height Ratio Peak Eeight 
Potential, v l/v M28 M29 25 / 29 M3 2 



KRYPTON 

Figu re  6 Charge t r a n s f e r  mass spectrum of i so -bu ty l  a l c o h o l ,  krypton 
primary ions .  



Figure 7 :  Charge t r a n s f e r  mass spectrum of iso-butyl  alcohol .  Oxygen 
pr imary ions.  



Figure  8 : Charge t r a n s f e r  mass spectrum OH Formic Acid. Krypton Primary 
Ions.  



Figu re  9: Charge t r a n s f e r  mass spectrum of formic a c i d .  Oxygen 
primary i o n s .  



RELATIVZ IOE YXELDS FOR ZSO-BUTANOL 

BY VARIOUS MODES OF IONIZATION 

PHOTOIONIZATION 
ELECTRON IMBACT 

MASS IONIZATION CHARGE TRANSFER 
NO 13.0 ev 1 5 . 4  ev ~ r +  02+/0+ 70 ev 

100 100 LOO 

5 7 19 47 

56 100 8 

5 3 6 - 
63 4 3 - 



TABLE 4 

RELATIVE ION YIELDS FOR POWIC ACID 

BY VARLOUS MODES OF IONIZATION 

MASS PHOTOIONIZATION ELECTRON IMeACT CHARGE TRANSFER 
NO 15.4 ev 70 ev ~r f 02+/0+ 



r eve r s ing  a l l  p o t e n t i a l s  a s  w e l l  a s  t h e  magnetic f i e l d .  Oxygen w a s  used 
i n  t h e  gas d ischarge  ion  source.  - The primary ion  spectrum under t hese  con- 
d i t i o l s  cons i s t ed  mainly of 0 , with  02- being present  a t  a  Lower i n t e n s i t y .  
The t o t a l  primary ion  i n t e n s i t y  obta ined  i n  t h i s  manner was about  a  hund- 
r ed  times lower than  f o r  p o s i t i v e  ions .  The reasons  f o r  t h e  lower e f f i c -  
iency of tk ion  source  f o r  nega t ive  ions  l i e s  i n  t h e  problems a s s o c i a t e d  
w i t h  t h e  e x t r a c t i o n  of nega t ive  ions  through t h e  plasma shea th  surrounding 
t h e  d ischarge  region.  Usually,  an  a d d i t i o n a l  e l e c t r o d e  is  pos i t i oned  i n  
f r o n t  of t h e  anode d i s c  t o  i nc rease  t h e  e f f i c i e n c y  of nega t ive  ion  ex t r ac -  
t i o n  (Refs. 5, 6 ) .  The present  ion  source  was not provided w i t h  t h i s  f e a -  
tu re ,  so t h a t  t h e  comparatjvely low primary ion  c u r r e n t  had t o  be t o l e r a t e d .  

To demonstrate  t h e  e f f e c t  of charge t r a n s f e r ,  n i t rogen  d ioxide  was 
employed a s  t h e  sample gas.  F igure  10 shows t y p i c a l  r e s u l t s  ob ta ined  i n  t h e  
presence and absence of NO2 i n  t h e  charge t r a n s f e r  chamber. The s i g n a l  a t  
mass number 46 i n d i c a t e s  t h a t  charge t r a n s f e r  occurs  wi th  a  reasonable  
e f f i c i e n c y ,  a s  expected from t h e  known r a t e  c o e f f i c i e n t  (Ref. 7 )  f o r  t h e  
r e a c t i o n  

The NO2- ion  i s  t h e  only secondary ion  produced. The p o s i t i v e  ion  spectrum, 
by comparison, produces no t  only No2+, bu t  a l s o  NO+ a t  m/e = 30 wi th  oxygen 
primary ions .  A r e p r e s e n t a t i v e  p o s i t i v e  ion  mass spectrum i s  shown i n  
F igure  11. The comparison shows tbt even f o r  t h i s  s imple case  of NO t h e  ?' nega t ive  ion  charge t r a n s f e r  possesses  advantages.  However, i t s  apphlca-  
t i o n  r e q u i r e s  a  more e f f i c i e n t  nega t ive  ion  source.  

