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DEVELOPMENT OF A MASS SPECTROMETER 
EMPLOYING A PHOTOIONIZATION SOURCE 

By W. P. Poschenrieder and A. E. Barr ington 
GCA Corporat ion,  GCA Technology Divis ion  

Bedford, Massachusetts 

SUMMARY 

The present  r e p o r t  dea l s  with t h e  cons t ruc t ion  of a mass spectrometer 
t h a t  uses  photo ioniza t ion  f o r  t he  ion  production. 
and i n  p a r t i c u l a r  w i th  a uv vacuum monochromator t o  select  the  proper 
wavelength, s impl i f i ed  s p e c t r a  genera l ly  are achieved, s i n c e  i n  c o n t r a s t  
t o  t h e  comonly  used e l e c t r o n  impact ion source fragmentat ion of molecules 
can be suppressed. Addit ional  advantages are t h e  exc lus ion  of chemical 
r e a c t i o n s  wi th  hot  f i l aments  and the  e l imina t ion  of outgassing from heated 
elements t h a t  are present  i n  e l e c t r o n  impact ion  sources .  

By the  use of uv l i g h t  

Beyond these  genera l  advantages , t he  method o f f e r s  a unique p o s s i b i l -  
i t y  t o  d i f f e r e n t i a t e  gases  which peak a t  t h e  same mass number, such as 
N2 and CO. This  i s  poss ib l e  because the i o n i z a t i o n  p o t e n t i a l  of t hese  
gases  i s  d i f f e r e n t .  This  method a l s o  a f f o r d s  t h e  p o s s i b i l i t y  of s e l e c t i n g  
t h e  energy of t he  ion iz ing  photons with a p r e c i s i o n  ye t  unsurpassed by 
any o t h e r  method of i on iza t ion .  
h igh  r e s o l u t i o n  mass spectrometry,  although t h i s  involves  considerably 
more complex equipment and complex methods f o r  t he  i n t e r p r e t a t i o n  of t h e  
s p e c t r a  . 

These r e s u l t s  can  only  be equaled by 

The work performed under t h e  con t r ac t  c l e a r l y  shows the  advantages 
a photo ioniza t ion  mass spectrometer o f f e r s  over conventional instruments ,  
i n  p a r t i c u l a r  when weight and s impl i c i ty  of equipment and s p e c t r a  are 
important f a c t o r s .  These demands are mandatory i n  space missions,  and 
a mass spectrometer  of t h i s  new type seems t o  be t h e  most f e a s i b l e  way 
f o r  monitor ing t h e  atmosphere i n  a space capsule ,  e s p e c i a l l y  t h e  b u i l d -  
up of t o x i c  gases.  

The equipment descr ibed  i n  the  r epor t  w a s  b u i l t  s t r i c t l y  as a ground 
l a b o r a t o r y  instrument without  s p e c i f i c  regard  t o  weight o r  power consump- 
t i o n .  It w a s ,  t he re fo re ,  designed t o  achieve t h e  utmost i n  s e n s i t i v i t y ,  
accuracy,  and r e l i a b i l i t y  i n  order  t o  eva lua te  the  more b a s i c  l i m i t s  of 
our  method. The r e s u l t  i s  an instrument which a l s o  allows a more genera l  
a p p l i c a t i o n  t o  a number of modern f i e l d s  of i nves t iga t ion .  
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The d a t a  produced show t h e  ve ry  f i n e  performance of t h e  mass spec t ro -  
meter and a l s o  g ive  very  promising r e s u l t s  f o r  t he  d i f f e r e n t i a t i o n  between 
CH4 and 0 and between CO and N2. The r e s u l t s  a l s o  r e v e a l  t he  l i m i t a t i o n s  
p re sen t ly  encountered and t h e i r  source which s o l e l y  l i e s  i n  t h e  monochro- 
mator,  which i s  a commercial type owned by OCA Corporation. A t  p r e sen t ,  
100 ppm of CH4 i n  a pure 02 atmosphere and 0.5 percent  of CO i n  an  N2 
atmosphere can be de tec ted .  It i s  thought,  however, t h a t  some a l t e r a t i o n s  
of t h e  monochromator w i l l  ex t ens ive ly  improve t h e  d e t e c t i o n  of CO i n  N2. 

INTRODUCTION 

Mass spectroscopy under i d e a l  condi t ions  i s  a powerful a n a l y t i c a l  
t o o l  and is  capable of d e t e c t i n g  trace impur i t i e s  i n  concent ra t ions  as 
small as 1 p a r t  i n  lo9  [ l ] . "  
capsule  atmosphere, however, t h e  fol lowing l i m i t a t i o n s  of a convent ional  
instrument arise: 

When app l i ed  t o  t h e  a n a l y s i s  of a space 

(1) I o n i z a t i o n  by e l e c t r o n  impact i n  t h e  ion  source causes  d i s -  
s o c i a t i o n ,  f ragmentat ion,  and mul t ip l e  i o n i z a t i o n  of gas molecules a l l  
of which r e s u l t  i n  a c h a r a c t e r i s t i c  s p e c t r a l  p a t t e r n  f o r  a g iven  sub- 
s tance .  I n  consequence, d i r e c t  i d e n t i f i c a t i o n  of a gas mixture  i s  pos- 
s i b l e  i n  only t h e  most elementary cases .  A more complicated spectrum 
of a space capsule  f o r  i n s t ance ,  can  be i n t e r p r e t e d  - i f  a t  a l l  - only  
a f t e r  so lv ing  a more o r  less complex set of simultaneous equat ions  
der ived  from mass spectrometer  records .  

(2) Because of t h e  hot  f i l ament  and t h e  accord ingly  increased  
ope ra t ing  temperature of t h e  ion  source ,  thermal decomposition and pyro- 
l y s i s  occur as does outgassing from t h e  f i lament  and from t h e  hot  p a r t s  
of t h e  ion source.  A l l  t he se  e f f e c t s  c o n t r i b u t e  t o  mass peaks, such as 
NO, CO, and H ,which are extraneous t o  t h e  real atmosphere under inves-  

i o n i z a t i o n  chamber improves t h i s  s i t u a t i o n  b u t  a l s o  reduces t h e  s e n s i -  
t i v i  t y  . 
t i g a t i o n .  D i  1 f e r e n t i a l  pumping between t h e  f i l amen t  r eg ion  and t h e  

(3) The extremely s m a l l  s e p a r a t i o n  on t h e  atomic mass scale of 
c e r t a i n  important mass peaks r e q u i r e s  an ins t rument  of h igh  r e s o l v i n g  
power, n e c e s s i t a t i n g  l a r g e ,  heavy, and ve ry  complex equipment. However, 
because of t h e  c l o s e  proximity of such peaks,  t h e  s e n s i t i v i t y  i s  r e l a t e d  
t o  t h e  r e l a t i v e  magnitude of t h e  peaks and i s  l i m i t e d  i f  t h e  d i s p a r i t y  
i s  l a r g e .  

* 
Numbers in [ 1 r ep resen t  r e fe rence  numbers. 
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It i s  important t o  note  the  r e a l  meaning of t he  so -ca l l ed  " s e n s i t i v i t y "  
f o r  t r a c e  impur i t i e s ,  as r e f e r r e d  t o  i n  many advert isements .  It implies  
t h a t  one p a r t  of a t r a c e  impuri ty  added t o  one m i l l i o n  p a r t s  of a gas  
sample r e s u l t s  i n  a mass peak j u s t  de t ec t ab le  above t h e  noise  l e v e l .  
ever ,  t h i s  i s  the  case only when t h e  t r a c e  peak has a p o s i t i o n  which i s  
completely f r e e  of any background due t o  t h e  spectrum of the  pure gas 
sample. 
ments. Actual ly ,  t he  background of a c l ean  a i r  sample covers m o s t  mass 
numbers i n  t h e  lower h a l f  of t he  mass range and some i n  the  upper, and i s  
many orders  of magnitude l a r g e r  than the claimed s e n s i t i v i t y  of one p a r t  
per mi l l i on .  Accordingly, t he  a c t u a l  s e n s i t i v i t y  i s  l imi t ed .  Because of 
t he  fragmentation of molecules by e l e c t r o n  impact and the  presence of 
t h e  n a t u r a l l y  occurr ing i so topes  of the component elements of normal 
atmospheric gases ,  most of t he  mass numbers of known t o x i c  gases  up t o  
34 are a l ready  occupied by the  more in tense  peaks of t h e  r e g u l a r  a i r  
spectrum. 

How- 

This  very important condi t ion  i s  normally omit ted i n  t h e  a d v e r t i s e -  

For demonstration, l e t  us d is regard  the  usua l  background gas contam- 
i n a t i o n  from t h e  ion  source and mass spectrometer and consider  t he  r egu la r  
mass spectrum of clean a i r  as obtained wi th  an i d e a l  e l e c t r o n  impact i on  
source (see Table 1). 

The i n t e n s i t y  f i g u r e s  have been ca l cu la t ed  i n  p a r t s  per m i l l i o n  us ing  
t h e  normal composition of a i r  and t h e  normal i so tope  r a t i o s  under the  s i m -  
p l i f y i n g  assumption of equal  i on iza t ion  p robab i l i t y .  The fragment ions H, 
HH, and HO from HHO; C from COO; N from NN; and 0 from 00 have been assumed 
t o  have ha l f  t h e  i n t e n s i t y  of the  parent peak. From t h i s  t a b l e ,  it is  seen 
t h a t  h a l f  t he  mass numbers below mass 44 are occupied by r e g u l a r  a i r  peaks 
which are f a r  above the  des i r ed  de t ec t ion  l i m i t  of one p a r t  per  mi l l ion .  

L e t  us now compare t h i s  a i r  background l i s t  wi th  t h e  following l i s t  
of known t o x i c  gases  of low mass numbers [2,31: 

Ammonia NH 
Hydrogen Fguoride HF 
Hydrogen Cyanide HCN 
Carbon Monoxide CO 
Formaldehyde CH20 
N i t r i c  Oxide NO 
F luo r ine  F2 
Carbon Dioxide C02 
Ozone 

Toxic i ty  Level 
Mass Number PPM 

17 100 
20 3 
27 20 
28 100 
30 10 
30 25 
38 1 
44 > 5000 
48 > 0.1 per  

e i g h t  hour 
day 
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TABLE 1 

COMPOSITION OF AIR 

Re 1 at ive 
Mol e cul e Mass Number Concentration (ppm) 

H 
HH 
C12 

N14 

O1 
N15 

16 HO 
16 m o16 + H O ~ ~  + DO 

m 0l7 + H O ~ ~  + HD o 16 
20 HH 0l8 -t Ne 

N14N14 
N14N15 
N15N15 

o1 601 6 
o1 601 7 

16 018 + 017 017 0 
Ar36 
38 
40 

Ar 

Ar 
12 016 016 

C 

1 

2 

12 

14 
15 
16 

17 
18 

19 

20 

28 

29 

30 

32 

33 

34 
36 

38 
40 

44 

> 5000 
> 5000 
>> 150 
390,000 

1400 

100,000 

5,000 

10,000 

1,400 

40 

780,000 

6,200 

>> 13 

210,000 

155 

8 60 

32 

6 

9,400 

> 300 
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The t o x i c i t y  l e v e l  given i n  he re  is t h e  m a x i m u m  acceptab le  amount 
per  e i g h t  hour day and repea ted  exposure f o r  an i n d e f i n i t e  per iod  of 
days. 

One sees t h a t  most of t hese  mass numbers of t h e  t o x i c  gases  are 
I 

I 
I 

a l r eady  occupied by more in t ense  peaks of the r e g u l a r  a i r  spectrum. 
is  not  only t r u e  f o r  the parent  peaks but a l s o  f o r  a l l  fragment ions.  
The HCN peak a t  mass 27 i s  the only one t h a t  does not  co inc ide  w i t h  an 
air peak. However, it is  adjacent  t o  the  b igges t  peak, N2 at m a s s  28, 
and may be obscured by t h e  ta i l  of t h i s  peak. This means that these  
t o x i c  gases  cannot be de t ec t ed  i n  a i r  wi th  any simple e l e c t r o n  impact  
type mass spectrometer even i f  t he  instrument i s  more s e n s i t i v e  than  
one p a r t  per mi l l ion .  It would not  be too  d i f f i c u l t  t o  d e t e c t  such 
t o x i c  gases  a t  a one p a r t  per  m i l l i o n  level i n  hydrogen because t h e r e  
would be no i n t e r f e r e n c e  wi th  any background peaks. The r o o t  of t h e  
d i f f i c u l t y  l ies  i n  the  requirement t h a t  t h e  t o x i c  gases  should be 

This 

l 

I 

~ de tec t ed  i n  r e g u l a r  a i r .  

