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GAS ANALYSIS BY PHOTOIONIZATION MASS SPECTROMETRY 

By W. Poschenrieder and P. Warneck 

ABSTRACT r n ,  b 

A photo ioniza t ion  mass spectrometer f e a t u r i n g  a speLia1 180-degree mag- 
n e t i c  analyzer  wi th  inc l ined  pole  faces  i s  descr ibed and i t s  usefu lness  a s  a 
gas  a n a l y t i c a l  t o o l  i s  explored.  The i n v e s t i g a t e d  range of i on  source pres -  
s u r e s  was 0 t o  150 microns. It was found t h a t  p re s su res  up t o  20 microns can 
be u t i l i z e d  f o r  gas  ana lys i s .  A t  higher p re s su res ,  ion-molecule r e a c t i o n s  and 
inc reas ing  l i g h t  absorp t ion  cause nonl inear  i on  cu r ren t -p res su re  r e l a t i o n s h i p .  
The major advantage of photo ioniza t ion  when compared t o  e l e c t r o n  impact i on i -  
z a t i o n  i s  the  s i m p l i c i t y  of fragmentation p a t t e r n s ,  the  major disadvantage,  
t he  lower s e n s i t i v i t y .  A t  20 m i c r o n s  p r e s s u r e ,  spark o r  resonance l i g h t  
sources  used i n  conjunct ion w i t h  a 1/2-meter monochromator produced peak ion  
i n t e n s i t i e s  around 5 x 10'13A. 
than  those  repor ted  p rev ious ly ,  they a r e  s t i l l  cons iderably  below the  ion  in-  
t e n s i t i e s  commonly produced by e l ec t ron  impact i o n  sources .  

Although these  ion  i n t e n s i t i e s  a r e  higher  

INTRODUCTION 

Mass a n a l y s i s  of photo ioniza t ion  products  has  been a research  s u b j e c t  f o r  
a number of years .  The f e a s i b i l i t y  of using a pho to ion iza t ion  source i n  con- 
j u n c t i o n  wi th  a mass spectrometer  was f i r s t  demonstrated by Lossing and Tanaka 
[l]" and independently by Herzog and Marmo [ 2 ] ,  who made u s e  of the  undispersed 
r a d i a t i o n  from a hydrogen or a krypton l i g h t  source separa ted  from the  i o n  
chamber by a l i t h ium f l u o r i d e  window. Addition of a monochromator f o r  photon 
energy s e l e c t i o n  by P ro fes so r  Inghram's group [3-51 g r e a t l y  increased the  ver-  
s a t i l i t y  of t h i s  method, although the use of a l i t h i u m  f l u o r i d e  window s t i l l  
r e s t r i c t e d  the  a c c e s s i b l e  energy range t o  l e s s  than  11 eV. T h i s  b a r r i e r  was 
cvercaze  wi th  the  a p p l i c a t i o n  o f  d i f f e r e n t i a l  pumping techniques toge ther  wi th  
advances made i n  developing s u i t a b l e  vacuum u l t r a v i o l e t  l i g h t  sources .  Weissler , 
e t  a l .  [ 6 ] ,  SchBnheit [7 ,8] ,  Comes ,  e t  a l .  [9 ,10]  and Schoen [ l l]  a l l  employed 
low p res su re  spark sources  which provide a spectrum r i c h  i n  l i n e s .  Dibe ler  
and c o l l a b o r a t o r s  [12-141, i n  c o n t r a s t ,  r e c e n t l y  have used high p res su re  argon 
and 'neiium cvntiiiiioiis l i g h t  soiirces. Thc i~creasing s~phistication of instrri- 
menta t ion  has brought f o r t h  much needed da ta  inc luding  i o n i z a t i o n  onse t s ,  ion- 
i z a t i o n  e f f i c i e n c i e s ,  fragmentation r a t i o s ,  and k i n e t i c s  of ion  formation,  b u t  
i t  appears  t h a t  the  p o t e n t i a l i t i e s  of the  photo ioniza t ion  mass spectrometer  a s  
a gas  ana lyzer  have not  been exploi ted.  
t h e  p r e s e n t  paper.  

This  p o s s i b i l i t y  w i l l  be explored i n  
Ana ly t i ca l  app l i ca t ion  i s  an  aspec t  worth cons ide ra t ion  

because i t  o f f e r s  s e v e r a l  advantages over 
technique.  

the  convent ional  e l e c t r o n  impact 

* 
Numbers i n  [ ] throughout t e x t  represent  r e fe rence  numbers. 
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One over r id ing  f e a t u r e  t h a t  became apparent  i n  the  e a r l y  i n v e s t i g a t i o n s  
i s  the  s i m p l i c i t y  of f ragmentat ion p a t t e r n s .  
s o l e  c o n t r i b u t o r  t o  the  mass spectrum. I n  c o n t r a s t ,  t he  a n a l y s i s  of e l e c t r o n  
impact mass spec t r a  of even simple gas mixtures  i s  made d i f f i c u l t  because of 
the complexity of f ragmentat ion p a t t e r n s .  It i s  t r u e  t h a t  f ragmentat ion can 
be minimized i f  an e l e c t r o n  impact source i s  operated a t  low e l e c t r o n  ene rg ie s ,  
bu t  t he  r e s u l t i n g  l o s s  i n  s e n s i t i v i t y  can usua l ly  no t  be t o l e r a t e d .  The ease  
of photon energy s e l e c t i o n  and the  higher  pho to ion iza t ion  c r o s s  s e c t i o n s  near  
th reshold  when compared t o  t h e  corresponding e l e c t r o n  impact parameters con- 
s t i t u t e  a d d i t i o n a l  advantages.  O t h e r  b e n e f i t s  de r ive  from the  absence of a 
ho t  f i l ament  otherwise necessary t o  produce e l e c t r o n  emission: (a )  t he  ion  
source can be kept  a t  room temperature,  and (b)  any pe r tu rb ing  chemical i n t e r -  
a c t i o n s  between sample gas  and t h e  heated f i lament  a r e  ru l ed  out .  

Often,  t he  parent  peak i s  the  

The major drawback of t he  photo ioniza t ion  mass spectrometer  when compared 
wi th  e l e c t r o n  impact type instruments i s  i t s  lower s e n s i t i v i t y .  The lower 
s e n s i t i v i t y  stems from t h e  f a c t  t ha t  t o  d a t e  copious amounts of e l e c t r o n s  a r e  
generated more e a s i l y  than high photon f luxes .  It ,  however, can be shown t h a t  
ins t rumenta l  f a c t o r s  m u s t  a l s o  be considered. Hurze ler ,  e t  a l .  [3] quote max- 
imum ion  c u r r e n t s  of A ,  Dibeler and Reese [12] obtained only A.  
I f  t hese  were the  optimum achievable ion  c u r r e n t s ,  t he  p rospec t s  of u t i l i z i n g  
the  pho to ion iza t ion  mass spectrometer f o r  s e n s i t i v e  gas  a n a l y s i s  would be in-  
deed d i m .  Fo r tuna te ly ,  t he  s i t u a t i o n  can be improved. 