D. Sources of I o n i z a t i o n  Other than  Charge Transfer  

From t h e  r e s u l t s  discussed above, i t  appears  t h a t  t h e  ion  source  i n  
i t s  present  con f igu ra t ion  which inc ludes  t h e  d i f f e r e n t i a l l y  pumped gap 
between t h e  primary ion  source and t h e  charge t r a n s f e r  reg ion  i s  s u p e r i o r  t o  
t h e  previous sou rce  arrangement wi thout  t h e  gap, a s  fragment ion  formation 
due t o  i n t e r a c t i o n  of t h e  sample gas w i t h  t h e  d ischarge  boundary has  been 
e s s e n t i a l l y  e l imina ted .  While t h i s  is  t r u e  f o r  t h e  gases  N20, S02, CO and 
NH3 which were a l s o  s t u d i e d  previous ly ,  s p e c i f i c  r e f e rence  i s  made t o  SO2 
f o r  which mass s p e c t r a  were publ ished s o  t h a t  a  d i r e c t  v i s u a l  comparison 
can be made. The q u a l i t a t i v e  appearance of mass s p e c t r a ,  however, does 
not  provide a q u a n t i t a t i v e  measure of t h e  improvement a t t a i n e d .  To d e t e r -  
mine t h e  degree t o  which t h e  formation of undes i r ab le  ions  i s  suppressed,  
a  v a r i e t y  of f u r t h e r  experiments were c a r r i e d  out  employing n i t r o g e n  a s  
t h e  sample gas and primary ions der ived  from a  krypton d ischarge .  The 
choice  of n i t r o g e n  a s  sample gas was made f o r  two reasons:  ( a )  i t  wads 
used a s  t e s t  gas i n  previous experiments wi thout  t h e  d i f f e r e n t i a l l y  pumped 
gap. Hence, t h e  new da ta  would provide a  q u a n t i t a t i v e  assessment of t h e  



Figure  10: Charge t r a n s f e r  mass spectrum of n i t r o g e n  d ioxide .  Negative 
oxygen primary ions  



F i g u r e  L L :  Charge T rans f e r  Mass Spectrum of Nit rogen Dioxide,  P o s i t i v e  
oxygen primary ions .  



sou rce  improvement; and (b) t h e  IY2+ s i g n a l  co inc ides  wi th  t h a t  of 6 0 ~  so  
t h a t  t h e  p o s s i b i l i t y  of d e t e c t i n g  60 i n  a i r  by charge t r a n s f e r  mass spec- 
t rometry may be eva lua ted ,  The i o n i z a t i o n  p o t e n t i a l  of n i t r o g e n  i s  such 
t h a t  s i n g l y  charged ground s t a t e  ions  of krypton of low k i n e t i c  energy 
cannot i o n i z e  n i t r o g e n  due t o  a n  energy de f i c i ency  of about  1 . 5  eV. Nev- 
e r t h e l e s s ,  both N~~ and N+ had been observed previous ly .  The sources  02 
n i t r o g e n  i o n i z a t i o n  had been d iscussed  and i t  was concluded t h a t  it occu.rred 
by in . te rac t ion  wi th  t h e  boundary of t h e  d ischarge .  Another p o t e n t i a l  source 
a r e  doubly charged krypton ions  which a r e  generated i n  t h e  primary source  
d ischarge  a s  a  minor i o n i c  component. 

The inco rpora t ion  of t h e  d i f f e r e n t i a l l y  pumped gap i n t o  t h e  ion  source 
arrangement was found t o  reduce t h e  d i r e c t  i o n i z a t i o n  of n i t r o g e n  cons iderably .  
F igu re  12 shows a  spectrum produced when 3 x lom3 t o r r  of n i t r o g e n  i s  added 
t o  0.155 t o r r  of krypton i n  t h e  charge t r a n s f e r  reg ion .  There is  a  s i z a b l e  
s i g n a l  on mass number 29, demonstrating t h e  formation of N~H$; b u t  no s i g -  
n a l s  a r e  evident  on mass numbers 28 and 14. Comparison wi th  t h e  previous  
da t a  i n d i c a t e s  t h a t  t h e  amount of N2+ formation has  been reduced a t  l e a s t  
twenty-f o ld ,  whereas t he  c o n t r i b u t i o n  of N ~ H '  formation remains s i m i l a r .  
The l a t t e r  presumably i s  due t o  proton t r a n s f e r  from krypton hydr ide  ions  
p re sen t  i n  t h e  primary ion  d i s t r i b u t i o n .  