The foregoing d iscuss ion  l eads  t o  t h e  following conclusions:  

(1) It i s  not  poss ib l e  t o  bui ld  a f l y a b l e  conventional mass 
spectrometer  t h a t  can d e t e c t  s m a l l  concentrat ions of l i g h t  t o x i c  gases  
(below mass 34) i n  a i r .  

(2)  Only a very  l a r g e  labora tory  instrument,  e s p e c i a l l y  de- 
s igned f o r  t h i s  purpose, i s  capable  of t h i s  d i f f i c u l t  ana lys i s .  It 
would be very use fu l  f o r  t he  ana lys i s  of air  i n  a space capsule  dur ing  
a ground experiment. However, t he  operat ion of such an instrument and 
t h e  d a t a  i n t e r p r e t a t i o n  are d i f f i c u l t  and r equ i r e  an experienced mass 
spec t roscop i s t .  

A Photoionizat ion Mass Spectrometer o f f e r s  cons iderable  advantages 
toward a s o l u t i o n  t o  t h e  problem. Since the  ion  source works a t  room 
temperature ,  outgassing and pyro lys i s  are omitted.  The absence of a 
h o t  f i l ament  a l s o  p e r m i t s  running the ion  source a t  pressures  up t o  
20p, even wi th  pure 02. Thus the  con t r ibu t ion  of r e s i d u a l  gases  a t  
a background pressure  of 2 x i n  t h e  mass spectrometer i s  5 o rde r s  
of magnitude below t h e  a i r  sample. Accordingly, CO from the  n a t u r a l  
background gas i s  w e l l  below 10 p a r t s  i n  lo6 of t h e  atmosphere t o  be 
con t ro l l ed .  

The t o t a l  s u p e r i o r i t y  of photoionizat ion f o r  gas a n a l y s i s  is 
r e a l i z e d  i f  t he  mass spectrometer i s  combined wi th  a uv monochromator. 
This  a l lows s e t t i n g  of t he  ion iz ing  photon energy wi th  an accuracy of 
0 . 0 2  e V  a t  an energy of about 16 eV. 
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TABLE 2 

IONIZATION POTENT1AT.S OF VARIOUS GASES 

Wave - 
Mass Number Gas I o n i z a t i o n  P o t e n t i a l  l eng th  % 

1 6  

1 7  

18 

20 

2 7  

28 

29 

30 

32 

33 

CH4 

H2016 

16 HDO 

HF - 
H2018,  DDO 16 

" 
co - 

14 

N14N15 
N2 

CH 0 -2- 
15  

N1401 6 
N2 

16 
O2 

o1 601 7 

12.98 

10.15 

12.59 

12.59 

15.77 

12.59 

13 .91  

14 .01  

15.58 

15.58 

10.87 

15.58 

9.25 

12.07 

12.07 

955 

1220 

985 

9 85 

785 

985 

890 

885 

795 

795 

1140 

795 

1340 

1027 

102 7 



. 

TABLE 2 (Cont.) 

Wave - 
Mass Number Gas Ionization Potential length % 

34 

36  

38 

40 

44 

48 

16 18 17 0 0 + 0 2  

H2S 

E2 

Ar40 

co, 
0 -3 

12.07 

10.46 

15.75 

15.7 

15.75 

13.79 

12 .8  

102 7 

1185 

786 

790 

786 

899 

968 
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The advantage of t h i s  arrangement i s  apparent  when t h e  i o n i z a t i o n  
p o t e n t i a l s  and corresponding wavelengths of t he  t o x i c  gases  of mass 
numbers up t o  48 are compared (Table 2) w i t h  those  of t h e  atmospheric 
gases  occupying t h e  same o r  ad jacent  mass peaks. 

I n  t h i s  l i s t ,  w e  have a l r eady  omit ted a l l  fragment ions g iven  i n  
t h e  f i r s t  l i s t .  The corresponding threshold  ene rg ie s  f o r  t h e s e  ions 
are usua l ly  much higher .  None of them w i l l  appear i f  t he  i o n i z a t i o n  
energy i s  s e t  below 16  eV. This  energy, however, i s  s u f f i c i e n t  t o  
ion ize  any of t he  t o x i c  gases  i n  t h i s  range. 

I n  d e t a i l  t he  photo ioniza t ion  method o f f e r s  t h e  fol lowing advantages 
over e l e c t r o n  impact: 

(1) Since t h e  th re sho ld  energy f o r  an  OH-ion our  f H 0 i s  18.5 eV, $ 2  any lower energy down t o  10.15 e V  w i l l  on ly  produce NH3 

N14N1' (mass 28) are s u f f i c i e n t 1  w e l l  separa ted  t o  make i t  poss ib l e  t o  

a t  mass 17. 

2) The ion iz ing  p o t e n t i a l s  of HCN (mass 27) and t h e  predominant 

i on ize  HCN without i on iz ing  N 14 N K4 . 
(3) The ion iz ing  p o t e n t i a l s  of CO and N14N14 m a s s  28) are s u f -  

f i c i e n t l y  f a r  apar t  t o  ion ize  CO without  i on iz ing  N 14N14. 

(4) The ion iz ing  p o t e n t i a l s  of t he  gases  a t  mass 30 are s u f f i c i e n t l y  
f a r  a p a r t  t o  enable  t h e  s e p a r a t i o n  of CH20, N14016 and N 15 N 15  . 

(5) I n  t h e  case of HF (mass 20) t h e  i o n i z i n g  p o t e n t i a l  i s  so  h igh  
t h a t  t h e  normal atmospheric gases  occupying t h e s e  peaks are more e a s i l y  
ionized.  Thus t h e  d e t e c t i o n  l i m i t  i s  40 ppm according t o  Table 1. 

(6) F2 and 38A show only  a very  small d i f f e r e n c e  i n  t h e  i o n i z a t i o n  
However, t he  concen t r a t ion  of 388 i n  a i r  amounts to  6 ppm p o t e n t i a l .  

and l i t t l e  d iscr imina t ion  power i s  r equ i r ed  t o  d e t e c t  1 ppm of F2. 

I n  t h e  mass range 50 t o  100 where s p e c t r a l  peaks of organic  com- 

here, t h e  ease of accu ra t e  s e l e c t i o n  of t h e  
pounds are t o  be expected, photo ioniza t ion  a l s o  cons iderably  reduces t h e  
degree of fragmentation; 
wavelength by means of a monochromator would g r e a t l y  s i m p l i f y  t h e  i n t e r -  
p r e t a t i o n  of hydrocarbon spec t r a .  A cons ide rab le  amount of in format ion  
regard ing  ion iza t ion  c ros s  s e c t i o n s  and fragmentat ion of hydrocarbon 
vapors by photo ioniza t ion  is  now a v a i l a b l e  [4 ,5 ,6]  and w i l l  f a c i l i t a t e  
t he  d e t e c t i o n  of such substances.  

8 



The only  drawback of the  photo ioniza t ion  mass spectrometer  compared 
w i t h  e l e c t r o n  impact type instruments  is t h e  lower ion  cu r ren t .  Con- 
sequent ly ,  h igh  s e n s i t i v i t y  is  problematic. The reason  is, t h a t  t o  da t e ,  
copious amounts of e l e c t r o n s  are generated more e a s i l y  than  h i  h photon 
f luxes .  Hurzeler  e t  a1.[7] quote  maximum ion  c u r r e n t s  of l0-l5A; Dibeler  
and Reese [8] obta ined  only  10'17A. I f  these were t h e  optimum achievable  
i o n  c u r r e n t s ,  t h e  prospec ts  of u t i l i z i n g  t h e  pho to ion iza t ion  mass spec t ro -  
meter f o r  s e n s i t i v e  gas a n a l y s i s  would be indeed dim. 
s i t u a t i o n  can be improved by a c a r e f u l  des ign  of t h e  apparatus .  

Fo r tuna te ly ,  t h e  

By use of a low p res su re  uv spark  source,  l i g h t  i n t e n s i t i e s  of t h e  9 orde r  of 10 photons/sec can be a t t a i n e d  a t  t h e  e x i t  s l i t  of a mono- 
chromator provided s t rong  emission l i n e s  are s e l e c t e d .  
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  ion product ion,  w i t h  an ion iza -  
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  is  8 x 10 A. 
This  is  one hundred times more than  quoted by Hurzeler  e t  al. [71. 
ever, t h i s  es t imated  improvement can be r e a l i z e d  only  wi th  ion source 
p re s su res  h igh  enough t o  in su re  t h e  absorp t ion  of an  apprec i ab le  f r a c t i o n  
of 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 y ;  i n  addi t ion ,  t h e  ion  c o l l e c t i o n  e f f i -  
c iency  must be favorable .  Most of the previous i n v e s t i g a t o r s  worked 
wi th  i o n  source p re s su res  i n  t h e  mm Hg range corresponding t o  less 
than  0.1 percent  l i g h t  absorp t ion .  
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 l i d  
angle  c o l l e c t i o n  e f f i c i e n c y  and a correspondingly low f a c t o r  of t r a n s -  
mission. Comes and Lessman E91 employed a quadrupole mass ana lyzer ,  
b u t  s i m i l a r l y  were forced  t o  work w i t h  wide a p e r t u r e s  a t  t h e  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 .  

I f  10 percent  of 

-13 

How- 

They mostly used ana lyzers  of t h e  

The omission of a d i spe r s ing  device f o r  t h e  uv would y i e l d  a s t rong  
i n c r e a s e  i n  t h e  a v a i l a b l e  ion  cu r ren t ;  t h i s ,  however, would r e s u l t  i n  
less v e r s a t i l i t y .  I n  t h i s  case, resonance l i g h t  sources  are t h e  b e s t  
because they  provide nea r ly  monochromatic r a d i a t i o n .  
i n t e n s i t i e s  can be judged from measurements by Jensen  and Libby [lo] on 
a helium l i g h t  source t o  be of the  order of 1015 photon/cm2, o r  5 x 10 l2  
photons jsec  when a s l i t  of 5 mn high and 0.1 mrn wide is  used, which is  
e q u i v a l e n t  t o  the  s l i t  used on t h e  monochromator. However, only three 
resonance l i g h t  sources  are a v a i l a b l e  f o r  use i n  t h e  photo ioniza t ion  
s p e c t r a l  reg ion:  helium, neon,and argon. Only helium and neon w i l l  
i o n i z e  most of t h e  cornon gases.  
r e s p e c t  t o  f ragmentat ion than helium, b u t  even t h e  helium source pro- 
duces less fragmentat ion than  e l e c t r o n  impact i on iza t ion .  
undispersed  r a d i a t i o n  w i l l  y i e l d  a gain i n  i n t e n s i t y  of t h r e e  o rde r s  
of magnitude, t h e  i n a b i l i t y  t o  work near t h e  th re sho ld  of i o n i z a t i o n  
o r  t o  d i s c r i m i n a t e  between two ions of t h e  same mass diminishes  t h e  
advantages of a photo ioniza t ion  mass spectrometer .  

The a v a i l a b l e  

The neon source i s  more favorable  wi th  

Although 
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The following sections describe the design and performance of a 
photoionization mass spectrometer which was designed to overcome some 
of the problems mentioned here and which allows evaluation of the 
limits of the present state of the art. 
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INSTRUMENT DESIGN 

The i n t e n t i o n  was t o  bu i ld  a v e r s a t i l e  labora tory  instrument  wi thout  re -  
gard t o  the  requirements of a f lyab le  instrument a s  f a r  a s  weight ,  dimensions, 
and power consumption a r e  concerned. T h i s  r e s u l t e d  i n  an instrument  which 
s a f e l y  al lows the  eva lua t ion  of t he  c a p a b i l i t i e s  of the  method and e s t a b l i s h e s  
i t s  p r a c t i c a l  l i m i t s .  The f e a s i b i l i t y  of a f l y a b l e  ve r s ion  of t he  p re sen t  in- 
strument i s  discussed i n  the  Appendix. 