To d a t e ,  l i g h t  i n t e n s i t i e s  of the order  of 10 9 photons/sec can be a t t a i n e d  
a t  t he  e x i t  s l i t  of a monochromator provided s t rong  emission l i n e s  a r e  s e l e c t e d .  
I f  10 pe rcen t  of t h i s  i n t e n s i t y  could be u t i l i z e d  f o r  i on  product ion ,  wi th  an 
i o n i z a t i o n  e f f i c i e n c y  of about 50 percent ,  and i f  f u r t h e r  an ion  c o l l e c t i o n  e f -  
f i c i e n c y  of 10 percent  i s  assumed, the r e s u l t i n g  ion  c u r r e n t  i s  8 x A o r  
more than  one hundred times higher  than t h a t  quoted by Hurzeler ,  e t  a l .  [3] .  
However, t h i s  es t imated improvement can be r e a l i z e d  only wi th  ion  source pres -  
s u r e s  high enough t o  in su re  the absorpt ion of an apprec iab le  f r a c t i o n  of the 
a v a i l a b l e  l i g h t  i n t e n s i t y ;  i n  addi t ion ,  the  ion  c o l l e c t i o n  e f f i c i e n c y  m u s t  be 
favorable .  
s u r e s  i n  the  mm Hg range corresponding t o  less  than one t en th  of a per- 
cen t  l i g h t  absorp t ion .  They mostly used ana lyzers  of the  60 degree s e c t o r  
f i e l d  type which a r e  cha rac t e r i zed  by a small  s o i i d  angle  c o l l e c t i o n  e f f i -  
c iency  and a correspondingly low fac to r  of t ransmiss ion .  Comes and Lessman 
[9]  employed a quadrupole mass analyzer bu t  s i m i l a r l y  were forced t o  work wi th  

wide a p e r t u r e s  a t  the  expense of r e s o l u t i o n  t o  o b t a i n  d e s i r a b l e  ion  i n t e n s i t i e s .  

Most of the previous i n v e s t i g a t o r s  worked wi th  i o n  source pres -  

I n  view of t he  p o s s i b i l i t i e s  for improvement, t he  main i n t e r e s t  of the 
p r e s e n t  work was t o  explore  the usefulness  of a photo ioniza t ion  mass spectrom- 
e t e r  ope ra t ing  a t  i on  source pressures  i n  the  10 t o  100 micron range;  t o  adapt 
a s p e c i a l  180 degree magnetic analyzer wi th  wide s o l i d  angle  ion  acceptance 
f o r  t h i s  purpose; and t o  determine the  c h a r a c t e r i s t i c s  of t h i s  instrument  wi th  
r e s p e c t  t o  i t s  gas  a n a l y t i c a l  a p p l i c a b i l i t y .  A d e t a i l e d  d e s c r i p t i o n  of the 
appa ra tus  and i t s  performance i s  presented i n  the  fol lowing sec t ions .  
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APPARATUS 

Except f o r  the  modi f ica t ions  already noted,  the  appara tus  employed known 
p r i n c i p l e s .  Thus, the apparatus  incorporated a d ischarge  l i g h t  source,  a vac- 
uum u l t r a v i o l e t  g r a t i n g  monochromator, the  ion  source,  a photon d e t e c t o r ,  a 
180-degree magnetic analyzer  w i th  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 ,  and assoc ia ted  
e l e c t r o n i c s .  The i n t e g r a t e d  experimental  arrangement i s  shown i n  Figure 1. 

A. Light  Source and Monochromator 

Two types of l i g h t  sources  were employed; one, a dc cold cathode d i s -  
charge lamp based on a design by H u n t e r  [15] which emi ts  a continuous f l u x  
of photons from a plasma maintained i n  an uncooled qua r t z  c a p i l l a r y .  With 
hydrogen a s  the  exc i t ed  gas ,  the emission c o n s i s t s  of a many l i n e  spectrum use- 
f u l  a t  wavelengths above 850g. 
emi t t ed ,  v i s .  He1 5842, N e 1  7358, Ne1 7452, A I  10482, A I  10662. 
type of  l i g h t  source was a r e p e t i t i v e l y  pulsed spark d ischarge  using a ceramic 
c a p i l l a r y .  This  source i s  s i m i l a r  t o  t h a t  descr ibed by Weiss le r ,  e t  a l .  
It emi ts  a spectrum of widely spaced l i n e s  mainly i n  the  r eg ion  400 t o  1000 
wi th  maximum i n t e n s i t i e s  comparable t o  those of the  r a r e  gas  l i n e s .  

I n  r a r e  gases ,  mainly the  resonance l i n e s  a r e  
The second 

The monochromator was a McPherson 1/2-meter Seya ins t rument ,  f i t t e d  w i t h  
a 1200 lines/mm t r i p a r t i t e  r e p l i c a  g r a t i n g  blazed f o r  7502. The head bear ing 
the  e x i t  s l i t  assembly was removed from the  e x i t  arm of the  monochromator and 
rep laced  by a tubu la r  s ec t ion  accommodating the  mass spectrometer  ion  source.  
The o p t i c a l  en t rance  s l i t  of the  ion source served a s  the  new monochromator 
e x i t  s l i t .  With the  s l i t  jaws se t  t o  a width of 250 microns,  the  observed 
wavelength r e s o l u t i o n  was approximately 52. 
energy r e s o l u t i o n  of 0.1 eV. 

A t  7502, t h i s  corresponds t o  an 

B. Ion Source 

The arrangement of the  ion  source i s  shown i n  Figure 2. The l i g h t  en- 
t r a n c e  s l i t  i s  preceded by a w i d e r  s l i t  which b a f f l e s  the l i g h t  beam and main- 
t a i n s  a p re s su re  d i f f e r e n t i a l  between the  ion  source housing and the monochrom- 
a t o r .  Appropriately b iased ,  t h i s  s l i t  a l s o  c o l l e c t s  any photoe lec t rons  formed 
a t  t h e  ion  source en t rance  s l i t .  The l i g h t  beam leaves  the  i o n  source through 
a s l o t  aga in  s u f f i c i e n t l y  wide t o  prevent  the  formation of photoe lec t rons  from 
photons s t r i k i n g  the  w a l l s .  The s l o t  i s  used a t  t h i s  p o i n t  r a t h e r  than  a s l i t  
because i t  reduces the  gas flow out  of the ion  source and minimizes p e n e t r a t i o n  
of t h e  f i e l d  se t  up between the  ion  source and the housing. Af te r  t he  l i g h t  
beam passes  through the  ion  source,  i t  f a l l s  upon a sodium sa l i cy la t e -coa ted  
g l a s s  p l a t e  viewed by a photomul t ip l ie r .  Dibeler  and Reese [12] s t a t e d  t h a t  
t h e  quantum y i e l d  of t he  coa t ing  i f  a f f e c t e d  by exposure t o  hydrocarbon vapors .  
NO such e f f e c t  has  been observed i n  t h e  p re sen t  work. Although the  photoelec-  
t r i c  d e t e c t o r  used by Dibeler  and Reese [12] a l lows the  de te rmina t ion  of ab- 
s o l u t e  photon f luxes ,  p reference  has been given here  t o  the  sodium s a l i c y l a t e  
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Figure I. Photoionization mass spectrometer. 
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conver te r  because i t s  quantum y i e l d  i s  approximately cons t an t  over a wide 
wavelength reg ion  [16]. I n t e n s i t y  comparisons a r e  thereby f a c i l i t a t e d .  