The spectrum i n  F igu re  12  was taken  on t h e  most s e n s i t i v e  s c a l e  of 
the  a v a i l a b l e  e lec t rometer  and i s  accompanied by an  apprec i ab le  background 
noise .  Fu r the r  i n v e s t i g a t i o n  of n i t r o g e n  i o n i z a t i o n  thus  r equ i r ed  a n  
inc rease  of ion  d e t e c t i o n  s e n s i t i v i t y  and/or  n o i s e  reduct ion .  The n o i s e  
l e v e l  apparent  i n  F igu re  1 2  i s  due t o  t h e  e lec t rometer  en t r ance  c i r c u i t  
and cannot be reduced. Hence, t o  i n c r e a s e  t h e  s igna l - to -no i se  r a t i o ,  t h e  
s imple Faraday cage ion  c o l l e c t o r  was rep laced  by a n  e l e c t r o n  m u l t i p l i e r  

4 d e t e c t o r  which was a d j u s t e d  t o  a  ga in  of 10 . With t h i s  mod i f i ca t ion  
s u f f i c i e n t  s e n s i t i v i t y  r e s e r v e  was made a v a i l a b l e  t o  d e t e c t  t h e  mass num- 
ber  28 s i g n a l  and t o  e s t a b l i s h  t h a t  i t s  s i z e  was reduced by a f a c t o r  of 
about  35 compared w i t h  previous da t a  obta ined  under s i m i l a r  experimental  
cond i t i ons .  The improvement a t t a i n e d  c l e a r l y  i n d i c a t e s  t h a t  t h e  bulk  of 
t he  i n t e r a c t i o n  between gas d ischarge  and sampling gas has  been removed 
by t h e  d i f f e r e n t i a l l y  pumped gap. 

Next it was d e s i r a b l e  t o  lower t h e  r a t h e r  s t r o n g  ion  i n t e n s i t i e s  due 
t o  water  contamination. For t h i s  purpose, a  second l i q u i d  n i t r o g e n  t r a p  
was i n s t a l l e d  i n  t h e  i n l e t  l i n e  feeding  t h e  b u f f e r  gas (krypton) t o  t h e  
charge t r a n s f e r  chamber. Th i s  modi f ica t ion  l ed  t o  a  cons ide rab le  r educ t ion  
n o t  on ly  of t h e  s i g n a l s  on mass numbers 18 and 19, which a r e  d i r e c t l y  
r e l a t e d  t o  t h e  water  vapor concen t r a t ion  i n  t h e  charge t r a n s f e 5  chamber, bu t  
a l s o  t o  a  reduct ion  of t h e  m/e = 29 s i g n a l  indicatLng t h a t  N H formation 2 
i s  p a r t i a l l y  connected wi th  t h e  water  impuri ty  problem. The m/e = 25 s i g -  
n a l w a s  no t  a f f e c t e d  by t h i s  measure. Typica l  spec t r a  obta ined  f o r  t h e s e  
experimental  condi t ions  a r e  shown i n  F igure  l 3 *  It is  noteworthy t h a t  w i th  
t h e  increased  ga in  a cons iderable  number of impuri ty  peaks become apparent .  



Figu re  12: Spectrum produced by t h e  a d d i t i o n  of  n i t r o g e n  t o  the 
charge t ransfer  chamber. 
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Figu re  13: Mass spectrum produced by t h e  a d d i t i o n  of n i t r o g e n  t o  th.e 
Charge T r a n s f e r  Chamber. Liquid N2 t r a p s  i n  both kryp ton  i n b e t  l ines .  



These belong maiy'y t o  ions  c r ea t ed  by contaminat ion i n  t h e  d ischarge  
primary source,  e .  g. , t h e  peaks on rmss numbere 27, 26. 25 and 15 are due 
t o  hy2rocarbon ions, t h e  peaks on m s s  numbers 16 and 17 a r e  caused by 
weter  vapor .  T!?e inc rease  i n  t h e  s i g n a l  a t  m/e = 15 when n i t r o g e n  i s  
in t roduced  t o  t h e  charge t r a n s f e r  chamber i n d i c a t e s  t h a t  a smal l  amount of 
hydrocarbon i s  introduced through t h e  n i t rogen  i n l e t .  The i n c r e a s e  i n  be 
s i g n a l  a t  m/e = 44 can be a t t r i b u t e d  t o  t h e  same source,  i . e . ,  a hydro- 
carbon r a t h e r  than  carbon d ioxide ,  bu t  t h e  r i s e  5n t h e  peaks a t  mass 
numbers 28 and 29 i s  much l a r g e r  and must be due t o  n i t rogen .  I f  t h e s e  
s i g n a l s  were caused by a  hydrocarbon, t h e  peaks a t  mass number 27 and 26 
should i n c r e a s e  a l s o  by a  p ropor t iona te  amount whereas they remain con- 
s t a n t .  Accordingly, t h e  s i g n a l s  observed on mass numbers 25 and 29 when 
n i t r o g e n  i s  admit ted t o  t h e  charge t r a n s f e r  chamber a r e  a t t r i b u t e d  t o  t h e  
ions  iS2+ and N~B*, r e s p e c t i v e l y .  