Figure 1 shuws the  b a s i c  arrangement. The l i g h t  beam from t h e  spark  
source e n t e r s  the  monochromator through t h e  e x t e r n a l l y  ad jus t ab le  en t rance  
s l i t .  The l i g h t  i s  d ispersed  on the concave g r a t i n g  which produces a mono- 
chromatic image of t he  en t rance  s l i t  a t  t he  p o s i t i o n  of the e x i t  s l i t .  The 
wavelength i s  scanned by r o t a t i o n  of the g r a t i n g .  The e x i t  s l i t  i s  a l s o  the 
l i g h t  en t rance  s l i t  of the  ion  source.  The l i g h t  beam produces ions  while  
pass ing  through the  i o n i z a t i o n  chamber, then leaves  the  i o n i z a t i o n  chamber 
through another  s l o t  and f a l l s  upon a sodium s a l i c y l a t e  coated window. The 
f luorescence  produced thereupon i s  sensed by a photomul t ip l ie r .  The ions  i n  
the  i o n i z a t i o n  chamber a r e  acce lera ted  onto an ape r tu re  and a f t e r  leaving the  
i o n i z a t i o n  chamber a r e  f u r t h e r  acce lera ted  and focused i n t o  the en t rance  s l i t  
of t he  magnetic analyzer .  Depending on ion  energy and magnetic f i e l d  s t r e n g t h ,  
one s p e c i f i c  mass w i l l  be focused a t  the spectrometer e x i t  s l i t  and e n t e r  t he  
i o n  m u l t i p l i e r .  There the  ion  c u r r e n t  i s  converted i n t o  an e l e c t r o n  c u r r e n t ,  
cons iderably  ampl i f ied ,  and sensed by an e lec t rometer .  

A more d e t a i l e d  d e s c r i p t i o n  of the seve ra l  u n i t s  employed fol lows.  

The Mass Analyzer 

I n  view of t he  small  numbers of ions produced i n  a photo ion  source com- 
pared w i t h  an e l e c t r o n  impact i on  source,  a mass spectrometer u t i l i z i n g  t h i s  
type of i o n i z a t i o n  r equ i r e s  a very high t ransmission.  The i d e a l  case  would 
be reached,  i f  a l l  the  ions  of one mass which leave the e x t r a c t i o n  opening of 
t he  i o n  source a r e  a l s o  passed through the  e n t i r e  analyzer .  I n  a d d i t i o n  t o  
these  t ransmiss ion  requirements and t o  ob ta in  a s  much information a s  p o s s i b l e ,  
i t  was necessary t o  have a r e s o l u t i o n  a s  high a s  f e a s i b l e .  
s o l u t i o n  t o  t h i s  problem i s  a 180-degree magnetic analyzer  which u t i l i z e s  an 
inhomogeneous magnetic f i e l d  between a wedge-shaped a i r  gap. 
t h i s  ins t rument  i s  we l l  described i n  the  l i t e r a t u r e  [11,12], bu t  s u r p r i s i n g l y ,  
i t  has  only been used i n  p-spectrometry [12]. 

The most s u i t a b l e  

The theory of 

I n  our des ign ,  en t rance  and e x i t  s l i t s  a r e  s i x  inches a p a r t ;  t hus ,  t he  
mass spectrometer  may be compared t o  a convent ional  180-degree a n a l y z e r w i t h  a 
t h r e e - i n c h  rad ius .  However, because of the  wedge-shaped a i r  gap and the  
accord ingly  inhomogeneous magnetic f i e l d ,  the  ions  move on a c y c l o i d a l  r a t h e r  
than  a c i r c u l a r  o r b i t .  The en t rance  and e x i t  s l i t s  a r e  ou t s ide  the  magnetic 
f i e l d  a t  a l oca t ion  very c lose  t o  the l i n e  where the  ex tens ion  of both p lanes  
of t h e  po le  f aces  i n t e r s e c t .  The d is tance  from each s l i t  t o  the  magnetic 
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f i e l d  boundary i s  given by the  theory a s  2.24 i n .  f o r  t he  chosen d i s t a n c e  of 
6 inches between the  a p e r t u r e s  and wi th  cons ide ra t ion  of t he  f r i n g e  f i e l d  e f -  
f e c t s .  The f r i n g e  f i e l d  condi t ions  a r e  def ined by Herzog [13] shunts .  The 
angle  of i n c l i n a t i o n  between the  two pole f aces  i s  12  degrees .  The a c t u a l  
ape r tu re  a v a i l a b l e  f o r  t he  ion  beam i s  defined by c i r c u l a r  openings a t  t h e  
f i e l d  boundary, and has been made somewhat smal le r  t o  prevent  i ons  from s t r i k -  
ing  the  po le  p ieces .  The e f f e c t i v e  c o l l e c t i o n  angle  corresponds t o  a cone w i t h  
an opening angle of 10 degrees.  The theory i n d i c a t e s  t h a t  under the  s e l e c t e d  
condi t ions  f u l l y  s t i gma t i c  focusing occurs w i t h  the  image a b e r r a t i o n s  i n  the  
c e n t e r  plane vanishing up t o  the  fou r th  order  [12]. I n  add i t ion  t o  t h i s  and 
due t o  t h e  inhomogeneous f i e l d ,  t he  spectrometer has  about 60 percent  h igher  
d i s p e r s i o n  and accordingly higher  r e so lu t ion  than a convent ional  180-degree 
instrument  of equ iva len t  dimensions. 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  ca l cu la t ed  f o r  1 mm en t rance  and e x i t  s l i t s  a s  M/AM = 65 wi th  a cor- 
responding ha l f  width r e s o l u t i o n  of 130. The r e s o l u t i o n  of a comparable con- 
ven t iona l  mass spectrometer  i s  about 40 - or  80 a t  h a l f  width. The al lowable 
ape r tu re  i s  a t  b e s t  one degree and has  no s t igma t i c  focusing.  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 h e  present  des ign .  

Mechanically,  t he  analyzer  cons i s t s  of a box 2 . 5  x 3 . 5  x 7.5 inches ,  
w e l d e d  toge ther  from s t a i n l e s s  s t e e l  p l a t e s  and in t eg ra t ed  wi th  the  wedge- 
shaped po le  p i eces  made from s p e c i a l  Armco m i l d  s t e e l .  
t o  t h e  gap of an electromagnet  wi th  symmetrical c o i l  arrangement. The magnet 
c o i l s  a r e  water-cooled and dimensioned f o r  a maximum c u r r e n t  of 10 amperes a t  
36 v o l t s  when switched i n  s e r i e s .  This provides  a maximum of 9000 ampere t u r n s  
and the  corresponding magnetic induct ion i s  about 4000 gauss i n  the  c e n t e r  por- 
t i o n  of t he  analyzer  gap. 
1 t o  50. For 200 eV i o n s  the  mass range goes from 1 t o  250, s ince  a t  a f i xed  
magnetic f i e l d  t h e  mass focused onto the e x i t  s l i t  i s  inve r se ly  p ropor t iona l  
t o  the  a c c e l e r a t i o n  vol tage .  

This box i s  f i t t e d  in-  

For an ion  energy of 1000 e V  the  mass range i s  from 

The r a t h e r  heavy (220 pounds) magnet-spectrometer assembly i s  mounted on 
a s tu rdy  double c a r r i a g e  which i s  p rec i se ly  guided by b a l l  bushings running on 
3/4- inch diameter s tee l  rods.  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. Thus, accurate  adjustment of t he  spectrometer w i th  
r e s p e c t  t o  the  i o n  source and entrance s l i t  i s  f a c i l i t a t e d .  

The e x i t  s l i t  assembly comprises an ad jus t ab le  e x i t  s l i t  and a suppressor  
arrangement,  and i s  w e l d e d  onto the mass spectrometer .  A micrometer ad jus t -  
ment f o r  t he  e x i t  s l i t  al lows the s e l e c t i o n  of s l i t s  of d i f f e r e n t  dimensions 
and a l s o  permi ts  change of the  loca t ion  wi th  r e s p e c t  t o  the cen te r  p lane  of 
t he  ana lyzer .  (It should be mentioned here  t h a t  t he  t e r m  "slit" i s  used wi th  
regard  t o  convent ional  mass spectrometers t o  avoid confusion. However, s ince  
our  instrument  employs s t i gma t i c  focusing, the  "slits" a r e  holes  of c i r c u l a r  
o r  square  shape.) 
a l s o  d e p a r t s  from the  usual  s t ruc tu re .  To some e x t e n t  i t  resembles a tubular  
e i n z e l l e n s  wi th  a mesh g r i d  a t  one end of t h e  c e n t e r  e l ec t rode .  This  s p e c i a l l y  
designed arrangement has  the  advantage of g iv ing  a sharply def ined l i m i t a t i o n  
of t he  t ransmi t ted  ion  energy without t he  usua l ly  found change of the  e f f e c t i v e  
beam a p e r t u r e  and the  corresponding e f f e c t  on the  focusing of the  beam onto  

The suppressor arrangement loca ted  behind the e x i t  s l i t  
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t h e  f i r s t  dynode of t h e  m u l t i p l i e r .  It a l s o  al lows the  de te rmina t ion  of t he  
energy of t h e  i o n s  f a r  more accura te ly  and without  ambiguity,  s i n c e  t h e  v o l t -  
age applied t o  t h e  c e n t e r  l e n s  i s  i d e n t i c a l  wi th  t h e  r e a l  r e t a r d i n g  p o t e n t i a l .  

A c o f l e c t o r  f o r  monitoring t h e  t o t a l  i o n  c u r r e n t  i s  mounted on a s t r a i g h t  
l i n e  behind the  en t rance  s l i t .  Ions of a l l  masses a r e  simultaneously c o l l e c t e d  
t h e r e  i f  the magnetic f i e l d  i s  switched o f f .  