Owing t o  the  s t i gma t i c  focussing p r o p e r t i e s  of t he  mass ana lyze r ,  the  
ion  source geometry has been made c y l i n d r i c a l ,  coax ia l  wi th  the  c e n t e r  of the  
ion  beam. Photoions a r e  removed from the  i o n i z a t i o n  reg ion  i n  the  conventional 
manner wi th  the  use of a pos i t ive ly-charged  r e p e l l e r  p l a t e .  The r e p e l l e r ,  
brought i n t o  p o s i t i o n  seve ra l  mi l l imeters  away from the  l i g h t  beam by a microm- 
e t e r  screw, i s  a t tached  t o  a s t e e l  tube through which the  gas  p re s su re  i n  the  
ion  source can be measured d i r e c t l y  wi th  a McLeod gauge. An i n s e r t  oppos i te  
t he  r e p e l l e r  a l lows f o r  a change i n  s i z e  of the  ion  e x t r a c t i o n  o r i f i c e .  Ions 
a r e  acce le ra t ed , and  focussed onto the ana lyzer  en t rance  by an immersion l ens  
system c o n s i s t i n g  of two p l a t e s  w i t h  1 /2- inch openings. 
i n t o  ha lves  permi ts  i o n  beam adjustment i n  the  v e r t i c a l  and h o r i z o n t a l  d i r ec -  
t i o n s .  The second p l a t e  i s  charged s l i g h t l y  nega t ive ly  wi th  r e s p e c t  t o  ground 
p o t e n t i a l  so  t h a t  secondary e l ec t rons  conceivably formed by i n t e r a c t i o n  of the  
ion  beam wi th  the  analyzer  en t rance  ape r tu re  a r e  prevented from being acce ler -  
a ted back i n t o  the  ion  source.  

Each p l a t e  divided 

C.  Mass Analyzer and Detector  

The p a r t i c u l a r  need of the  photo ioniza t ion  product  ana lyzer  t o  provide 
good i o n  t ransmiss ion  c h a r a c t e r i s t i c s  c a l l e d  fo r  an ana lyzer  w i th  wide so l id -  
angle  focussing p r o p e r t i e s .  The present  appara tus ,  t h e r e f o r e ,  uses  a 180 
degree magnetic analyzer  wi th  inc l ined  pole  faces .  A s i m i l a r  device  was pre- 
v i o u s l y  appl ied a s  a @-spectrometer b u t  apparent ly  no t  i n  conjunct ion  wi th  
mass spectrometers .  The bas i c  theory i s  we l l  e s t ab l i shed  [17] and i t  has been 
shown t h a t  f o r  a s p e c i a l  s e l ec t ed  ion o r b i t ,  f u l l y  s t i gma t i c  focussing occurs  
wi th  the  image a b e r r a t i o n  i n  the center  p lane  vanishing up t o  the  fou r th  order  
[17 ,18  1. 

I n  t h e  p re sen t  des ign ,  entrance and e x i t  ape r tu re s  a r e  s i x  inches  a p a r t  
so  t h a t  t he  spectrometer  may be compared t o  a convent ional  180 degree analyzer  
of t h r e e  inches  r ad ius .  However, because of the wedge-shaped a i r  gap, the  
i o n s  move on c y c l o i d a l  o r b i t s  r a t h e r  than  c i r c u l a r  ones. Entrance and e x i t  
a p e r t u r e s  a r e  loca ted  ou t s ide  the magnetic f i e i d  on the  l i n e  where both p lanes  
of t he  pole  f aces  i n t e r s e c t .  The d is tance  from the  magnetic f i e l d  boundary i s  
g iven  by the  theory a s  2.185 inches f o r  the  chosen d i s t a n c e  of s i x  inches  be- 
tween the  ape r tu re s .  The angle of i n c l i n c a t i o n  between the  two po le  f aces  i s  
11 degrees .  The a c t u a l  ape r tu re  has been made smal le r  (10 degrees)  so t h a t  
i o n s  would no t  s t r i k e  the  po le  pieces .  Herzog [IY] shunts  c o n t r o i  t he  mag- 
n e t i c  f r i n g e  f i e l d .  The t h e o r e t i c a l  mass r e s o l u t i o n  of t h i s  device i s  calcu-  
l a t e d  f o r  1 mm en t rance  and e x i t  o r i f i c e s  a s  M/AM = 65, the  h a l f  width reso lu-  
t i o n  being 130. The r e s o l u t i o n  of a convent ional  spectrometer  of comparable 
dimensions i s  only 35 and the  ava i l ab le  ape r tu re  a t  b e s t  1 degree.  This  
c l e a r l y  i n d i c a t e s  the  s u p e r i o r i t y  of t he  p re sen t  design.  

Mechanically,  the  analyzer  c o n s i s t s  of a box 2 .5  x 3.5 x 7.5 inches ,  
welded toge the r  from s t a i n l e s s  s t e e l  p l a t e s  and i n t e g r a t e d  wi th  the  wedge- 
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shaped po le  p i eces .  An electromagnet w i th  symmetrical c o i l  arrangement adja-  
cen t  t o  the  chamber provides  a maximum magnetic i nduc t ion  of about: 4000 gauss  
i n  the  cen te r  p o r t i o n  of the analyzer gap. 
analyzer  a r e  mounted on a p r e c i s e l y  guided c a r r i a g e .  This  f a c i l i t a t e s  focus- 
s ing  adjustments .  Connection t o  the ion  source housing i s  v i a  s t a i n l e s s  s t e e l  
bellows. The e x i t  s l i t  assembly incorpora tes  t he  usua l  suppressor  arrangement 
a s  we l l  a s  d e f l e c t i o n  e l ec t rodes  t o  focus the  i o n  beam onto the f i r s t  dynode 
of a 20-stage e l e c t r o n  m u l t i p l i e r .  The i n a c t i v a t e d  magnesium-doped aluminum 
dynodes a r e  i n s e n s i t i v e  t o  atmospheric r e s s u r e .  Maximum ampl i f i ca t ion  of 
about lo6 was achieved b u t  a ga in  of loE usua l ly  was s u f f i c i e n t .  Magnetic 
s h i e l d i n g  avoids  l o s s  of ga in  by s t r a y  magnetic f i e l d s  a t  h igher  magnet cur- 
r e n t s .  The e l e c t r o n  m u l t i p l i e r  output c u r r e n t  i s  fed  t o  a v i b r a t i n g  reed 
e lec t rometer  v i a  a 10l1 ohm inpu t  r e s i s t ance .  
provided behind the  analyzer  entrance and i t s  e x i t  o r i f i c e  f o r  independent 
i on  beam observa t ion .  