To determine t h e  o r i g i n  of t he  r e s i d u a l  N2' formation a  v a r i e t y  of 
f u r t h e r  experiments were performed. F igu re  14 shows t h a t  t h e  i n t e n s i t y  
of ions appearing a t  mass numbers 32, 29 and 28 i n c r e a s e  w i t h  t h e  p a r t i a l  
p re s su re  of n i t rogen .  The i n c r e a s e  i s  e s s e n t i a l l y  l i n e a r  a l though f o r  
both M28 and M29 some s a t u r a t i o n  occurs  a t  N2 p r e s su re s  g r e a t e r  than  GO 
microns. This  behavior  i s  probably caused by t e r t i a r y  r e a c t i o n s  of both 

a- TY2' and N2H wi th  water  vapor ,  r a t h e r  than  a  p a r t i a l  depl-etion of t h e  p r i -  
mary ions  r e spons ib l e  f o r  t h e i r  formation.  

F igu res  15 and 16 show t h e  v a r i a t i o n  of ion  i n t e n s i t i e s  observed 
when t h e  krypton p re s su re  i n  t h e  charge t r a n s f e r  chamber i s  v a r i e d  i n  t h e  
absence o r  presence of a  cons t an t  n i t rogen  pressure .  I n  both cases ,  t h e  
M32 and M29 ion  i n t e n s i t i e s  show a n  e s s e n t i a l l y  l i n e a r  i n c r e a s e  wi th  pre-  
s su re ,  whereas t h e  M28 ion  i n t e n s i t y  s t a y s  approximately cons t an t .  The 
l i n e a r  i n c r e a s e  wi th  b u f f e r  gas  p re s su re  i s  due t o  t h e  i n c r e a s e  i n  t h e  r e s i -  
dence time of t he  primary ions  and i s  i n  accord w i t h  t h e  f u n c t i o n a l  r e l a -  
t i o n s h i p  de r ived  previous ly .  This  type  of i n t e n s i t y  dependence i s  now 
shown more c l e a r l y  than by t h e  previous source arrangement because i n  t h e  
p re sen t  s e tup  t h e  primary source  and t h e  charge t r a n s f e r  chamber parameters 
can be v a r i e d  independently.  

F igu re  15 thus  shows t h a t  t h e  M 3 2  and M29 ions  a r e  t r u e  secondary 
ions  formed by the  processes  

(6 
-F- 

K r H  + N2 -+ N ~ H '  + K r  

whereas t h e  M 2 8  ion  ass igned  t o  N+ behaves abnormally a s  a  secondary ion.  
2  

The p r o p o r t i o n a l i t y  of t h e  M28 ion  i n t e n s i t y  wi th  t h e  n i t r o g e n  p a r t i a l  
p re s su re  demonstrates i t  t o  be formed d i r e c t l y  from n i t rogen ,  bu t  does not  
i n d i c a t e  t h e  process  r e spons ib l e  f o r  i t .  I f  i t  is formed i n  t h e  charge 
t r a n s f e r  reg ion  it must be produced by a  s u f f i c i e n t l y  e n e r g e t i c  i o n i c  
p roces s .  such a s  charge t r a n s f e r  involving e i t h e r  ~ r*-  o r  metas tab le  
exc i t ed  ~ s +  ions .  However, one must a l s o  cons ider  t he  p o s s i b i l i t y  t h a t  N2 "r 



NITROGEN PRESSURE (TORR) 

F i g u r e  14. Dependence of i o n  s i g n a l s  on sample pressure 



0. I 0 .2  

K R Y R W  PRESSURE ( T O W R )  

F i g u r e  15.  V a r i a t i o n  of  i o n  s i g n a l s  w i t h  t h e  p resence  
o f  k ryp ton  i n  t h e  charge  t r a n s f e r  chamber. 
Open symbols:  i n  t h e  absence of n i t r o g e n .  
F i l l e d  symbols:  n i t r o g e n  p r e s e n t .  