Ion Source 

The arrangement of t h e  i o n  source i s  shown i n  F igures  2 and 3 .  The l i g h t  
coming from t h e  monochromator a t  f i r s t  passes  a w i d e r  s l i t  which a c t s  a s  a 
b a f f l e .  This l a t t e r  s l i t  a l s o  se rves  t o  maintain a p r e s s u r e  d i f f e r e n t i a l  be- 
tween t h e  ion  source housing and t h e  monochromator. I n t e g r a t e d  w i t h  t h i s  s l i t  
i s  an  appropr ia te ly  biased e l e c t r o d e  system which d e f l e c t s  any photoe lec t rons  
coming from t h e  g r a t i n g  or  from elsewhere i n  t h e  monochromator, and i t  a l s o  
c o l l e c t s  photoelectrons produced a t  t he  a c t u a l  i o n  source en t rance  s l i t .  Thus, 
no photoelectrons can e n t e r  t he  i o n i z a t i o n  chamber. The l i g h t  e n t e r s  t h e  ion- 
i z a t i o n  chamber through an a d j u s t a b l e  en t rance  s l i t  a l s o  loca ted  i n  t h e  f o c a l  
p lane  of t h e  monochromator. The l i g h t  beam l eaves  the  i o n  source through a 
s l o t  s u f f i c i e n t l y  w i d e  t o  prevent  t h e  formation of photoe lec t rons  from t h e  
photon t h a t  may s t r i k e  t h e  w a l l s .  The s l o t  i s  used here  r a t h e r  than a s l i t  
because i t  reduces t h e  gas  flow out  of t h e  i o n  source.  A f t e r  t he  l i g h t  beam 
has passed through the  i o n  source,  i t  f a l l s  upon a sodium s a l i c y l a t e - c o a t e d  
g l a s s  p l a t e  viewed by a photomul t ip l ie r .  Dibeler and Reese [8] 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 s  a f f e c t e d  by exposure t o  hydrocarbon vapors .  
However, no such e f f e c t  has  been observed i n  the  p r e s e n t  work o r  i n  o t h e r  work 
performed a t  GCA under comparable condi t ions .  Although t h e  p h o t o e l e c t r i c  de-  
t e c t o r  used byDibeler  and Reese [8]  a l lows t h e  de te rmina t ion  of absolu te  
photon f luxes ,  preference has  been given t o  t h e  sodium s a l i c y l a t e  conver te r  
because i t s  quantum y i e l d  i s  approximately c o n s t a n t  over w i d e  wavelength re- 
g ions  [14] and the  use of a photomul t ip l ie r  provides  a simple and f a s t  e l ec -  
t r o n i c  readout.  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 igmat ic  focusing p r o p e r t i e s  of t h e  mass ana lyzer ,  t he  i o n  
source geometry has  been made c y l i n d r i c a l ,  c o a x i a l  w i t h  the  c e n t e r  of t he  i o n  
beam. This  a l s o  permits  a s imple,  n e a t ,  and s t u r d y  c o n s t r u c t i o n .  Spec ia l  
c a r e  was given t o  t h e  design of t h e  i o n i z a t i o n  chamber. The i o n  r e p e l l e r  and 
t h e  i o n  e x t r a c t i o n  e l e c t r o d e  a r e  s p h e r i c a l l y  shaped. This  r e s u l t s  i n  a r a d i a l  
f i e l d  which a c c e l e r a t e s  t h e  i o n s  mainly toward t h e  e x t r a c t i o n  hold and accord- 
i n g l y  increases  t h e  a v a i l a b l e  i o n  c u r r e n t .  The r e p e l l e r  can be ad jus ted  ex- 
t e r n a l l y  by a micrometer screw and can be moved a s  c l o s e  a s  p o s s i b l e  t o  t h e  
i o n i z a t i o n  region. 
be kept  small and no e l e c t r o n  can g a i n  energy high enough f o r  i o n i z a t i o n .  
S i m i l a r l y ,  the e x t r a c t i o n  e l e c t r o d e  i s  brought c l o s e  t o  t h e  i o n i z i n g  l i g h t  
beam SO t h a t  t h e  res idence  t i m e  of i o n s  can be minimized i n  t h e  high p r e s s u r e  
reg ion  of the ion  chamber. This  arrangement suppresses  ion-molecule c o l l i s i o n s  
which can r e s u l t  i n  unwanted charge exchanges and ion-molecule r e a c t i o n s  [15]. 
Repel ler  and e x t r a c t i o n  e l e c t r o d e s  a r e  e l e c t r i c a l l y  i n s u l a t e d  from t h e  o the r  

Thus the  p o t e n t i a l  drop a c r o s s  t h e  i o n i z a t i o n  chamber can 
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Figure 2. Principle and schematic of photoionization ion source. 
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Figure 3. Ion source. 
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w a l l s  of t he  i o n i z a t i o n  chamber, and the r e l e v a n t  p o t e n t i a l s  can be ad jus ted  
t o  guarantee h ighes t  i o n  emission e f f i c i ency .  ( I f  a w i d e  e x t r a c t i o n  opening 
of 114 i n .  diameter - such a s  i n  our experiments - i s  used,  the f i e l d  penetra-  
t i o n  from the  a c c e l e r a t i o n  f i e l d  a lone gives  the  most e f f i c i e n t  i on  e x t r a c t i o n .  
For the  s tudy of ion-molecule r e a c t i o n s ,  however, h igher  p re s su res  i n  the  ion- 
i z a t i o n  chamber and a longer  t r a v e l i n g  d is tance  f o r  t he  p r imar i ly  formed ions  
t o  the  e x t r a c t i o n  opening have t o  be used. This  n e c e s s i t a t e s  a smal le r  ex t rac-  
t i o n  hole  t o  main ta in  the  p re s su re  i n  the ion  source housing below 11 and a l s o  
r e q u i r e s  a longer d i s t a n c e  from the  i n t e r s e c i n g  ion iz ing  l i g h t  beam t o  the  ex- 
t r a c t i o n  opening. I n  t h i s  case ,  the f i e l d  p e n e t r a t i o n  from the  a c c e l e r a t i o n  
f i e l d  i s  n e g l i g i b l e  and an i n t e r n a l  f i e l d  has  t o  be appl ied which f o r  these  
s t u d i e s  should be w e l l  def ined and known. The independently v a r i a b l e  p o t e n t i a l  
of the  r e p e l l e r  and the  draw e l ec t rode  provide the h ighes t  v e r s a t i l i t y  of the  
ins t rument . )  The ions  leav ing  t h e  r e a c t i o n  chamber a r e  acce lera ted  and focused 
onto the  analyzer  en t rance  by an immersion l ens  system cons i s t ing  of t h ree  
p l a t e s  wi th  112 in .  openings. The p o t e n t i a l  of the f i r s t  p l a t e  a f f e c t s  the  
f o c a l  length .  The two following p l a t e s  a r e  divided i n t o  halves  and permit  ad- 
justment  of t he  ion  beam i n  v e r t i c a l  and h o r i z o n t a l  d i r e c t i o n .  These two p l a t e s  
a r e  kept  on a nega t ive  p o t e n t i a l  wi th  r e spec t  t o  ground. Therefore ,  secondary 
e l e c t r o n s  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  s l i t  a r e  prevented from being acce le ra t ed  back i n t o  the ion  source.  
The ho le s  i n  the  l e n s  p l a t e s  a r e  s u f f i c i e n t l y  w i d e  t o  prevent  i ons  from s t r i k -  
ing t h e r e  and r e l e a s i n g  e l e c t r o n s .  

The p res su re  i n  the  ion  chamber i s  accu ra t e ly  sensed by a sepa ra t e  pipe 
connect ion which ends i n  the cen te r  of t he  r e p e l l e r  d i s c .  The sample gas  i s  
fed i n t o  the  r e a c t i o n  chamber through a p ipe  concent r ic  t o  the p ipe  mentioned 
before .  

The whole s t r u c t u r e  i s  mounted on a completely opaque nylon f lange  and 

Assembly, c leaning ,  
a l l  feedthrough connect ions a re  sealed wi th  v i t o n  O-rings. A l l  p a r t s  i n  con- 
t a c t  w i t h  the gas  o r  the  ion  beam a r e  s t a i n l e s s  s t e e l .  
and adjustment a r e  very simple. 

The gas i s  fed t o  the  ion  source v i a  t e f l o n  tubing.  This provides  the  
necessary  i n s u l a t i o n  between the  p o t e n t i a l  of t he  ion  source and the  grounded 
needle  va lves .  Two needle  va lves  r egu la t e  the  gas  flow and permit  mixing of 
two gas  components. Sea l s  i n  t h i s  pa r t  a r e  made wi th  Swagelok coupl ings.  

Ion  Detector 

A commercial Nuclide Corporation m u l t i p l i e r  , type EM-2, wi th  16 s t ages  
i s  used f o r  t he  de t ec t ions  of the ions leaving through the e x i t  s l i t  of the 
magnetic ana lyzer .  
dynodes. 

It u t i l i z e s  a pie-type arrangement of ac t iva t ed  BeCu 
6 The nominal ga in  i s  spec i f ied  between !g5 and 10 , and the  noise  

l e v e l  corresponding t o  an inpu t  of l e s s  than amperes. 

F igure  4 g ives  the  m u l t i p l i e r  gain a s  a func t ion  of the  
It should be noted t h a t  the mass and the energy of the age. 

m u l t i p l i e r  v o l t -  
i ons  a r e  q u i t e  

17 



Figure 4. Overall mult ipl ier  gain  vs m l t i p l i e r  voltage.  
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d i f f e r e n t .  The ion  energy i s  g iven  by the a c c e l e r a t i o n  vo l t age  i n  the  ion  
source p l u s  the  a c c e l e r a t i o n  between e x i t  s l i t  and f i r s t  m u l t i p l i e r  dynode 
s ince  the f i r s t  dynode i s  on a high negat ive p o t e n t i a l ,  about i d e n t i c a l  w i th  
the  m u l t i p l i e r  vo l tage .  The mass range i s  between 1 and 50 and the  ion  energy 
i s  3.5 keV. However, t h i s  w i l l  a f f e c t  the g a i n  by less than h a l f  an order  of 
magnitude. Externa l  and we l l  i n su la t ed  connect ion i s  provided for t he  high 
vo l t age  lead ,  c o l l e c t o r  lead ,  and for the ground lead.  This  a l lows measurement 
of the  ion  c u r r e n t  f a l l i n g  onto the  f i r s t  dynode wi th  an e lec t rometer  connected 
t o  the  high vol tage  i n p u t ,  and t h e  ground lead l e f t  f l o a t i n g .  

The m u l t i p l i e r  i s  encased w i t h i n  a magnetic s h i e l d  and mounted i n  a s t a i n -  
l e s s  s t e e l  housing which i s  flanged t o  the  e x i t  s l i t  assembly of the  mass 
spec t r ome t e r  . 

A l l  e l e c t r i c a l  connect ions i n t o  the vacuum a r e  made wi th  A l i t e  feedthroughs 
combined wi th  BNC connectors  and a r e  wel l  sh ie lded .  The m u l t i p l i e r  vo l tage  
should no t  exceed 3000 v o l t s .  A lower vo l t age  provides  s u f f i c i e n t  amplif ica-  
t i o n  and was found t o  g ive  a b e t t e r  s igna l - to-noise  r a t i o .  

Light  Source 

The l i g h t  source,  b u i l t  under the c o n t r a c t  and used f o r  t he  measurements, 
i s  a r e p e t i t i v e l y  pulsed spark discharge using a ceramic c a p i l l a r y .  
source i s  s i m i l a r  t o  t h a t  descr ibed by Weissler, e t  a l .  
wi th  most permanent gases  and emits  a r i c h  spectrum of widely spaced l i n e s  
mainly i n  the  reg ion  400 t o  l O O O g  w i t h  maximum i n t e n s i t i e s  comparable t o  those 
of t he  r a r e  gas  resonance l i n e s .  The working p res su re  i s  t y p i c a l l y  around 50p 
Hg, which i s  10 t i m e s  l e s s  than the  working p res su re  of a dc discharge.  
means lower gas  consumption and l e s s  gas flow i n t o  the  monochromator. Fig- 
ure  5 shows the  l i g h t  source and a cutaway of t he  instrument  i s  shown i n  
Figure 6 .  
and h e a t  conduct iv i ty .  Anode and cathode and a l l  p o i n t s  where sea l ing  v i t o n  
O-rings a r e  located a r e  very e f f e c t i v e l y  water cooled. The hollow anode and 
the  cathode cap a r e  E lkon i t e ,  an a l loy  which resists s p u t t e r i n g  p a r t i c u l a r l y  
w e l l .  The d ischarge  
can be viewed through an observa t ion  window a t  t he  end. 

This  
[16]. It works w e l l  

This  

The ou te r  p a r t s  a r e  made out of copper t o  achieve high e l e c t r i c  

The c a p i l l a r y  i s  Boron N i t r i d e ,  a machineable ceramic. 

The spark  source r e q u i r e s  only a few minutes of opera t ion  t o  s t a b i l i z e  
and can  work cont inuously over many hours. 
s t a y  w i t h i n  one pe rcen t ,  provided the o the r  parameters ,  such a s  p re s su re  and 
v o l t a g e  s t a y  cons tan t .  
i s  s e l f - a d j u s t i n g .  

I n t e n s i t y  f l u c t u a t i o n s  usua l ly  

Cleaning and assembly i s  very  simple; the  cons t ruc t ion  

Monochromator 

The monochromator system was supplied by GCA f o r  the  t e s t s  and i s  no t  a 
d e l i v e r a b l e  i t e m  under the  con t r ac t .  It i s  a McPherson 1/2- inch Seya i n s t r u -  
ment, f i t t e d  wi th  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. 
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Figure  5. L igh t  sou rce .  
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The head bear ing  of t he  e x i t  s l i t  assembly was removed from t h e  e x i t  arm of 
t he  monochromator and replaced by the  tubular  adapter  s e c t i o n  which i s  p a r t  
of t h e  ion source housing. The o p t i c a l  en t rance  s l i t  o f  t he  i o n  source serves  
a s  t h e  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,  t h e  observed wavelength r e s o l u t i o n  was approximately 58. 
t h i s  corresponds t o  an energy r e s o l u t i o n  of 0.1 eV. The monochromator i s  
mounted on a t a b l e  which matches the  mass spectrometer t a b l e  and a s  such i s  a 
c omp l e  t e l y  se 1 f - contained sy s t e m  . 