The r a t h e r  heavy magnet p l u s  the 

Auxi l ia ry  ion  c o l l e c t o r s  a r e  

D. Pump Arrangement 

The key t o  a success fu l  operat ion of the  i n t e g r a t e d  apparatus  i s  the  ap- 
p l i c a t i o n  of d i f f e r e n t i a l  pumping. Light  source p re s su res  a r e  i n  the  100 
micron range,  while  the  monochromator chamber should be kept  a t  p re s su res  be- 
low t o r r  mainly s o  t h a t  i n t e n s i t y  l o s s e s  from o p t i c a l  absorp t ion  a r e  
avoided. S imi l a r ly ,  i t  i s  des i r ab le  t o  opera te  the  ion  source a t  p re s su res  
i n  the  10 t o  100 micron r eg ion ,  whereas i n  the  mass ana lyzer  chamber, pres-  
s u r e s  much above 10-5 t o r r  cannot be t o l e r a t e d  because of i o n  beam s c a t t e r i n g .  
These requirements  a r e  met by t h e  following pumping s t ages :  The monochromator 
i s  evacuated wi th  a nominal 4-inch o i l  d i f f u s i o n  pump of 700 l i t e r / s e c  r a t e d  
speed, bu t  t h i s  r a t e  i s  sca led  down by a f a c t o r  of two owing t o  the use of a 
f reon  r e f r i g e r a t e d  b a f f l e .  The l i g h t  source i s  d i f f e r e n t i a l l y  pumped wi th  a 
375 l i t e r / m i n  mechanical pump. The gas  escaping the ion  sources  i s  taken up 
by another  4-inch o i l  d i f f u s i o n  pump t o  reduce the  p re s su re  i n  the i o n  source 
by a f a c t o r  of about one hundred. The mass ana lyzer ,  f i n a l l y ,  i s  evacuated 
by a 2-inch o i l  pump l ikewise  f i t t e d  wi th  a freon-cooled b a f f l e .  A l l  d i f -  
f u s i o n  pumps a r e  backed up by a s ing le  375 l i t e r / m i n  mechanical pump. 
example of the  e f f i c i e n c y  of the described arrangement, p re s su res  observed 
wi th  an  ion  source p re s su re  of 50 microns a r e :  l i g h t  source pum i i n e  200 
microns;  monochromator 5 x t o r r ;  i on  source housing 2 x t o r r ;  mass 
ana lyze r  chamber 2 x t o r r .  

A s  an 
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PERFORMANCE 

The instrument  has been evaluated wi th  r e s p e c t  t o  mass r e s o l u t i o n ,  i o n  
cu r ren t -p res su re  r e l a t i o n s h i p ,  f ragmentat ion p a t t e r n s ,  and o v e r a l l  s e n s i t i v i t y .  
I n  add i t ion ,  an examination has  been made of the  p o s s i b i l i t y  t o  d i sc r imina te  
mass double ts  by t h e i r  d i f f e r e n c e  in  i o n i z a t i o n  onse t s .  

A.  Analyzer 

The achieved e f f e c t i v e  mass r e s o l u t i o n  was determined f o r  krypton which 
was ion ized  by the  group 0 I11 spark d ischarge  l i n e s  around 8352 which cor re-  
sponds t o  0.8 eV above the  i o n i z a t i o n  threshold .  Figure 3 shows a t r a c e  of 
the  i o n  c u r r e n t  obtained when the  magnetic f i e l d  was scanned. The f i v e  s t a b l e  
i so types  of krypton i n  the  e/m-78 to  86 mass range a r e  a l l  d i sp layed .  
peaks a t  mass numbers 82 and 83 a r e  w e l l  separa ted ,  i n d i c a t i n g  a r e s o l u t i o n  
of m / h  = 82 with  a 15 percent  va l l ey .  
from t h e  h a l f  width of t he  peaks i s  m / h  = 125, i n  s u r p r i s i n g l y  good agreement 
wi th  the  expected r e s o l u t i o n  s i n c e  no p a r t i c u l a r  e f f o r t  was made t o  achieve 
optimum i o n  beam adjustment.  

The 

The average r e s o l u t i o n  determined 

While the  krypton mass spectrum was obtained wi th  ion  source p re s su res  
around 20 microns,  i t  was observed t h a t  most of the  s t ronger  peaks i n  any 
mass spectrum broadened and developed t a i l s  t o  the  lower energy s i d e  a t  pres-  
sures exceeding 20 microns. The t a i l s  could be c u t  o f f  by the suppressor .  
Up t o  100 microns p re s su re ,  the s i t u a t i o n  could a l s o  be improved i f  the  ion  
source e x i t  ape r tu re  was reduced. This  shows t h a t  the  asymmetry of the peaks 
i s  caused by ion -neu t r a l  c o l l i s i o n s  i n  the  a c c e l e r a t i o n  reg ion  ou t s ide  the  
i o n  source.  From the in t eg ra t ed  peak i n t e n s i t i e s ,  i t  could be i n f e r r e d  t h a t  
t he  predominant p o r t i o n  of t h e  s c a t t e r e d  ions  were c o l l e c t e d  i n t o  the ana lyzer .  
C l e a r l y ,  t h i s  i s  due t o  the wide s o l i d  angle  c o l l e c t i o n  e f f i c i e n c y  of t he  
ana lyzer .  

B. Pressure Dependence 

The p resen t  s tudy of photo ioniza t ion  d i f f e r s  from previous i n v e s t i g a t i o n s  
i n  t h a t  i on  source p re s su res  were in  t h e  10 t o  100 micron r e  i o n ,  whereas pre-  
v ious  experimenters  employed ion  source p re s su res  i n  the  lo-& mm Hg range. 
The h igher  p re s su res  r e s u l t  i n  an  increase  i n  photon absorp t ion  and correspond- 
i n g l y  h igher  i on  i n t e n s i t i e s .  Obviously, the  p re s su res  cannot be increased  in-  
d e f i n i t e l y  due t o  nonuniform l i g h t  absorp t ion  on one hand and i n t e r f e r e n c e  of 
i on  molecule r e a c t i o n s  on the  other .  