KRYPTON PRESSUE (TORR) 

Figu re  16 ,  Krypton Ion Signals  and ~ 4 2 / ~ 8 4  Signal  I i a t F b s  as Funct ion  
of Krypton P r e s s u r e  i n  the  Charge T r a n s f e r  Chamber. Same Scale & 
Symbols as i n  F i g u r e  15. 



i s  formed i n  t h e  gap reg ion  
n i t rogen  escaping through t h e  ion  en t r ance  o r i f i c e ,  and that a po r t ion  
of these ions r e - en te r  t h e  charge t r a n s f e r  chamber. 

The experimental  d a t a  i n d i c a t e  t h a t  t h e  formation of h12' by doubly 
charged krypton ions  i s  n o t  s i g n i f i c a n t .  This  a s p e c t  w i l l  be d iscussed  
nex t .  F igu re  16 shows t h a t  by inc reas ing  t h e  krypton p re s su re  i n  t h e  charge 
t r a n s f e r  chamber both t h e  i n t e n s i t i e s  of K r +  and Kr* decrease  i n  t h e  same 
manner. The decrease  of primary ion i n t e n s i t y  w i th  p re s su re  has  a l r e a d y  
been expla ined  and i s  due t o  the combined e f f e c t s  of charge r epu l s ion  and 
L a t e r a l  d i f f u s i o n  of ions t r a v e r s i n g  the charge t r a n s f e r  chamber. The co- 
va r i ance  of Kr*and Kr' i on  i n t e n s i t i e s  i n d i c a t e s  t h a t  t h e  r e a c t i o n  

i s  n o t  s i g n i f i c a n t  and t h i s  conclusion agrees  w i th  previous d a t a  (Ref .1) .  
Consequently, i f  were produced mainly by charge t r a n s f  e r  from Kr* t o  
n i t rogen ,  t h e  M28 ion  i n t e n s i t y  should inc rease  wi th  p re s su re  s i m i l a r  t o  
t h a t  of M32 due t o  charge t r a n s f e r  from K r +  t o  oxygen. Since t h e  M28 ion  
i n t e n s i t y  does not  i nc rease  wi th  pressure ,  i t  i s  concluded t h a t  doubly 
charged krypton ions  cannot be t h e  major precursor .  Add i t i ona l  evidence 
f o r  t h i s  conclusion i s  provided by t h e  d a t a  i n  Table 5. It was found t h a t  
by lowering t h e  dc p o t e n t i a l  on t&e pusher e l e c t r o d e  of t h e  d ischarge  ( see  
F igu re  I )  t h e  c o n t r i b u t i o n  of K r  ions  t o  t h e  t o t a l  ion  i n t e n s i t y  could 
be  diminished a l s o .  Table 5 shows r e l a t i v e  ion  i n t e n s i t i e s  f o r  pusher poten- 
t i a l s  of zero  and 125 v o l t s ,  and t h e  s i g n a l  r a t i o s  observed f o r  t h e  two 
experimental  conditions. On a  r e l a t i v e  s c a l e  t h e  KrJrS ion  i n t e n s i t y  a t  
mass number 42 decreased by a  f a c t o r  of 16 when t h e  pusher vo l t age  i s  r e -  
duced t o  zero  whi le  t h e  N ~ +  ion  i n t e n s i t y  decreases  only by a  f a c t o r  of 1 .6.  
On t h i s  b a s i s  n o t  more than  33 percent  of t h e  M28 ion  i n t e n s i t y  can be due 
t o  N2+ formed by charge t r a n s f e r  involving doubly charged krypton ions .  

Fu r the r  experiments e s t a b l i s h e d  t h a t ,  q u i t e  gene ra l ly ,  t h e  primary 
ion  source  ope ra t ing  cond i t i ons  were s i g n i f i c a n t  i n  determining t h e  ex t en t  
of N2+ formation.  Relevant parameters a r e  t h e  d i scha rge  p re s su re  and t h e  
involved e l e c t r i c  f i e l d s .  Ion  i n t e n s i t i e s  observed f o r  v a r i o u s  primary 
source ope ra t ing  cond i t i ons  (while keeping o the r  parameters  cons t an t )  a r e  
compiled i n  Table 6 .  One s e t  of da t a  shows t h a t  i nc reas ing  t h e  p re s su re  