A t  7508, 

Vacuum System 

The key t o  a successfu l  opera t ion  of t h e  i n t e g r a t e d  apparatus  i s  t h e  ap- 
Light source p r e s s u r e s  a r e  between 50 and p l i c a t i o n  of d i f f e r e n t i a l  pumping. 

100 microns, while  t he  monochromator chamber should be kept  a t  p r e s s u r e s  be- 
low t o r r  t o  avoid l o s s e s  from o p t i c a l  absorp t ion .  S i m i l a r l y ,  i t  i s  de-  
s i r a b l e  t o  opera te  t h e  ion  source a t  p r e s s u r e s  up t o  20 microns,  whereas i n  
the  mass analyzer chamber, p r e s 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  m e t  by t h e  following 
pumping s t ages :  The monochromator has  i t s  own b a f f l e d  d i f f u s i o n  pump which 
develops a pump speed of 350 l i t e r / s e c .  Between l i g h t  source and monochrom- 
a t o r  i s  a b u f f e r  chamber which i s  a l s o  pumped d i f f e r e n t i a l l y  w i t h  a 375 l i t e r /  
min mechanical pump. The ion  source housing i s  evacuated by a b a f f l e d  4-inch 
nominal o i l  d i f f u s i o n  pump a t  350 l i t e r / s e c .  This  main ta ins  t h e  p r e s s u r e  i n  
t h e  i o n  source housing below t h e  p r e s s u r e  i n  the  i o n i z a t i o n  chamber by approxi- 
mately a f a c t o r  of 100. The mass ana lyzer ,  f i n a l l y ,  i s  evacuated by a 2-inch 
d i f f u s i o n  pump a l s o  f i t t e d  with a b a f f l e  and i s  e a s i l y  kept  two o r d e r s  of mag- 
n i t u d e  below the  p r e s s u r e  of t he  i o n  source housing. A l l  d i f f u s i o n  pumps can 
be backed up by a s i n g l e  375 l i t e r / m i n  mechanical pump. A l l  b a f f l e s  a r e  of 
t he  "multi-coolant" type.  Water cool ing has  proven t o  be s u f f i c i e n t ,  b u t  
f r eon  o r  l i q u i d  n i t r o g e n  may be used. 

A s  an  example of the  e f f i c i e n c y  of t h e  descr ibed arrangement, p r e s s u r e s  
observed with an ion  source p r e s s u r e  of 20p a r e :  l i g h t  source 50 microns; 
monochromator 2 x 10-5 t o r r ;  i on  source housing 4 x 
ber  3 x t o r r .  

t o r r ,  analyzer  cham- 

Normally, i t  i s  only necessary t o  sense  the  p r e s s u r e  a t  t h e  l i g h t  source,  
a t  t he  i o n i z a t i o n  chamber, a t  t h e  mass spec t rometeqand i n  the  f o r e l i n e .  For 
t h i s  purpose, a GCA Type 902 p r e s s u r e  c o n t r o l  system i s  suppl ied f o r  t he  
instrument .  

Mechanical Construct ion 

The t o t a l  arrangement comprises t h r e e  heavy main components w i t h  weights  
between 80 and 250 pounds; namely: monochromator, i o n  source housing, and 
mass spectrometer.  Because these  p a r t s  have t o  be a c c u r a t e l y  ad jus ted  and 
must s t a y  i n  alignment with r e s p e c t  t o  each o t h e r ,  s p e c i f i c  c a r e  has  been 
given t o  t h e  mechanical design.  
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The monochromator i s  a self-contained system mounted i n  a s tu rdy  s t e e l  
t a b l e ,  which a l i g n s  wi th  and i s  f i rmly  bol ted t o  the  spectrometer  t ab le .  

The ion  source housing toge ther  with the  pho tomul t ip l i e r  subassembly, 
t he  baf f le ,  and the  d i f f u s i o n  pumps i s  supported by a spr ing-loaded frame. 
adjustment of the  sp r ing  tens ion ,  t he  whole u n i t  can be kep t  f l o a t i n g  a t  t h e  
r i g h t  he ight  and pos i t i on .  This permits  p r e c i s e  adjustment wi thout  undue 
s t r e s s  on the  in te rconnec t ing  p a r t s .  

By 

Af te r  t he  ion  source has  been ad jus ted ,  the  mass spectrometer  has  t o  be 
al igned wi th  r e spec t  t o  the  ion  source housing, which a l s o  con ta ins  the  ana- 
l yze r  en t rance  s l i t .  Accurate adjustment i s  f a c i l i t a t e d  by the  p r e c i s e l y  
guided, s tu rdy  c a r r i a g e  onto which the  mass spectrometer  i s  mounted. Adjust-  
ment i s  provided i n  a l l  t h ree  dimensions. A very  f l e x i b l e  welded s t a k l e s s  
s t e e l  bellow in t e rconnec t s  t he  spectrometer wi th  the  ion  source housing. This  
a l lows freedom of movement wi th  r e spec t  t o  each o the r  and avoids  mechanical 
s t r e s s .  A s p e c i a l  clamped f lange  connection a f f o r d s  rap id  and easy detach- 
ment of t he  mass spectrometer  from the  ion  source housing. I n  add i t ion ,  t he  
movable spectrometer  c a r r i a g e  can be s h i f t e d  s u f f i c i e n t l y  t o  make a l l  p a r t s  
a c c e s s i b l e  f o r  s e rv i c ing .  Figure 7 shows the  arrangement. 

E 1 ec tr oni  c s 

Commercially a v a i l a b l e  e l e c t r o n i c s  a r e  mainly used wi th  the  instrument .  
The only  except ions a r e  the  ion  source vo i t age  supply and t h e  spark  gap. The 
s impl i f i ed  schematic given i n  Figure 8 e s s e n t i a l l y  shows a vo l t age  d i v i d e r  
s t r i n g  tapped a t  s e v e r a l  p o i n t s  through potent iometer  arrangements which pro- 
v ide  the  appropr ia te  range of vo l tage .  A zener diode i s  used t o  f i x  the  re- 
p e l l e r  and draw e l ec t rode  p o t e n t i a l  independently from the  amount of t o t a l  
vo l t age  appl ied .  While a l l  o the r  vo l t ages  should be p ropor t iona l  t o  the  t o t a l  
v o l t a g e ,  t he  f i e l d  cond i t ion  i n  t h e  i o n i z a t i o n  chamber should be an independent 
parameter.  The l e n s  e l e c t r o d e s  f o r  t h e  v e r t i c a l  and ho r i zon ta l  adjustment of 
t he  ion  beam a r e  a t  a nega t ive  p o t e n t i a l  wi th  r e s p e c t  t o  ground. This  i s  
achieved by grounding the  vo l t age  d iv ide r  a t  an in-between po in t  which re- 
q u i r e s  a high vo l t age  power supply with f l o a t i n g  output .  A regula ted  high 
vo l t age  power supply,  Fluke 412B1 AF, 0 t o  2100V, 0 t o  30 mA i s  used f o r  t h i s  
purpose. 

Two a d d i t i o n a l  Fluke high vol tage  power supp l i e s  of type 412B, 0 t o  21OOV, 
0 t o  30 mA and type 408B, 0 t o  6000V, 0 t o  20 mA a r e  used f o r  t he  photomulti-  
p l i e r  and ion  m u l t i p l i e r ,  r e spec t ive ly .  

The magnetic cu r ren t  power supply i s  a Kepco KS 36-10M wi th  a maximum 
c u r r e n t  of 10 A and a maximum vol tage  of 36 v o l t s .  The magnetic cu r ren t  i s  
scanned by a motorized programmer (Kepco MP-1-3000-5K) which provides  the  
mass scan.  Eight  scanning speeds a re  a v a i l a b l e  from 3000 sec  t o  1 sec f o r  a 
c u r r e n t  change of 0 t o  10 A. 
and provides  a d j u s t a b l e  vol tage  o r  cu r ren t  r e g u l a t i o n  i n  a unique cross-over  
arrangement . 

The power supply i s  regula ted  t o  0.01 pe rcen t  
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The power f o r  t he  uv spark source i s  suppl ied by a N J E  H5 200 high v o l t -  
age power supply.  It has  an output  of 0 t o  5000 v o l t s  and 200 mA and i s  reg- 
u l a t e d  t o  1 percent .  T r i p  c o n t r o l s  f o r  over vo l tage  and over c u r r e n t  a r e  pro- 
vided. The vol tage  i s  pulsed by a r o t a r y  spark gap designed by GCA. The 
schematic i s  shown i n  Figure 9 .  A 0.25pF high v o l t a g e  c a p a c i t o r  i s  discharged 
a t  a r a t e  of 120 times a second by a r o t a r y  spark gap d r i v e n  by a synchronous 
d o t o r .  The spark gap i s  i l lumina ted  by a mercury q u a r t z  lamp which consider-  
ably increases  the  s t a b i l i t y  of t he  spark i n  t h e  gap. The power i s  f e d  t o  t h e  
l i g h t  source by a s p e c i a l  c o a x i a l  cable .  The spark gap c i r c u i t r y  i s  contained 
i n  a c a r e f u l l y  shielded box t h a t  i s  cooled by two fans .  

The output  from the  m u l t i p l i e r s  or  from the  t o t a l  i o n  c u r r e n t  c o l l e c t o r  
i s  sensed by a high speed p i c 0  ammeter (Kei thly Model 417). The e lec t rometer  
f e a t u r e s  a remote preampl i f ie r  which can be brought c l o s e  t o  the  sensing p o i n t .  

Also used f o r  t he  experiments were some a d d i t i o n a l  GCA owned equipment 
such a s  a speedomax recorder  and an a d d i t i o n a l  p i c 0  ammeter. The l a t t e r  was 
used t o  monitor t h e  output  from the  photomul t ip l ie r .  For some experiments,  
an a d d i t i o n a l  recorder  was used. This  enabled us  t o  record t h e  s i g n a l  from 
t h e  photomult ipl ier  simultaneously wi th  t h e  s i g n a l  from t h e  ion  m u l t i p l i e r  
while  t he  wavelength was scanned wi th  t h e  monochromator. 

Figure 10 shows t h e  complete system. 
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EXPERIMENTAL 

Handling t h e  Instrument 

The instrument may be used as soon a s  t h e  pressure  i n  the  mass 
analyzer  has reached 1 x 10-5 T o r r  
t h e  pressure  is down below 2 x l omb  Torr. 
w i t h  t h i s  system, using water cooled b a f f l e s  only,  is 4 x Torr. 
When t h e  instrument w a s  no t  previously vented, t h i s  pressure  w a s  a t -  
t a ined  t h r e e  hours a f t e r  t h e  s t a r t  of the d i f f u s i o n  pumps. When t h e  
system i s  not used and t h e  d i f f u s i o n  pumps a r e  switched o f f ,  t h e  fo re -  
l i n e  va lves  should be closed. The system should never i d l e  on only 
the  forepumps s i n c e  t h i s  w i l l  cause forepump o i l  t o  contaminate the  
system and l i m i t  t he  base pressure.  

but it i s  advisable  t o  wai t  u n t i l  
The lowest pressure  reached 

Af ter  t h e  vacuum condi t ions  a re  s a t i s f a c t o r y ,  t he  l i g h t  source i s  
s t a r t e d .  F i r s t ,  t h e  cool ing water is  turned on and wi th  a needle valve 
c o n t r o l ,  gas i s  fed i n t o  the  l i g h t  source u n t i l  an equ i l ib r ium pressure  
of about 50p Hg is  reached, measured a t  t he  b u f f e r  chamber. 

Next, t h e  spark  gap u n i t  i s  switched on and t h e  high vol tage  power 
supply slowly turned up t o  about 5 kV. 
tween 60 and 80 mA. The discharge can be viewed through the  observat ion 
window. 
s t a b l e  operat ion.  I f  l a r g e r  f luc tua t ions  s t i l l  occur,  e i t h e r  the  gas 
pressure  i s  too low or  t h e  r o t a r y  spark gap needs readjustment.  Rotating 
t h e  e l e c t r o d e  p ins  i n  t h e i r  ho lders  w i l l  r e a d j u s t  t h e  spark gap; however, 
i f  too  much e l ec t rode  ma te r i a l  i s  burned o f f ,  t h e  pins  have t o  be replaced.  