The ion  c u r r e n t  emerging from the  i o n  source e x i t  ape r tu re  i s  i = AeyI 
[1 - exp(- UIIL)]. Here, e i s  the  charge of t he  e l e c t r o n ,  I the  e f f e c t i v e  
l i g h t  i n t e n s i t y ,  7 t h e  i o n i z a t i o n  e f f i c i e n c y ,  and D t he  absorp t ion  c r o s s  sec- 
t i o n  of t he  gas  a t  t he  wavelength considered,  n the  gas  number d e n s i t y ,  and L 
t h e  l eng th  of the  e f f e c t i v e  ion iza t ion  reg ion .  A i s  a f a c t o r  tak ing  i n t o  
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account t h a t  the  e f f i c i e n c y  f o r  ion  c o l l e c t i o n  i s  not  un i ty .  So long a s  op- 
t i c a l  absorp t ion  i n  the  ion  source i s  n e g l i g i b l e ,  the e f f e c t i v e  l i g h t  i n t en -  
s i t y  i s  equal  t o  the i n c i d e n t  l i g h t  i n t e n s i t y  Io, and by expansion of t h e  ex- 
ponen t i a l  func t ion ,  the  i o n  cu r ren t  becomes i = AeIoymL i n  f i r s t  approxima- 
t i o n ,  i . e . ,  t he  ion  c u r r e n t  observed i s  p ropor t iona l  t o  the  p re s su re .  A t  high 
p res su res ,  i nc reas ing  absorp t ion  renders  t h i s  approximation i n v a l i d .  I n  addi- 
t i o n ,  n o n l i n e a r i t y  can be caused by i n s u f f i c i e n t  s p e c t r a l  r e s o l u t i o n  i n  a 
wavelength reg ion  where absorp t ion  c ros s  s e c t i o n s ,  o r  i o n i z a t i o n  e f f i c i e n c i e s ,  
o r  both s t rong ly  vary wi th  wavelength. The inf luence  of t hese  e f f e c t s  i s  

5842 wavelength a s  a func t ion  of pressure .  

su re s  g r e a t e r  than 60 microns so t h a t  t he  use fu l  p re s su re  range i s  l imi t ed .  

c l e a r l y  displayed i n  Figure 4 which shows N2 + and 0 2  + i on  c u r r e n t s  generated a t  

150 microns bu t  N2 + d i s p l a y s  n o n l i n e a r i t i e s  due t o - l i g h t  absorp t ion  a t  p res -  
For 0;; l i n e a r i t y  p e r s i s t s  up t o  

The inf luence  of ion-molecule r e a c t i o n s  i s  more severe .  It became par-  
t i c u l a r l y  no t i ceab le  when hydrogen or organic  gases  were admit ted t o  the  mass 
spectrometer .  Figure 5 demonstrates t h i s  s i t u a t i o n  f o r  methane, w i th  two d i f -  
f e r e n t  r e p e l l e r  vo l t ages  being emplo ed t o  i n d i c a t e  the  inc reas ing  inf luence  
of t he  r e a c t i o n  CH$ + CH4 -+ CH3 + CH; a t  lower r e p e l l e r  f i e l d s .  This  i s  due 
t o  an inc rease  of i on  res idence  times i n  the ion  source.  According t o  the  
theory  of ion  molecule r e a c t i o n s  i n  a mass spectrometer  i on  source [20] ,  the  
r e s idence  time i s  t = (2dm/eE)ll2, where d i s  the d i s t ance  from the  l i g h t  
beam t o  the  i o n  e x i t  ape r tu re ,  m i s  t he  mass of the  primary ion ,  e i s  the  
charge of the  e l e c t r o n ,  and E i s  the appl ied  e l e c t r i c  f i e l d .  The da ta  shown 
i n  F igure  5 were obtained wi th  d = 0.3 cm, s o  t h a t  t = 3.1 x sec  f o r  1 
v o l t  r e p e l l e r  vo l t age  and t = 1.6 x sec  f o r  10 v o l t  r e p e l l e r  vo l t age .  
From these  d a t a ,  t he  r a t e  cons t an t  f o r  t he  methane r e a c t i o n  can be ca l cu la t ed  
a s  k = 1.3 x 10-9 cc/molecule sec ,  r e s p e c t i v e l y ,  k = 1.0 x cc/molecule 
s e c ,  i n  good agreement wi th  the  r e s u l t s  obtained by Mart in  and Melton [21] ,  
and by F i e l d ,  e t  a l .  [ 2 2 ] .  I n  t h e  high pressure  regime, t h e r e f o r e ,  the  in -  
s t rument  i s  i d e a l l y  s u i t e d  t o  s tud ie s  of ion-molecule r e a c t i o n s .  Some re -  
s u l t s  of such s t u d i e s  have a l ready  been repor ted  [23 ] .  

I n  the  p re sen t  a p p l i c a t i o n ,  the occurrence of ion-molecule r e a c t i o n s  i s  
an undes i r ab le  s i d e  e f f e c t .  Although the  conversion of one type of i on  t o  
another  occurr ing a t  a d i f f e r e n t  m a s s  number can a t  t imes be b e n e f i c i a l  t o  
mass a n a l y s i s ,  i t  hampers the  attempt t o  s impl i fy  the  =ass  spectrum by photo- 
i o n i z a t i o n  and i t  in t roduces  n o n l i n e a r i t i e s  i n  the ion-cur ren t  p re s su re  r e -  
l a t i o n s h i p .  It was, however, an t i c ipa t ed  t h a t  ion  molecule r e a c t i o n s  could 
be suppressed by lowering the  i o n  residence time appropr i a t e ly .  Indeed, i on  
r e s idence  t imes a s  low a s  t = 0.2 x sec were achieved by making d 5 0.1  
cm and E - > 15 vol t jcm.  
hydrogen, methane, e t c .  were l i n e a r  up t o  20 microns i o n  source p r e s s u r e ,  and 
t h e  i n t e n s i t y  of the daughter i on  was l e s s  than  5 percent  of the pa ren t  i on  
i n t e n s i t y .  Improved suppression of ion-molecule r e a c t i o n s  was observed a t  
lower p re s su res .  However, i t  i s  c l e a r  t h a t  t h e  occurrence of i o n  molecule 
r e a c t i o n s  f u r t h e r  r e s t r i c t s  the  useable p re s su re  range,  and t h a t ,  a t  p r e s e n t ,  
a p r e s s u r e  of 20 microns c o n s t i t u t e s  the  upper l i m i t  t o  t he  reg ion  where ion  
c u r r e n t s  follow an e s s e n t i a l l y  l i n e a r  p re s su re  dependence. 

Under these cond i t ions ,  the  parent: i on  c u r r e n t s  i n  

11 



n 

c 1000 .- 
t 
3 

)5 

0 

a 
0 

> 
I- 500 
m z 
' w 
I- z 
z 
0 

L. 

L 
4- .- 
L. 

Y 

- 

- 

- 

OlCC 185 - IOF 
I I I 

PRESSURE (microns) 

0 

Figure 4 .  Ion intensity - pressure relationship for nitrogen and 
oxygen ionized at the wavelength of the helium resonance 
line at 5848. 