i- i n  t he  d ischarge  decreases  t h e  amount of N2 product ion r e l a t i v e  t o  02f 
formation which may he re  s e r v e  as a  s tandard .  The o t h e r  s e t  of r e s u l t s  
shows a g a i n  t h a t  a  dc f i e l d  i n  t h e  d ischarge  tube  enhances product ion 
when an  ion  p reacce l e ra t ing  f i e l d  i s  app l i ed  t o  t h e  d i f f e r e n t i a l l y  pumped 
gap reg ion ,  bu t  i t  shows a l s o  t h a t  i n  t h e  absence of a  p r e a c c e l ~ r a t i n g  f i e l d  
t h e  a p p l i c a t i o n  of a  pusher p o t e n t i a l  decreases  t h e  r e l a t i v e  N 2 1  cont r ibu-  
t i o n .  These observa t ions  i n d i c a t e  t h a t  two e f f e c t s  a r e  important :  one 
occurs  i n  t h e  absence of any dc f i e l d s .  Then t h e  ions  a r e  e x t r a c t e d  from 
t h e  d i scha rge  s o l e l y  by t h e  flow of plasma ( i .  e . ,  i ons  p lus  e l e c t r o n s )  
through t h e  e x i t  o r i f i c e  and t h e  d ischarge  reg ion  must p e n e t r a t e  p a r t i a l l y  
i n t o  the d i f f e r e n t i a l l y  pumped gap reg ion .  Under t h e s e  cond2tions lVZ4- 



TABLE 5 

VARTATEON OF PRTIMAAIIY AND SECONDMY LOW 

INTENS LTLES (ARBITRARY UNITS) WITH D1SCEKRG.E SOlJRCE 

PUSNER VOLTAGE (PV). PREACCELEMTING VOLTAGE 

150, CHARGE TMNSFER CHAMBER PRESSUW 204 MICRONS. 

Mass 1ntensi.t~ Ratio 
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formation can he due only t o  a n  i n t e r a c t i o n  of n i t r o g e n  wi th  t h e  d ischarge .  
I n  the  presence of dc f i e l d s ,  ions  a r e  ex tmcted-  e f f i c % e n t b y  wh i l e  e;ec- 
t r o n s  a r e  he ld  Sack s o  t h a t  t h e  plasma p e n e t r a t i o n  is  c u r t a i l e d .  The  source  
of ni t rogen i o n i z a t i o n  due t o  t h e  plasma p e n e t r a t i o n  i s  then  removed. On 
t h e  o t h e r  hand. t h e  imposi t ion of a  dc e l e c t r i c  f i e l d  on t h e  microwave 
d ischarge  a s  w e l l  a s  t h e  lowering of d i scharge  p re s su re  i nc rease  t h e  ave r -  
age energy acqu i r ed  by t h e  e l e c t r o n s  i n  t h e  d i scha rge ,  so  t h a t  t h e  f o r m -  
t i o n  of e x c i t e d  ions  and doubly charged ions  i s  enhanced. Thus, i t  appears  
t h a t  a t  l e a s t  some of t h e  observed n i t r o g e n  i o n i z a t i o n  is  caused by meta- 
s t a b l e  e x c i t e d  krypton ions.  Their  cont r ibue ion  t o  t h e  t o t a l  ion  popula- 
t i o n  would depend c r i t i c a l l y  on t h e  d ischarge  ope ra t ing  parameters.  A low 
popula t ion  of e x c i t e d  ions  would be achieved wi th  h igh  d ischarge  pressu-res 
and low e l e c t r i c  f i e l d s .  

It i s  a l s o  s i g n i f i c a n t  t o  no te  from t h e  da t a  i n  Table 6 t h a t  t h e  app-  
l i c a t i o n  of an  e l e c t r i c  f i e l d  i n  t h e  gap r eg ion  i n  a d d i t i o n  t o  t h e  f i e l d s  
e x i s t i n g  i n  the d i scha rge  does no t  i nc rease  t h e  N ~ +  genera t ion .  InsEead 
a decrease  is  observed r e l a t i v e  t o  02+ formation. Accordingly, t h e  a c c l e r -  
a t i o n  of i ons  t o  k i n e t i c  energ ies  exceeding t h a t  r equ i r ed  f o r  n i t r o g e n  
i o n i z a t i o n  i s  no t  t h e  major f a c t o r  r e spons ib l e  f o r  N?' formation.  Evi- 
den t ly ,  t h e  f a s t  ions  a r e  quick ly  thermalized by c o l l i s i o n s  i n  t h e  charge  
t r a n s f e r  chamber. 