The l i g h t  source w i l l  draw be- 

After  a few minutes, t he  l i g h t  source should come t o  a good 

Next, a vo l tage  of -750 V i s  appl ied t o  t h e  photomul t ip l ie r  and t h e  
m u l t i p l i e r  c o l l e c t o r  i s  connected t o  the  e lec t rometer .  Scanning of t h e  
monochromator should give a spectrum of t h e  l i g h t  source with peak cur -  
r e n t s  i n  the  A range. A s t rong  s p e c t r a l  l i n e  wi th  an adequate 
wavelength t o  ion ize  the  sample gas is  se l ec t ed .  After  t h i s ,  t h e  accel- 
e r a t i o n  vol tage  i s  appl ied  (+lo00 v o l t s  f o r  a mass range from 0...50) . 
With t h e  magnet c u r r e n t  s t i l l  o f f ,  t h e  t o t a l  ion  cu r ren t  can be measured 
when t h e  e lec t rometer  i s  connected t o  t he  t o t a l  i on  cu r ren t  co l l ec to r .  
Depending on the  pressure  of t he  sample gas i n  t h e  ion  source (up t o  
20p), t h e  type of as, and t h e  spec ia l  l i n e  selected, t o t a l  ion  cu r ren t s  
are from below A up t o  5 x A. Usually,  it is  not necessary 
t o  f i r s t  check t h e  t o t a l  ion  cu r ren t ,  s i n c e  t h e  add i t iona l  gain of t h e  
i o n  m u l t i p l i e r  makes it easy t o  pick up t h e  main peaks and t o  perform 
a l l  t h e  optimizing adjustments. 
-2000 and -3000 v o l t s  i s  completely s u f f i c i e n t  and w i l l  y i e l d  peak cur -  
r e n t s  up t o  l x 10'8A at  the  co l l ec to r .  
w i l l  i nc rease  the  output ,  bu t  a s t rong increase  of background spikes  
a c t u a l l y  decreases  the  s ignal- to-noise  r a t i o .  

An ion m u l t i p l i e r  vo l tage  between 

Higher m u l t i p l i e r  vo l tages  
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The experiments have shown t h a t  t h e  alignment and adjustment of t h e  
system is not too  c r i t i c a l .  
t h e  monochromator, t h e  exac t  " in  focus" l o c a t i o n  of t h e  monochromator 
e x i t  - which i s  i d e n t i c a l  w i th  t h e  l i g h t  en t rance  s l i t  of t h e  ion  source - 
i s  not  c r i t i c a l .  Axial alignment of a l l  l i g h t  s l i t s  can e a s i l y  be checked 
by v i s u a l  observa t ion  of t h e  c e n t r a l  image from t h e  g r a t i n g ,  us ing  a 
simple l i g h t  bu lb  i n  f r o n t  of t h e  monochromator en t r ance  s l i t .  
as no high mass r e s o l u t i o n  i s  r equ i r ed  and t h e  mass spectrometer  i s  opera-  
t e d  wi th  wide s l i t s  (1 mm), t h e  adjustment of t h e  mass spectrometer  i s  
equa l ly  u n c r i t i c a l  because of t he  h igh  d i s p e r s i o n  and t h e  e x c e l l e n t  
focusing q u a l i t i e s  of t h e  instrument .  

Since no extreme r e s o l u t i o n  i s  r equ i r ed  from 

A s  long 

The only adjustments u s u a l l y  needed are t h e  he igh t  p o s i t i o n  of t h e  
mass spectrometer e x i t  s l i t  and the  p o t e n t i a l s  of t h e  ion  source.  Both 
adjustments are more important wi th  regard  t o  t h e  i n t e n s i t y  even though 
f o r  h igh  r e s o l u t i o n ,  t h e  s l i t  he ight  adjustment w i l l  a l s o  a f f e c t  r e s o -  
l u t  ion.  

For t h e  present  ion  source,  i t  was found t h a t  b e s t  i n t e n s i t i e s  are 
achieved wi th  zero  r e p e l l e r  and draw e l e c t r o d e  p o t e n t i a l  w i th  r e spec t  
t o  t h e  ion iza t ion  chamber and w i t h  t h e  h ighes t  p o t e n t i a l  drop app l i ed  be-  
tween ion  source and f i r s t  a c c e l e r a t i o n  e l ec t rode .  The s t rong  f i e l d  
pene t r a t ion  i n t o  the i o n i z a t i o n  chamber from t h e  h igh  a c c e l e r a t i o n  f i e l d  
obviously r e s u l t s  i n  t h e  most favorable  ion  c o l l e c t i o n  condi t ion .  The 
e f f e c t s  of small  mechanical misalignments are compensated by t h e  a p p l i -  
c a t i o n  of t h e  e l e c t r o s t a t i c  ver t ical  and h o r i z o n t a l  d e f l e c t i o n  t o  t h e  
ion  beam. 

Espec ia l ly  a t  higher  pressures  i n  t h e  ion  source ,  t he  mass peaks w i l l  
develop t a i l s  toward t h e  lower mass s i d e ,  i f  t h e  suppressor  i s  switched 
o f f .  These t a i l s  a r e  due t o  ions which have l o s t  energy by c o l l i s i o n  on 
a p o t e n t i a l  lower than  t h e  o r i g i n a l  ions .  Since our suppressor  a r range-  
ment guarantees a very  sha rp  energy sepa ra t ion ,  a l l  t h e  secondary e f f e c t  
ions  can be r e j e c t e d .  When t h e  suppressor  i s  switched on and i t s  poten- 
t i a l  ad jus ted  t o  a po in t  where the  peak i n t e n s i t y  j u s t  s tarts t o  drop 
sha rp ly ,  the t a i l s  w i l l  completely disappear .  

Comparison of t h e  uv-Spectrum of Nitrogen and Argon 

During our i n v e s t i g a t i o n s ,  t h e  uv-spark source  w a s  run  w i t h  argon 
and ni t rogen.  
d i f f e rences  l y i n g  i n  t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  i n t e n s i t y  only.  
F igure  11 gives the  uv-spectrum of N 
t h e  equiva len t  spectrum f o r  argon. 
t h a t  t h e  argon produces a spectrum much r i c h e r  i n  i n t e n s e  l i n e s  than  
n i t rogen .  
below 700%, where argon s t i l l  produces a b i g  number of i n t e n s e  l i n e s  i n  

The l i g h t  source works e q u a l l y  w e l l  w i t h  bo th  gases ,  t h e  

$omparison of t h e  s p e c t r a  shows 
between 430 and 9308 and F igure  12 

The d i f f e r e n c e  i s  p a r t i c u l a r l y  apparent  a t  s h o r t e r  wavelengths 
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c o n t r a s t  t o  N2. 
favorable  spectrum. However, a s  w i l l  be d iscussed  l a t e r ,  with the  p r e s e n t  
c a p a b i l i t i e s  of our monochromator, t h e  N2  spectrum i s  more s u i t a b l e  i f  t h e  
s e p a r a t i o n  of two gases a t  t h e  same mass number is concerned. 

General ly ,  one might conclude t h a t  argon g ives  t h e  more 

Performance of the Mass Spectrometer 

F igure  13 shows one of the  f i r s t  s p e c t r a  obta ined  wi th  the  instrument .  
It is  t h e  spectrum of a i r  ion ized  wi th  t h e  78853 l i n e  of t h e  argon spark  
spectrum corresponding t o  an energy of ca, 16 eV. This  l i n e  y i e l d s  a 
p a r t i c u l a r l y  high i o n i z a t i o n  rate of N2, s i n c e  near  t h e  threshold  energy 
sha rp ly  def ined  resonance absorp t ion  occurs which r e s u l t s  i n  very e f f i -  
c i e n t  i o n i z a t i o n .  The pressure  i n  t h e  ion  source w a s  0 . 8 ~  and t h e  p re s -  
s u r e  r e a d i n  The spectrum c l e a r l y  d e l i n -  
e a t e s  H20, f 4 N 2 ,  16N15N, 1602, l6 I 7 O  l 6 0 l 8 O ,  A, and C02. There i s  a l s o  
an i n d i c a t i o n  of atomic 160 and 'kl. 'These a c t u a l l y  should be omit ted 
s i n c e  t h e  s e l e c t e d  ion iz ing  wavelength does no t  s u f f i c e  t o  produce atomic 
0 and N. This e f f e c t  w i l l  be discussed l a t e r .  The l i n e s  show s m a l l  ta i ls  
a t  t h e  low mass s i d e  because t h e  suppressor  w a s  no t  switched on. The t a i l  
on t h e  h igh  mass s i d e  i s  caused by the e l ec t rome te r  t i m e  cons t an t  only. 
For t h i s  f i r s t  run,  a Cary v i b r a t i n g  reed e l ec t rome te r  w a s  used wi th  an 
inpu t  r e s i s t a n c e  of 101152. The high noise  level i n  t h e  300 mV range w a s  
due t o  h igh  frequency pick-up from the spark  source ,  a l though every th ing  
w a s  w e l l  sh ie lded .  Subsequently, improved grounding wi th  heavy copper 
brad ing  cons iderably  improved t h e  s p e c t r a  a s  can be seen from later f i g -  
u re s .  

a t  t h e  ana lyzer  w a s  6 x 10-7. 

Figure  14 g ives  a backgroundspectrumobtained without  any gas admit- 
t ance  t o  t h e  ion  source.  The s i z e  of t h e  N2 peak i n d i c a t e s  a background 
p r e s s u r e  i n  t h e  i o n  source of about 3 x 10-5, which suggested a small l e a k  
i n  t h e  gas  i n l e t  system o r  the  pressure monitor ing l i n e .  (Actually,  t h e  
Has t ings  gauge which w a s  used t o  measure t h e  ion  source pressure  w a s  
l eak ing  s l i g h t l y ) .  

The r e so lv ing  ower, with roper adjustment of t h e  suppressor  vo l t age ,  
is  demonstrated on !4N2 and l5NP4N i n  F igure  15. The ha l f -wid th  r e s o l u -  
t i o n  determined from t h e r e  i s  about 120, which agrees  w e l l  w i th  t h e  
t h e o r e t i c a l  va lue  f o r  1 m a s s  entrance and e x i t  s l i ts .  
v a l l e y  between both  peaks sugges ts  a t  least a 0.01 percent  v a l l e y ,  s i n c e  
t h e  28 peak i s  more t h a t  100 times as i n t ense .  
t h e  l i n e s  shows the  f i n e  performance of the  mass  spectrometer.  
we can a l s o  d e r i v e  a r e s o l u t i o n  of 65 f o r  a 10 percent  v a l l e y  and of about 50 
f o r  a 1 percent  v a l l e y  d e f i n i t i o n .  
mass  peak a t  30 which i s  due t o  1 5 ~  2 
d e n o n s t r a t i n g  t h e  s e n s i t i v i t y .  

The shape of the  

The c l e a r l y  def ined onse t  of 
From Figure 15, 

Figure 15 a l s o  shows, an i n d i c a t i o n  of a 
and corresponds t o  16 ppm of 1 4 ~ ~ '  
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When Figures  13 and 14 are compared, a d i f f e r e n t  mass scale which is 
due t o  t h e  d i f f e r e n t  a c c e l e r a t i o n  vol tages  used f o r  record ing  bo th  spec-  
t r a  can be not iced .  For t h e  c o r r e l a t i o n  between m a s s  number M y  Magnet 
Current  IM, and Accelera t ion  Voltage VaCc (vo l tage  output  a t  t h e  power 
supply) t h e  fol lowing formula i s  given: 

5 i n  Amps 

'ac c 
i n  Vol t s  

Separa t ion  of Doublets a t  t h e  Same Mass Number 

One of t h e  most appeal ing f e a t u r e s  of photo ioniza t ion  l ies  i n  t h e  
p o s s i b i l i t y  of u t i l i z i n g  t h e  d i f f e r e n c e s  i n  t h e  i o n i z a t i o n  p o t e n t i a l s  
t o  d i s c r i m i n a t e  between two gases occupying t h e  same mass number. 
w i l l  be  demonstrated by two practical, important  examples: CO i n  A i r  
and CH4 i n  02. 