12 



0 
I I I I 1 I 0 

I 

IO 2 0  30 0 IO 2 0  30 40 

ION S O U R C E  PRESSURE (microns) 

Figure  5. Ion-molecule r eac t ion  i n  methane ion ized  a t  9 2 2 i  wavelength. 
Le f t :  1 v o l t  r e p e l l e r ;  r i g h t :  10 v o l t  r e p e l l e r .  Open c i r c l e s  
r e f e r  t o  mass 16 ions,  c losed  c i r c l e s  t o  mass 17 ions.  

13 



I -  C. S e n s i t i v i t y  

General ly ,  the  ion  c u r r e n t s  observed a t  the  mass spectrometer  c o l l e c t o r  
were of the  expected order  of magnitude. However, owing t o  the  p re s su re  e f -  
f e c t s  discussed above, i t  was no t  p r a c t i c a l  t o  opera te  i n  the  p re s su re  range 
where the  degree of l i g h t  absorpt ion reaches  10 pe rcen t .  A t  p r e s su res  around 
10 microns,  t he  ex ten t  of l i g h t  absorp t ion  i s  approximately 1 pe rcen t  so t h a t  
the  expected ion  i n t e n s i t y  ou t s ide  the source i s  8 x A. Maximum observed 
i o n  c u r r e n t s  were about 5 x A a t  p re s su res  around 20 microns i n  accor- 
dance wi th  ex e c t a t i o n ,  and rou t ine ly  observed pa ren t  peak i n t e n s i t i e s  aver- 
aged 1 x A. A t  t he  lower end of t he  s c a l e ,  i o n  c u r r e n t s  of the  order  
of 10-19 A could be de tec ted  bu t  the accompanying f l u c t u a t i o n s  were excess ive  
wi th  t h e  employed d e t e c t o r  response speed of 0 .5  seconds. B e t t e r  s i g n a l  in -  
t e g r a t i o n  i s  d e f i n i t e l y  requi red  i n  t h i s  low c u r r e n t  range. Ion  c u r r e n t s  
around A could be recorded with reasonable  accuracy. The r a c t i c a l  o - 
e r a t i n g  range of the  p re sen t  arrangement, t h e r e f o r e ,  i s  1 x lo-”- 1 x 
wi th  a s i g n a l  no i se  l e v e l  around 0.5 x A. For comparison, we note  the  
s p e c i f i c a t i o n s  f o r  a CEC 21-611 mass spectrometer  a v a i l a b l e  i n  t h i s  labora tory .  
This  instrument  f e a t u r e s  a c u r r e n t  range between 5 x and 1 x A a t  
t he  i o n  c o l l e c t o r ,  wi th  an empir ical  no i se  l e v e l  of perhaps 5 x A i n  the  
lower cu r ren t  region.  The CED mass spectrometer  ope ra t e s  wi th  20pA e l e c t r o n  
c u r r e n t  corresponding t o  a f l u x  of 1 . 2  x 1014 e l e c t r o n s / s e c ,  compared t o  the  
above 109 photons/sec l i g h t  i n t e n s i t y  used f o r  photo ioniza t ion .  

A 

Re la t ive  s e n s i t i v i t i e s  f o r  va r ious  gases  were determined a t  t he  wave- 
l eng ths  of the  helium and neon resonance l i n e s ,  i n  conjunct ion wi th  fragmenta- 
t i o n  d a t a  t o  be repor ted  below. Nitrogen was used a s  a r e fe rence  gas .  The 
r e s u l t s  shown i n  Table 1 toge the r  with s i m i l a r  da t a  obtained f o r  the  CEC in-  
s t rument  provide a comparison wi th  e l e c t r o n  impact s e n s i t i v i t i e s .  Rather 
uniform r e l a t i v e  s e n s i t i v i t i e s  a r e  observed a t  5842 and wi th  the  CEC mass 
spectrometer .  The s e n s i t i v i t y  f o r  hydrogen i s  below average i n  both cases .  
Grea te r  v a r i a t i o n  i n  the  s e n s i t i v i t i e s  i s  observed a t  the near  resonance l i n e s  
a t  735.92 and 743.72 where absorpt ion c r o s s  s e c t i o n s  and photo ioniza t ion  e f f i -  
c i e n c i e s  vary sharp ly  f o r  many gases.  The 735.9g i s  more i n t e n s e  and a l s o  the  
s e n s i t i v i t y  v a r i a t i o n s  a r e  l e s s  pronounced than a t  743.72 so  t h a t  t h i s  l i n e  i s  
p r e f e r a b l e  f o r  gas  a n a l y s i s  when a neon l i g h t  source i s  employed. 

Photo ioniza t ion  a t  t he  wavelengths of t he  helium and neon resonance l i n e s  
has  been inves t iga t ed  mainly because of  the  favorable  i n t e n s i t y  of these  l i n e s  
and because they a r e  nea r ly  i s o l a t e d  f e a t u r e s  i n  the  pho to ion iza t ion  region.  
This  permi ts  ope ra t ion  of the monochromator wi th  wide o p t i c a l  s l i t s  so  t h a t  
t h e  a v a i l a b l e  l i g h t  i n t e n s i t i e s  may be f u l l y  u t i l i z e d .  Data concerning the  
degree of f ragmentat ion a t  these  resonance l i n e s  a r e  g iven  below. 

D. Fragmentation 

A s  pointed out e a r l i e r ,  the  outs tanding v i r t u e  of the  photo ioniza t ion  

Of course,  minimum fragmentat ion products  a r e  
mass spectrometer  i s  t h a t  i t  minimizes the  c o n t r i b u t i o n  of fragment ions  t o  
t h e  observed mass spectrum. 
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* 
Not me a s u r  e d  

TABLE 1 

RELATIVE SENSITIVITIES FOR VARIOUS GASES 

He Ne Ne CE C 
58 48 735.98 743.72 MS 

N2 1.0 1.0 1.0 1.0 

A 1.45 1.6 1.35 0.96 

O2 0.97 2.1 0.76 0.70 

co 1.0 1.4 0.86 1.03 

1.31 c02 1.3 0.69 0.903 

0.57 * * 0.665 H2 

cH4 1.57 1.8 1.4 1.33 

c2H4 1.10 2.2 1.65 1.09 

0.79 C2H2 2.5 2.0 1.55 
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obtained near  the  threshold  of i on iza t ion  f o r  any p a r t i c u l a r  sample g a s ,  bu t  
even a t  25 eV photon energy, the degree of f ragmentat ion i s  t o l e r a b l e  when 
compared t o  t h a t  observed f o r  e l ec t ron  impact. Fragmentation da ta  a t  t he  
resonance l i n e s  of neon a t  wavelengths of 735.92 and 743.72 and of helium a t  
584g a r e  assembled i n  Table 2. 
spectrometer  a r e  a l s o  en tered  i n  T a b l e  3 t o  provide comparison between f rag-  
mentat ion due t o  photo ioniza t ion  and impact by 70 eV e l e c t r o n s .  