From t h e  sum of t h e s e  d a t a  i t  i s  concluded t h a t  t h e  r e s i d u a l  i on iza -  
t i o n  of n i t r o g e n  has  two causes:  ( a )  r e s i d u a l  i n t e r a c t i o n  wi th  t h e  boundary 
of t h e  primary ion  source,  and (b) i ons  w i t h  i n t e r n a l  energy, probably pro-  
duced i n  t h e  d ischarge  by e n e r g e t i c  e l e c t r o n s .  The f i r s t  source  of n i t r o -  
gen i o n i z a t i o n  occurs  i n  t h e  d i f f e r e n t i a l l y  pumped gap and may be red.uced 
f u r t h e r  by a  more e f f i c i e n t  d i f f e r e n t i a l  pumping system than has  been a v a i l -  
a b l e  i n  t h e  p re sen t  experiments.  Since t h e  N~' i ons  from t h i s  sou-rce e n t e r  
t h e  charge t r a n s f e r  chamber t oge the r  w i th  t h e  o t h e r  primary ions ,  t h e  
corresponding M28 s i g n a l  should decrease  a s  t he  b u f f e r  gas p re s su re  i n  t h e  
chamber i s  increased .  

The second source  of n i t r o g e n  i o n i z a t i o n  occurs  i n  t h e  charge t r a n s f e r  
chamber and i s  p ropor t iona l  t o  t h e  c o n t r i b u t i o n  of t h e  exc i t ed  ions  t o  
t h e  t o t a l  primary ion  i n t e n s i t y .  Unless t h e  e x c i t e d  ions  a r e  r a p i d l y  de- 
a c t i v a t e d  by c o l l i s i o n ,  t he  M28 s i g n a l  corresponding t o  t h i s  source  should 
inc rease  wi th  inc reas ing  b u f f e r  gas p re s su re .  From t h e  observa t ion  t h a t  
t h e  M28 ion  i n t e n s i t y  remains approximately cons t an t  a s  t h e  p re s su re  i n  t h e  
charge t r a n s f e r  chamber i s  v a r i e d  i t  appears  t h a t  both sources of IY2+ con- 
t r i b u t e  almost  equa l ly  t o  t he  n i t rogen  i o n i z a t i o n  under t h e  employed exper- 
imenta l  cond i t i ons .  

E.  Appl ica t ion  t o  t h e  Detec t ion  of Carbon Monoxide 

On t h e  b a s i s  of t h e  r e s u l t s  presented  i n  t h e  preceding s e c t i o n  t h e  
f e a s i b i l i t y  of measuring carbon monoxide i n  t h e  presence of n i t rogen  can 



now be ev8,Qvated. From t h e  da t a  presented ir F igu re  14  he s e n s i t i v i t y  
f o r  qs t rogen  f o r  t h e  ion  i n t e n s i t y  pass rum7>es 28 i s  found t o  Se 3.3 x 
I ~ - ~ P  arnps/torr o r  about  I percent  of that of carbon rnomxide. T h i s  r a t i o  
of s e n s i t i v i e s  can be improved i f  more f avo rab le  ope ra t ing  cond i t i ons  &re 
chosen* Raising t h e  p re s su re  i-n the charge t r a n s f e r  chamber from 90 torr 
t o  280 t o r r  improves t h e  CO s e n s i t i v i t y  by a  f a c t o r  of two whi le  Leaving 
t h a t  of N2 approximately unchanged. Reducing t h e  dc f i e l d  i n  t h e  d ischarge  
t o  zero  w i l l  f u r t h e r  reduce t h e  s i g n a l  s t r e n g t h  f o r  n i t r o g e n  ions  by 3 
f a c t o r  of t h r e e  w h i l e  reducing  t h e  t o t a l  i n t e n s i t y  only by 20 pe rcen t .  
Combining t h e s e  f a c t o r s  provides  a t o t a l  improvement i n t h e  C O / I L ' ~  s e n s i t i v -  
i t y  r a t i o  by a  f a c t o r  of f i v e ,  s o  t h a t  t h e  s i g n a l  r a t i o  i s  given by 