This  

CO i n  A i r .  F igure  16 shows i n  i t s  lowest  s e c t i o n  t h e  uv-spectrum 
of t h e  argon-spark source as obtained by scanning wi th  t h e  monochromator 
from 700 t o  1000%. The middle s e c t i o n  g ives  t h e  corresponding i n t e n s i t y  
spectrum of mass 28 wi th  pure CO i n  the i o n  source,  and t h e  upper s e c t i o n  
t h e  same f o r  pure N2 i n  t h e  i o n  source. The X-scales f o r  a l l  t h r e e  spec-  
tra are i d e n t i c a l ,  and thus  g ive  t h e  obvious r e l a t i o n  between wavelength, 
photon i n t e n s i t y ,  and i o n i z a t i o n  e f f i c i e n c y  f o r  CO and N . The onse t  f o r  
CO+ a t  8858 and f o r  N2+ a t  7968 are e a s i l y  recognized. 6pon c l o s e r  
examinat ion of t h e  s p e c t r a ,  however, some i n d i c a t i o n  of N2+ can be noted, 
a l s o  a t  wavelengths above t h e  onset .  Furthermore, t h e  small peaks ob- 
se rved  i n  t h i s  range do not  seem t o  have much resemblance wi th  t h e  co r -  
responding p a r t  of t h e  uv-spectrum. This  i s  made c l e a r e r  i n  F igure  1 7  
which w a s  recorded wi th  a h igher  ampl i f ica t ion .  It r e v e a l s  t h e  source 
of con t inu ing  i o n i z a t i o n  as be ing  second o rde r  l i n e s  co inc id ing  wi th  
t h e  f i r s t  o rder  l i n e s  i n  t h i s  range. Those second order  l i n e s  are 
u s u a l l y  no t  no t i ceab ly  recognized i n  t h e  uv-spectrum s i n c e  they  are 
obscured by t h e  f i r s t  o rder  l i n e s ,  s ince  t h e  sodium sa l i cy la t e -pho to -  
m u l t i p l i e r  on ly  senses  t h e  i n t e n s i t i e s  and no t  t h e  ene rg ie s  of photons. 
According t o  t h e  l a w  of l i g h t  d i spe r s ion  on a g r a t i n g ,  a second order  
l i n e  of 419% w i l l  co inc ide  wi th  a f i r s t  o rde r  l i n e  of twice t h e  wave- 
l e n g t h ,  i .e.,  8388. 
f a l l i n g  i n t o  t h e  f irst  order  range from 796 t o  1592g w i l l  c o n t a i n  s u f f i -  
c i e n t  energy t o  i o n i z e  N2 . 
source  wi th  only  one l i n e  between 800 and 8808 would be most i d e a l l y  

It is  e a s i l y  understood t h a t  any second order  l i n e  

+ 

For  t h e  s o l u t i o n  of t h i s  s p e c i f i c  problem, a monochromatic l i g h t  
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s u i t e d .  Then, even t h e  monochromator could be omitted.  However, such a 
l i g h t  source does not  e x i s t ,  and such an arrangement would have no f l e x -  
i b i l i t y  fo r  o the r  problems. A more p r a c t i c a l  f i r s t  approach seems t o  con- 
s i s t  of a uv l i g h t  source w i t h  a spectrum less populated a t  s h o r t e r  wave- 
lengths .  The n i t rogen  spark  source spectrum (Figure 11) f u l f i l l s  t h e s e  
requirements v i s i b l y  b e t t e r  than  the  argon spectrum (Figure 1 2 ) .  Accord- 
i ng ly ,  Figure 18 shows a t e n f o l d  r educ t ion  i n  t h e  N2+ background s i g n a l  
between 796 and 12008. 
nounced, but now a continuous background becomes v i s i b l e  which t u r n s  out  
t o  r e s u l t  from l i g h t  s c a t t e r e d  i n  t h e  monochromator and having a wave- 
l eng th  s u f f i c i e n t  t o  ion ize .  Fur ther  a t tempts  t o  reduce t h e  remaining 
background s i g n a l  were successfu l .  
i n  t h e  monochromator, blackening of r e f l e c t i v e  p a r t s  c l o s e  t o  t h e  l i g h t  
beam, an add i t iona l  d e f l e c t i o n  e l e c t r o d e  t o  prevent  e l e c t r o n s  r e l e a s e d  
a t  the g r a t i n g  from e n t e r i n g  t h e  i o n i z a t i o n  chamber, and b e t t e r  grounding 
r e s u l t e d  i n  a f u r t h e r  approximately t en fo ld  decrease  of background due t o  
s c a t t e r i n g .  The remaining background s i g n a l  above 796% on mass 26 wi th  
t h e  except ion of second o rde r  l i n e s  w a s  t hen  about 5 x 
t h e  s t rong ly  ion iz ing  765% l i n e .  

Second order  peaks are cons iderably  less pro- 

Better b a f f l i n g  of t h e  l i g h t  beam 

of N2 a t  

Unfortunately,  t h e  n i t rogen  spa rk  source g ives  only one s t rong  l i n e  
a t  835% i n  t h e  range of i n t e r e s t  between 796 and 885%. 
t h i s  l i n e  gives a f i v e  t i m e s  smaller i o n i z a t i o n  e f f i c i e n c y  than  N2 a t  
765%. Thus, our momentary d e t e c t i o n  l i m i t  f o r  CO i n  pure N2  l i e s  be- 
tween 0.3 percent and 0.5 percent .  A f u r t h e r  complicat ion w a s  found 
i n  t h e  f a c t  t h a t  a s t r o n g  second order  l i n e  w i t h  a wavelength of 419% 
i s  i n  t h e  immediate v i c i n i t y  of t h e  835% l i n e  and i s  b a r e l y  reso lved  
from t h e  l a t t e r .  Therefore,  a d i s t i n c t i v e  s i g n a l  on mass 28  i s  ob- 
t a i n e d  when the  835% peak i s  scanned. 
by ion iza t ion  of N2 through t h e  4198 l i n e  and i s  l i k e l y  t o  mask any 
small con t r ibu t ion  from CO by i o n i z a t i o n  through t h e  835% l i n e .  
more dangerous i s  the  p o s s i b i l i t y  of m i s i n t e r p r e t i n g  the  s i g n a l  as 
caused by CO. 

I n  a d d i t i o n ,  

This  s i g n a l  i s  a c t u a l l y  caused 

Even 

Nevertheless ,  a n  unambiguous d e t e c t i o n  of 0.5 percent  CO i n  N2 was 
f i n a l l y  achieved. 
t h e  r e s o l u t i o n  was only l i m i t e d  by the  e x i t  s l i t  width,  which was not  
changed. 
pressure  increase  i n  the  ion  source.  This  improved t h e  r e s o l u t i o n  t o  a 
po in t  where the  8358 l i n e  was separa ted  from t h e  second o rde r  419% l i n e  
j u s t  enough t o  d i sc r imina te  c l e a r l y  between them. 

The monochromator en t rance  s l i t  wid th  w a s  reduced u n t i l  

A r e s u l t i n g  small i n t e n s i t y  l o s s  w a s  e a s i l y  overcome by a small 

F igure  19 shows t h e  r e s u l t .  The lower p a r t  g ives  t h e  uv-spectrum 
between 760 and 850%; the  middle s e c t i o n  t h e  corresponding s i g n a l  on 
t h e  28 peak with N2 only; and t h e  upper s e c t i o n  t h e  same w i t h  a mixture  
of 0.5 percent CO i n  N2 admitted i n t o  t h e  i o n  source.  
t he  ion  source was around 1p. 
of an add i t iona l  s i g n a l  co inc id ing  w i t h  t h e  835% peak i f  CO i s  present .  
The second order 419% peak, of course ,  does n o t  show up i n  t h e  uv-spectrum 
a t  t h i s  r e s o l u t i o n  s i n c e  i t  is much smaller than  t h e  835% peak. 

The p res su re  i n  
The measurement c l e a r l y  shows t h e  presence 

40 



X 300  

r 
21 
o_ 

X 30 
1 

ZERO LINE 
X IO'A 

a 
c-- 
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The observed no i se  i n  t h e  s i g n a l  is caused by t h e  n a t u r a l  s ta t i s t ica l  
dev ia t ions  of t h e  ion c u r r e n t .  The corresponding i o n  c u r r e n t  on t h e  f i r s t  
dynode of t h e  m u l t i p l i e r  i s  only  t o  
i n t e g r a t i o n  t i m e  of t h e  e l ec t rome te r  of about  one second, g ives  a t h e o r e t -  
i c a l  s igna l - to -no i se  r a t i o  of less than ten. 

A which, wi th  t h e  app l i ed  

CH i n  0 . Though Methane does not belong t o  t h e  group of t o x i c  gases ,  -4- it g ives  a n o t i e r  example of genera l  i n t e r e s t  showing t h e  c a p a b i l i t y  of our 
method. I n  t h i s  case, convent ional  e l e c t r o n  impact i o n i z a t i o n  is  l i m i t e d  
i n  two ways: 
i f  a s p e c i a l  Rhenium f i lament  i s  not  used. 
amount, between 1 percent  and 10 percent,  of atomic oxygen co inc id ing  wi th  
Methane a t  mass number 16 i s  produced. 
d i f f e r e n t i a t e  i n  between CH4+ and O+ is g iven  by t h e  use  of low energy 
e l e c t r o n s ,  bu t  such a t t e m p t s  have never been too success fu l .  

The h igh  amount of oxygen is  de t r imen ta l  f o r  t h e  f i lament  
Second, gene ra l ly  a h igh  

A ve ry  l i m i t e d  p o s s i b i l i t y  t o  

For t h e  product ion of an O+ ou t  of O2 an energy of 17.1 e V  i s  r equ i r ed ,  
corresponding t o  a wavelength of 725x. 
process  i s  low, whi le  t h e  i o n i z a t i o n  e f f i c i e n c y  f o r  Cy6 is high. This 
p r e s e n t s  a much more favorable  condi t ion  than  t h e  d e t e c t i o n  of CO i n  N 

I n  a d d i t i o n ,  t h e  e f f i c i e n c y  of t h i s  

2' 

Figure  20 r e p r e s e n t s  t h e  ana lys i s  of a mixture  of 0.14 percen t  CH4 i n  
The CH4+ peak corresponds t o  7.2 x 10'13A, t h e  02+ peak o therwise  u r e  0. 

i s  9 x 10-pOA r e s u l t i n g  i n  a .125 percent  r a t i o ,  c l o s e  t o  t h e  r a t i o  of 
CH /O i n  t h e  mixture. 
9 2 h  f13.5 eV) w a s  used f o r  t h e  ion iza t ion ,and  t h e  pressure  i n  t h e  ion  
source w a s  about 1p Hg. 

A s t rong  l i n e  of t h e  n i t rogen  spark  spectrum at 

I n  o rde r  t h a t  t h e  d e t e c t i o n  l i m i t  f o r  CH4 i n  02 might be determined, 
a spectrum of oxygen a lone  w a s  made under e x a c t l y  t h e  same condi t ions .  
This  i s  shown i n  F igure  21. Due t o  s c a t t e r e d  uv l i g h t ,  and poss ib ly  
second order  i n t e r f e r e n c e ,  a s m a l l  amount of atomic oxygen a t  M = 16 i s  
p resen t .  The corresponding i o n  cu r ren t  i s  around 5 x A - a l l  cu r -  
r e n t s  measured a t  t h e  output  of t h e  m u l t i p l i e r  - and about fou r t een  times 
smaller than  t h e  s i g n a l  obtained previous ly  wi th  CH4. 
d e t e c t i o n  l i m i t  f o r  Methane i n  pure oxygen a t  100 ppm. 
small peaks a t  M = 15 and M = 1 7  i n  F igure  20 could not be e s t a b l i s h e d  
du r ing  t h i s  experiment. They are e i t h e r  random background pulses  from 
t h e  m u l t i p l i e r  o r  may be CH3+ and OH+ produced by s c a t t e r e d  uv and 
second o rde r  l i n e s .  A c e r t a i n  evidence f o r  those  is t h e  presence of a 
small N2+ peak. 