Similar  da t a  obtained wi th  the CEC 21-611 mass 

Among the  gases  i n v e s t i g a t e d ,  no fragmentat ion i s  observed a t  the  wave- 
l eng ths  of t he  neon resonance l i n e s ,  a s  expected,  no tab le  except ions being 
methane and e thylene .  Acetylene apparent ly  does not  g ive  fragment ions .  A t  
58411, most gases  produce fragment ions.  
y i e l d s  the  h ighes t  fragment i o n  i n t e n s i t y  (about 20 pe rcen t )  bu t  higher  i o n  
i n t e n s i t i e s  a r e  observed f o r  the hydrocarbons. I n  most ca ses ,  i t  i s  found 
t h a t  e l e c t r o n  impact r e s u l t s  i n  a much higher  degree of f ragmentat ion than 
photon impact. For example, e thylene when subjec ted  t o  e l e c t r o n  impact y i e l d s  
t e n  d i f f e r e n t  types of i ons ,  whereas pho to ion iza t ion  r e s u l t s  i n  only f o u r ,  
even a t  the  high energy provided by the  helium resonance l i n e .  However, 
heavier  hydrocarbons having lower ion iza t ion  p o t e n t i a l s  undoubtedly show a 
cons iderably  degree of fragmentation a t  t hese  h igher  photon ene rg ie s  a s  can 
be i n f e r r e d  from the  work of Inghram and c o l l a b o r a t o r s  [3-51 a t  photon ener- 
g i e s  below 11 eV. The photo ioniza t ion  fragmentat ion r a t i o s  shown i n  Table 2 
a r e  i n  good agreement wi th  previous measurements a v a i l a b l e .  For example, 

Among the  diatomic molecules ,  oxygen 

s i m i l a r  r e l a t i v e  fragment ion  i n t e n s i t i e s  have been observed f o r  methane by 
Dibe le r ,  e t  a l .  [14] ,  and f o r  02 ,  COY C02 a t  58411 by Weiss le r ,  e t  a l .  [6].  

I s o t o p i c  abundances were determined i n  s e v e r a l  cases .  Most of the  abun- 
dances found were l a r g e r  than the  known n a t u r a l  abundance en tered  i n  the  l a s t  
column of Table 2 ,  bu t  p r e c i s i o n  measurements were no t  w i t h i n  the scope of 
t he  p r e s e n t  work. Never the less ,  order-of-magnitude va lues  a r e  i n  good agree- 
ment w i t h  the n a t u r a l  abundance f igu res .  It i s  noted t h a t  most of t he  abun- 
dance va lues  a r e  too  l a r g e  r a t h e r  than too  small .  This  probably i n d i c a t e s  a 
sys temat ic  e r r o r  owing t o  neg lec t  of s i g n a l  background, e t c .  Indeed, the  
l a r g e r  13C abundance i s  i n  b e t t e r  agreement wi th  the  e s t ab l i shed  va lue  than 
t h e  smal le r  180 or  15N abundances. 
r e s u l t s  obtained f o r  krypton a re  considered. I n  t h i s  ca se ,  the  n a t u r a l  abun- 
dance r a t i o s  a r e  mcre favorable  fcr measurement ( see  Figure 3) and t hey  can 
be determined r a t h e r  p r e c i s e l y  a s  Table 3 a t t e s t s .  

This  t rend becomes more ev ident  when the  

Table 4 i l l u s t r a t e s  the  r e l a t i v e  i n t e n s i t y  d i s t r i b u t i o n  i n  a mass spectrum 
of a mixture ,  wi th  a i r  a s  the  chosen sample. For comparison, the r e l a t i v e  pho- 

t i o n  c r o s s  s e c t i o n s  shown i n  the f i f t h  column [26] ,  and the  known r e l a t i v e  con- 
c e n t r a t i o n s  of n i t rogen ,  oxygen, argon, and carbon dioxide i n  a i r  of s tandard 
composition. The r e s u l t s  a r e  i n  good agreement, only C02 shows a s t ronger  con- 
c e n t r a t i o n  i n  the  measured sample ind ica t ing  an excess  of carbon dioxide.  

* - 2  LuLoillzatiun pruduci: iun  d i s t r ibu i iwn  w a s  aisu c a i c u i a t e d  irom tile piiutwicjniza- 
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TABLE 2 

FRAGMENTATION AND ISOTOPE ABUNDANCE RATIOS FOR VARIOUS GASES. 
COMPARISON OF PHOTOIONIZATION AND ELECTRON IMPACT DATA. 

He Ne Ne CEC Na tu ra l  
5842 735.92 743.72 MS Ab und anc e 

Sample 
Gas e/m Assignment 

N2 
29 14N15N+ 0.0080 * * 0.00367 

1.0 1.0 1.0 1.0 1.000 
14 + 

N2 28 

14  N+, ( N F )  --- 0.084 - - -_  

1.000 40A+ 
A 40 1.0 1 .0  1.0 1.0 

38 38A+ 0.0013 0.0009 * JC 0.00062 

0.0039 0.0044 0.0052 0.0039 0.00338 36A+ 36 

0.0041 0.0039 0.0059 * 0.00204 1 80 1 60+ 34 O 2  

1 7 1 60+ 33 * 0.0013 * * 0.00037 

32  l6 1.0 1.0 1.0 1.0 1.000 O 2  

16 O+, (OF) 0.21 --- --- 0.064 ---- 

co 30 0.0015 0.0024 0.0036 * 0.00205 
1 2 1 80+ 

0.012 0.0113 0.0162 * 0.0112 13c160+ 29 
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TABLE 2 (continued) 

Sample He Ne Ne CEC Natura 1 
5 8 4 i  735.92 743.72 MS Abund anc e 

e/m Assignment 
Gas 

1 2c 1 60+ 
1.0 1.0 1.0 1.0 1.000 

0.0017 ---- --- 

--- 0.014 ---- 

co 28 

16 

14 

12 

O+ 

co* 

C+ 0.0037 - - -  0.014 

46 c02 

45 

44 

28 

22 

16 

12 

0.0038 0.006 * 

0.0113 0.0125 0.0136 

1.0 1.0 1.0 1.0 

0.0662 ---- 0.0151 --- 

--- --- 0.0432 ---- 

* 

* 

0.0204 

0.0112 

1.000 

13 16 + 
O2 

O2 
1 2  16 + 

co+ 

c o y  

O+ 0.113 ---- 

0.0416 ---- C+ 

H2 1.0 1.0 

0.020 --- 

1.0 1.0 

--- * 1 H+ 
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I .  TABLE 2 (continued) 