The r a t i o  of  p re s su re s  which j u s t  doubles t h e  s igna l  observed on mass 
number 28 thus  i s  P(CO)/P(N2) = 2 x  l o m 3  o r  2 p a r t s  per  thousand of carbon 
monoxide i n  n i t rogen .  By a  comparison wi th  pure  n i t r o g e n  a concen t r a t ion  
of 0.5 p a r t s  per . thousand carbon monoxide can probably be observed. These 
f i g u r e s  show t h a t  t h e  d i s c r i m i n a t i o n  between carbon monoxide and n i t r o g e n  
achieved a t  t h e  p re sen t  s t a g e  of development of t h e  charge t r a n s f e r  mass 
spec t rometer  technique  is  no t  y e t  s u f f i c i e n t  t o  be u s e f u l  £or t h e  measure- 
ment of t r a c e  amounts of CO i n  t h e  human environment. A t  l e a s t  a t en - fo ld  
b e t t e r  d i sc r imina t ion  i s  necessary  t o  reach t h e  CO t o x i c i t y  l i m i t ,  and f o r  
a  d e t e c t i o n  l i m i t  of 1 ppm a n  improvement by a f a c t o r  of f i v e  hundred i s  
requi red .  To achieve  t h i s  degree of improvement it i s  necessary t o  improve 
n o t  only t h e  d i f f e r e n t i a l  pumping e f f i c i e n c y  i n  t h e  gap reg ion ,  bu t  a l s o  
t h e  ion  source  c h a r a c t e r i s t i c s  i f  krypton ions  a r e  t o  remain t h e  p r i n c i p a l  
primary ions .  



The p r i n c i p a ?  aim of t h e  p re sen t  i n v e s t i g a t i o n  of charge t r a n s f e r  
mass spectrometry was t o  s e p a r a t e  t h e  charge t r a n s f e r  cha.mber and the 
primary ion  source  by t h e  i n t e r p o s i t i o n  of a  d i f f e r en t i a l -Ly  pumped gap  so  
t h a t  t h e  i n t e r a c t i o n  of t h e  sample gas wi th  t h e  primary ion  source  i s  e l -  
iminated.  The r e s u l t s  ob ta ined  w i t h  t h i s  modified i o n  sou rce  arrangement 
i n d i c a t e  t h a t  t h e  i o n i z a t i o n  of sample gas by a  d i r e c t  i n t e r a c t i o n  w i t h  
t h e  primary ion  sou rce  i s  g r e a t l y  reduced, i n  accordance w i t h  expec t a t i on .  
Because t h e  gap i n s t a l l a t i o n  was made by modifying e x i s t i n g  appa ra tu s ,  t h e  
pumping e f f i c i e n c y  a v a i l a b l e  was no t  opt imized and some r e s i d u a l  i n t e r -  
a c t i o n  o f  sample gas  w i t h  t h e  f r i n g e s  of  t h e  d i s cha rge  i n  t h e  gap r e g i o n  
had t o  b e  t o l e r a t e d .  This  unwanted type  of i o n i z a t i o n  no longer  h,ad any 
e f f e c t  upon t h e  t ype  of charge  t r a n s f e r  mass s p e c t r a  observed,  b u t  it  
r e s u l t e d  i n  a  r e s i d u a l  i o n i z a t i o n  of n i t rogen ,  which covers  t h e  mass nu.mbec 
28 peak and i n t e r f e r e s  w i t h  t h e  d e t e c t i a n  of CO. I n  a d d i t i o n ,  i t  was found 
t h a t  a n  i o n i c  s p e c i e s  genera ted  i n  t h e  d i scharge ,  probably me ta s t ab l e  ex- 
c i t e d  krypton  ions  c o n t r i b u t e s  t o  t h e  i o n i z a t i o n  of n i t rogen .  The mass 
spec t rome t r i c  s e n s i t i v i t y  of  t h e  charge t r a n s f e r  method f o r  carbon monoxid,e 
was found t o  be  about  an  o r d e r  of  magnitude l e s s  than  expected.  These f a c -  
t o r s  p rec lude  t h e  descs imina t ion  of l e s s  than 5 x 10-4 p a r t s  of CO i n  n i -  
t r ogen  a s  t h e  p r e s e n t  s t a g e  of development. I f  k rypton  ions  a r e  r e t a i n e d  
a s  t h e  major primary type  of i ons  f o r  t h e  measurement of CO, a  mode of 
o p e r a t i o n  of  t h e  d i s cha rge  primary source  o r  another  type  of ion sou rce  
w i l l  have t o  be found which minimizes t h e  gene ra t i on  of e l e c t r o n i c a l l y  
exc i t ed ,  metas tab le  krypton  i o n s .  For t h e  s tudy  of hydrocarbons i t  appears  
from t h e  few examples i n v e s t i g a t e d  t h a t  primary ions  having a n  ave rage  
recombinat ion energy lower than  t h a t  o f  krypton ions  would be p r e f e r a b l e  
on account  of t h e  reduced f ragmenta t ion  expected t o  occur  i n  t h e  charge  
t r a n s f e r  mass s p e c t r a  of such compounds. 
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