These las t  record ings  were made w i t h  t h e  Kei th ly  e l ec t rome te r  be- 

This  sets t h e  
The n a t u r e  of 

longing  t o  t h e  m a s s  spectrometer. 
grounding can be seen from t h e  smoothness of t h e  ze ro  l i n e .  

The improvement achieved by b e t t e r  
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CONCLUSIONS 

The few d a t a  achieved during the  l imited experimental  per iod  show c l e a r l y  
the  c a p a b i l i t y  of the  instrument  and the f e a s i b i l i t y  of t he  method. Gases i n  
a concent ra t ion  between 10 ppm and 100 ppm can e a s i l y  be de t ec t ed  by scanning. 
It should be mentioned t h a t  i n  none of the repor ted  s p e c t r a  was a gas  p re s su re  
i n  excess  of 1~ Hg used i n  t h e  ion  source. However, a s  experiments have shown, 
a p re s su re  of 2 0 ~  Jlg can be maintained without  de t r iment  t o  the  performance of 
the instrument ,  y i e l d i n g  a twenty-fold inc rease  i n  i o n  i n t e n s i t i e s  and accord- 
i ng ly  i n  s e n s i t i v i t y .  Using lower p res su res  during t h e  experiments avoided 
any ion  molecule r e a c t i o n s  which might happen a t  higher  p re s su res .  With the  
p re sen t  monochromator, t he  r e s u l t i n g  ions would not  be s u f f i c i e n t l y  discrim- 
ina t ed  from ions  produced by s c a t t e r e d  uv l i g h t  and second order  l i n e s .  Gen- 
e r a l l y ,  ion  molecule r e a c t i o n s  may again make spec t r a  more complicated wi th  
h igher  i o n  source p re s su res .  This  po in t  w i l l  need f u r t h e r  experimental  in-  
v e s t i g a t i o n .  

The previous s e c t i o n s  c l e a r l y  revea l  t h a t  the  performance of the  a v a i l -  
ab l e  monochromator imposes the  most se r ious  l i m i t a t i o n ,  p a r t i c u l a r l y  i f  the  
s e p a r a t i o n  of two ions  a t  t he  same mass number i s  concerned. Thus, f u t u r e  
work has  t o  concent ra te  on improvements of the monochromator performance. 

The monochromator had a 1200 lineslmm p l a t i n i z e d  g r a t i n g  which was blazed 
This  has proven t o  be no t  s u i t a b l e  s i n c e  t h i s  s p e c i f i c  b l az ing  par- f o r  750g. 

t i c u l a r l y  enhances the  second order  spectrum which f a l l s  i n t o  the  range of 
i n t e r e s t  between 800 and 9002 of the  f i r s t  order  spectrum. 
f o r  15008 wi.11 b r ing  some improvement i n  the r educ t ion  of t he  second order .  

A g r a t i n g  blazed 

The r educ t ion  of l i g h t  s c a t t e r i n g  i n  the monochromator imposes some d i f -  
f i c u l t  problems. Avoidance of r e f l e c t i n g  su r faces  i n  the  monochromator and 
c a r e f u l  b a f f l i n g  of the  l i g h t  beam can br ing  some improvement a s  shown i n  the  
prev ious  sec t ions .  B u t  a l i m i t  i s  soon reached when the  r e s i d u a l  s c a t t e r i n g  
i s  mainly produced by imperfec t ions  of the  g r a t i n g  i t s e l f .  I r r e g u l a r i t i e s  
i n  the  l i n e  spacing of t he  g r a t i n g  w i l l  produce "ghosts". Dust p a r t i c l e s ,  
b l i s t e r s ,  and s i m i l a r  d e f e c t s  i n  t h e  su r face  of t he  g r a t i n g  w i l l  f u r t h e r  con- 
t r i b u t e  t o  l i g h t  of uncontrol led wavelengths i n  the  e x i t  s l i t  of the mono- 
chromator. With regard t o  the  d i f f i c u l t i e s  i n  the  manufacture of such 
g r a t i n g s ,  cons iderable  improvements a r e  hard ly  t o  be gained. A t  the  p re sen t  
s t a t e - o f - t h e - a r t ,  one might be b e s t  advised t o  s e l e c t  t he  b e s t  performing 
g r a t i n g  out  of a l a r g e r  number and then t o  look f o r  another  way toward a 
f u r t h e r  s o l u t i o n  of the  problem. 

As mentioned, second order  i n t e r f e rence  and s c a t t e r e d  l i g h t  of s h o r t e r  
wavelengths could be avoided simply by using a l i g h t  source type which pro- 
duces no o r  only a few weak l i n e s  a t  wavelengths lower than needed f o r  t he  
i o n i z a t i o n  of t he  gas of i n t e r e s t .  Thus, f u r t h e r  work should be done t o  com- 
p a r e  d i f f e r e n t  uv l i g h t  sources  w i t h  r e s p e c t  t o  these  requirements .  This  in- 
c1,udes the  examination of a number of d i f f e r e n t  gases  i n  the  p re sen t  spark 
source and a l s o  the  u t i l i z a t i o n  of d i f f e r e n t  d i scharge  types l i k e  the 
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conventional d c  a r c  o r  t he  duoplasmatron [ 1 7 ] .  The l a t t e r  sources  w i l l  pro- 
v ide  somewhat smaller  photon f l u x e s  i n  t h e  energy range wanted but  w i l l  c e r -  
t a i n l y  give a sharp decrease a t  the  unwanted higher  energ ies .  It i s  f e l t  
t h a t  t he  l o s s  i n  i n t e n s i t y  i s  no t  t oo  s e r i o u s  and i s  compensated by t h e  o t h e r  
advantages. 

For the labora tory ,  t h e  use of d i f f e r e n t  l i g h t  sources  u t i l i z i n g  d i f f e r -  
e n t  gases  w i l l  d e f i n i t e l y  improve t h e  performance. 
instrument,  however, should p r e f e r a b l y  u t i l i z e  t h e  s t rong  uv spectrum of t h e  
sun. The sun shows an i n t e n s e  spectrum a t  wavelengths down t o  a t  l e a s t  3008. 
Since i n  t h i s  c a s e  the  source cannot be manipulated another  p o s s i b l e  s o l u t i o n  
t o  t h e  problem should be i n v e s t i g a t e d .  

A f l i g h t  v e r s i o n  of t h e  

Thin m e t a l l i c  f i l m s  of about 10008 th ickness  can be used a s  f i l t e r s  on 
t h e  vacuum uv range. Although t h e  i n v e s t i g a t i o n  of such f i l t e r s  i s  s t i l l  
q u i t e  r ecen t  , an increas ing  amount of information i s  a l ready  a v a i l a b l e  [18-22 1. 
From those i n  t h e  group of m e t a l l i c  f i l t e r s ,  an Indium f i l t e r  seems t o  be most 
s u i t a b l e  for  our purpose. 
with a sharp c u t o f f  below 7502 which reaches down t o  about 1002 (Figure 22). 

It has  good t ransmi t tance  between 750 and 10002 

Another a l t e r n a t i v e  c o n s i s t s  of the  use of a g a s  f i l t e r ,  which t a k e s  ad- 
vantage of t h e  absorp t ion  p r o p e r t i e s  of atoms and molecules t o  provide se l ec -  
t i v e  f i l t e r i n g .  Of p a r t i c u l a r  use a r e  f i l t e r s  of r a r e  gases .  These gases  
a r e  e s s e n t i a l l y  t r a n s p a r e n t  t o  wavelengths longer  than t h e i r  i o n i z a t i o n  poten- 
t i a l ;  however, t o  s h o r t e r  wavelengths,  they a r e  s t r o n g l y  absorbing. Thus, 
with t h e  use of an  absorp t ion  c e l l  of 20 c m  length  f i l l e d  w i t h  argon a t  a 
p r e s s u r e  - 500p, no r a d i a t i o n  between 300 and 7872 w i l l  be t ransmi t ted  [22]. 
The spectrum w i l l ,  t h e r e f o r e ,  be f r e e  from second order  l i n e s  from 878 t o  
14742. 
be el iminated.  

Equally a l l  s c a t t e r e d  l i g h t  w i t h  wavelengths between 300 and 7872 w i l l  

Regarding a l l  t h e  d a t a  a v a i l a b l e ,  i t  i s  be l ieved  t h a t  by such e f f o r t s  
t he  d iscr imina t ing  power of t he  instrument  can be cons iderably  increased .  
The p r e s e n t  d e t e c t i o n  l i m i t  of 0 .5  p e r c e n t  CO i n  a i r  might be extended t o  and 
even beyond 100 ppm. Some i n t e n s i t y  l o s s  w i l l  be  encountered by f i l t e r i n g  
but  should be overcome by the  r e s e r v e s  s t i l l  g iven  i n  t h e  i o n  source p r e s s u r e .  
I f  necessary,  a f u r t h e r  i n c r e a s e  i n  s e n s i t i v i t y  can be gained i f  a p u l s e  count- 
i ng  technique wi th  pulse  he ight  d i s c r i m i n a t i o n  i s  appl ied  i n s t e a d  of e l e c t r o -  
met r ic  recording. This  r e s u l t s  i n  a r e d u c t i o n  i n  t h e  random background s i g -  
n a l s  from the m u l t i p l i e r  of up t o  one o r d e r  of magnitude [23],  and i n  any c a s e ,  
should s u f f i c e  t o  maintain t h e  genera l  d e t e c t i o n  l i m i t  of t he  instrument  i n  
t h e  range of p a r t s  p e r  m i l l i o n .  

F i n a l l y ,  we may say t h a t  t he  instrument  and t h e  r e s u l t s  descr ibed  here  
a l ready  c l e a r l y  prove t h e  f e a s i b i l i t y  of our  approach t o  analyze the  atmos- 
phere i n  a spacecraf t .  The p h o t o i o n i z a t i o n  mass spectrometer  can reach .sen-  
s i t i v i t i e s  equal t o  convent ional  mass spec t rometers  b u t  has  unsurpassed ad- 
d i t i o n a l  c a p a b i l i t i e s .  Since i t s  use i s  n o t  l i m i t e d  t o  gas  a n a l y s i s ,  i t  i s  
a va luable  instrument f o r  r e s e a r c h  i n  the  f i e l d  of p h o t o i o n i z a t i o n ,  photo- 
d i s s o c i a t i o n ,  and ion  molecule r e a c t i o n s .  
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APPENDIX 

THE FEASIBILITY OF A FLIGHT INSTRUMENT 

Though the photoionization mass spectrometer seems in principle to be 
quite applicable for the analysis of the atmosphere in a space capsule, the 
size, weight, and power consumption of the laboratory instrument seem to be 
a very discouraging factor. However, this consideration is misleading for 
the following reasons: 

Much of the weight and size of the instrument is contained in the vacuum 
system, which can be omitted in space application. At an altitude beyond 
100 km, the pressure of the earth's atmosphere is less than torr. Since 
no vacuum pumps are needed, the power requirements are considerably reduced. 

Instead of the artificial uv light source with its bulky power supply 
and cooling requirements, the natural uv spectrum of the sun can be used. 
Figure 23 shows the continuum of the sun between 100 and 10002 and Figure 24 
shows the spectral emission lines superimposed onto this continuum. The pho- 
ton flux of the continuum is given in number of photons per sec per cm2 and 
per 502. 
continuum contributes equal or more to ionization than do the discrete lines. 
This can be used to compensate for the generally smaller photon flux in the 
uv region if compared with the spark source. A further possibility for an 
increase in the photon flux consists in the use of a solar collector. Some 
metallic mirrors provide reasonable reflectivity at the considered wavelengths. 
The construction of such a collector system with an attached monochromator will 
require further special efforts but can certainly be realized. Should the 
solar collector concept fail, however, the development of a special uv light 
source is still possible. 

Thus, if only a resolution of the order of 502 is required, the 

It also appears feasible to eliminate the heavy magnetic laboratory mass 
spectrometer and use a lightweight high frequency mass spectrometer such as 
the successful quadrupole or monopole type. 

At this point, however, it is not too meaningful to go into too many de- 
tails. The laboratory instrument used in ground tests first has to yield more 
detailed results concerning the actual consistency of the atmosphere in a 
spacecraft. On the basis of these results, the most economical final approach 
can be conceived toward a flight instrument. 
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