Ne Ne CEC Natura 1 Sample He 
5842 735.92 743.7g MS Abundance 

e/m Assignment 
Gas 

13 + 
CH4 CH4 17 

12 + 
CH4 16 

15 CH; 

14 CH; 

13 CH' 

12 c+ 

2H4 28 C2Hi 

27 C2H; 

26 C2Hl 

25 C2H+ 

24 Cl 

+ 
16 CHi 

15 CH; 

14 CH; 

0.0123 0.0112 * * * 

1.0 1.0 1.0 1.0 1.000 

0.975 0.94 0.825 0.079 ---- 

0.0325 0.0355 0.0325 0.086 ---- 

--- --- --- 0.038 ---- 

--- 0.0147 ---- --- --- 

1 .o 1.0 

0.86 0.79 

0.40 0.39 

- e -  --- 

0.0175 --- 

1.0 

0.79 

0.373 

--- 

1.0 

0.572 

0.525 

0.074 

0.025 

o.oio9 

0.0098 

0.0362 
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TABLE 2 (continued) 

Sample He Ne Ne CEC Natura 1 e/m Assignment 
5842 735.92 743.72 MS Abundance Gas 

C2H4 13 CH' 

12 c+ 

26 C2H2 

25 

24 

15 

14 

13 

12 

--- --- --- 0.0163 ---- 

0.0109 ---- 

1.0 1.0 1.0 

0.20 --- --- 

0.004 --- --- 

0.197 ---_ 

0.0525 ---- 

0.002 --- --- 

0.0033 ---- 

0.0031 ---- 

0.0742 ---- 

--- 0.0145 ---- --- --- 

* 
Not measured 
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TABLE 3 

RELATIVE INTENSITIES OF THE KRYPTON ISOTOPES OBSERVED 

e /m Intensities 
Observed 

Na t ur a 1 
Abundance s 

80 

82 

83 

8 4  

86 

0.039 

0.201 

0.201 

1.000 

0.293 

0.040 

0.203 

0.203 

1.000 

0.305 

2 1  



TABLE 4 

ION INTENSITIES IN AIR 

CT 

Mb Production 

Re 1 a t ive 
e/m Assignment Ion Intensity Ion Intensity Photoion 

Relative i 

16 OS 

18 H20+ 

14 + 
N 2  28 

29 14N15N+ 

32 0: 

40 A+ 

44 co; 

78 

58 

1620 

8 

370 

26 

45 

0.037 3.8 0.034 

0.003 - - - -  ----- 

0.775 0.780 

0.004 

0.177 

0.013 36.5 0.0146 

0.002 33.9 0.0006 

23.1 
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E. Discr iminat ion of Mass Doublets 

The convenience wi th  which good photo ioniz ing  energy r e s o l u t i o n  can be 
obtained wi th  a monochromator of only moderate wavelength r e s o l u t i o n  may be 
u t i l i z e d  t o  d i sc r imina te  between gas samples y i e ld ing  s i m i l a r  or  overlapping 
mass spec t r a .  Table 5 i l l u s t r a t e s  t h i s  p o i n t  f o r  s e v e r a l  w e l l  known mass 
double ts .  A l l  p a i r s  have ion iza t ion  p o t e n t i a l s  s u f f i c i e n t l y  f a r  a p a r t  t o  a l -  
low d i sc r imina t ion  of i o n i z a t i o n  onsets  b an appropr i a t e  choice of wavelength 
s e t t i n g .  For example, photons in  the 889 w t o  9618 wavelength r eg ion  i n t e r a c t -  
ing  wi th  a N20-CO2 gas  mixture ionize N 2 0  bu t  no t  C 0 2 .  
i on ize  CO i n  the  presence of N2 i n  the 7962 t o  8858 wavelength reg ion  without  
s imultaneously ion iz ing  N 2 .  
i n  n i t rogen  and carbon monoxide i n  the wavelength r eg ion  of i n t e r e s t .  The 
spark l i g h t  source fed wi th  argon was  used i n  t h i s  experiment.  The v a r i a t i o n  
of l i g h t  i n t e n s i t y  recorded by the  photomul t ip l ie r  i s  shown a t  t he  bottom of 
Figure 6. The sepa ra t ion  of i o n i z a t i o n  onse t s  i s  c l e a r l y  d isp layed ,  but  ex- 
per imenta l  d i f f i c u l t i e s  inherent  i n  the  suggested procedure a r e  a l s o  made ap- 
pa ren t .  As i nd ica t ed  i n  Figure 6 ,  the ion  c u r r e n t  of both CO+ and 4 i s  no t  
e x a c t l y  n i l  a t  wavelengths above t h e  i o n i z a t i o n  threshold .  A t  these  wave- 
l eng ths ,  i o n i z a t i o n  i s  due t o  second o rde r  s p e c t r a l  i n t e r f e r e n c e  and poss ib ly  
s c a t t e r i n g  of s h o r t  wavelength r a d i a t i o n .  Separa t ion  of mass double ts  by wave- 
length  d i sc r imina t ion ,  t he re fo re ,  i s  s t i l l  an imperfect  procedure [ 2 4 ] .  

Simi la r ly ,  one can 

Figure 6 shows t h e  t r a c e  of i o n  c u r r e n t s  obtained 
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TABLE 5 

IONIZATION THRESHOLDS FOR SEVERAL MASS DOUBLETS 

Doublet e /m Ionization 
Potential eV Wavelength 2 

c02 13.79 

44 

N2° 

NO 
30 

C2H6 

N2 

co 

C2H4 

C2H2 

CN 

28 

26 

12.90 

9.25 

11.65 

15.58 

14.01 

10.51 

11.41 

15.13 

889 

961 

1340 

1064 

796 

88 5 

1179 

1086 

8 19 
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C ONCLU S IONS 

A photoionization mass spectrometer featuring a special 180 degree mag- 
netic analyzer with inclined pole faces has been described and its usefulness 
as a gas analytical tool has been explored. Ion source pressures up to 20 
microns have been utilized. Higher pressures can be reached but ion molecule 
reactions and increasing light absorption cause nonlinear ion current-pressure 
relationship. At 20 microns pressure, the employed spark or resonance light 
sources produced peak ion currents around 5 x 10-13 A. Although these ion in- 
tensities are much higher than those reported previously, they are still con- 
siderably below the ion intensities commonly produced in electron impact ion 
sources. It appears that comparable intensities in a photoionization mass 
spectrometer can be achieved if the light intensity can be increased by a fac- 
tor of one thousand, but presently this can be done only at the expense of 
versatility by omitting the dispersing device. For this case, resonance light 
sources are most appropriate since they provide nearly monochromator radiation. 
The available intensities can be judged from measurements by Jensen and Libby 
[25] on a helium light source to be of the order of photons/cm2 sec, or 
5 x 1 O I 2  photons/sec when a slit of 5 mm high and 0.1 mrn wide is used. How- 
ever, only three resonance light sources are available for use in the photo- 
ionization spectral region: helium, neon, and argon. Only helium and neon 
sources will ionize most of the common gases. The neon light source is more 
favorable with respect to fragmentation than the helium source, but even the 
helium source produces less fragmentation than electron impact ionization. 
Nevertheless, several advantages of the photoionization mass spectrometer are 
released only in conjunction with a monochromator, including operation close 
to the ionization threshold and discrimination of mass doublets by the choice 
of appropriate ionizing energies. 
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