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ABSTRACT 

A program was conducted in which an instrument system concept was 
studied to optimize the application of a mass spectrometer as a sensor for 
monitoring the primary atmospheric constituents, as well as atmospheric 
contaminants, on board a manned spacecraft. 
six individual studies representing the primary system parts complementing 
the spectrometer: A Carbon Monoxide Accumulator Cell (Volume l), an Ion Pump 
(Volume 2) ,  an Ion Pump Power Supply (Volume 31, an Inlet Leak (Volume 4 ) ,  
an Ion Source (Volume 5), and an Undersea Atmospheric Analyzer (Volume 6). 
The principle goal of the combined study program was the achievement of an 
instrument concept of minimum power, weight and size without compromising 
the minimum detection limits of the instrument. 

The program was divided into 
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MOLECULAR BEAM ION SOURCE 

SUMMARY 

The concept of a molecular beam i o n  source  has a modest t h e o r e t i c a l  
advantange over  t h e  convent ional  d i f f e r e n t i a l l y  pumped type. It may a l s o  
have a n  advantage i n  t e r m s  of s t a b i l i t y  s i n c e  s u r f a c e s  bombarded by 
charged p a r t i c l e s  can be  maintained i n  a r e l a t i v e l y  low p res su re  environ- 
ment. While t h e  degree of c o l l i m a t i o n  of t h e  molecular beam is  s u b s t a n t i a l ,  
i n  terms of t h e  maximum beam a x i s ,  t h e  s o l i d  ang le s  are s m a l l  near  t h i s  
p o i n t  so  t h a t  t h e  a c t u a l  f l u x  is  n o t  as w e l l  col l imated as i t  would f i r s t  
appear. Therefore ,  i n  o r d e r  t o  ach ieve  a high molecular d e n s i t y  a t  t h e  
p o i n t  of  i o n i z a t i o n ,  i t  w i l l  be  necessary t o  p l a c e  t h e  e l e c t r o n  beam as 
c l o s e  as p o s s i b l e  t o  t h e  molecular beam en t r ance  po in t .  
c a r e f u l  des ign  and poss ib ly  the  use  of a magnet ical ly  confined e l e c t r o n  
beam. The p h y s i c a l  requirements of t h e  d i r e c t  e n t r y  i o n  source,  i n  par- 
t i c u l a r  t h e  a r r a y  of sample i n l e t  tubes,  appear t o  be f e a s i b l e  and t h e  
p re s su res  involved i n  t h e  i n l e t  system ahead of t h e  sample i n l e t  tubes 
are compatible wi th  accumulator ce l l  ope ra t ion .  

This  w i l l  r e q u i r e  

P r i n c i p l e s  involved i n  t h e  des ign  of an i n l e t  system f o r  trace con- 
taminant a n a l y s i s  w i t h  t h e  accumulator c e l l  concept w e r e  reviewed. Design 

shown t o  be  
f e a s i b l e  i f  some means can b e  provided f o r  reducing t h e  c e l l  p re s su re  from 
atmospheric t o  about two-tenths o f  a t o r r .  System performance w a s  con- 
s i d e r e d  and i t  appears  t h a t  s e n s i t i v i t y  comparable t o  t h a t  obtained i n  t h e  
Laboratory Contaminant Sensor System, one-tenth t o  t e n  p a r t s  pe r  m i l l i o n ,  
could b e  r e a l i z e d .  

I of a system t h a t  does no t  r e q u i r e  a bypass pumping l i n e  w a s  I 

O r i g i n a l  system cons ide ra t ions  were based on t h e  use  of  l i n e a r  t e m -  
p e r a t u r e  programmed desorpt ion.  It appears  f e a s i b l e ,  on t h e  b a s i s  of 
r e s u l t s  obtained i n  t h e  Carbon Monoxide Accumulator C e l l  Program, t o  u s e  
s tepped temperature programming w i t h  a r e s u l t a n t  i n c r e a s e  i n  s e n s i t i v i t y .  
However, use of t h i s  mode of ope ra t ion  is  r e s t r i c t e d  t o  a n a l y s i s  of 
r e l a t i v e l y  simple contaminant mixtures  s i n c e  i t  does r e s u l t  i n  l o s s  of  
some of  t h e  s e p a r a t i o n  a f fo rded  by l i n e a r  temperature programming. 

INTRODUCTION 

The f e a s i b i l i t y  of d e t e c t i n g  and determining a wide range of trace 
contaminants i n  a i r  by a n  adso rp t ion  p reconcen t r a t ion  technique w a s  demon- 
s t r a t e d  i n  t h e  development of a Laboratory Contaminant Sensor under 
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NASA/Langley Research Center Contract  NAS1-7266. 
e f f o r t ,  under NAS1-8258, l ead  t o  increased  s e n s i t i v i t y  of t h e  instrument  
permi t t ing  d e t e c t i o n  of contaminants a t  concent ra t ions  of less than  one. p a r t  
per  m i l l i o n  and i n v e s t i g a t e d  the  instrument  performance wi th  a much wider 
range of concentrat ion.  

An extens ion  of t h i s  

Since t h e  primary o b j e c t i v e  of t h e s e  e f f o r t s  w a s  t o  develop an  i n s t r u -  
ment capable  of performing contaminant a n a l y s i s  on board a manned s p a c e c r a f t ,  
i t  i s  e s s e n t i a l  t h a t  t h e  opt imiza t ion  of the  instrument ,  t o  achieve minimum 
power, weight and s i z e ,  b e  kept  as one of t h e  primary goals .  A t  t h e  same 
t i m e  t h e  d e t e c t a b l e  l i m i t  f o r  t h e  instrument  cannot be  compromised. This 
s tudy  i s  concerned wi th  t h e  a n a l y s i s  of  a design concept which appears t o  
o f f e r  an advantage i n  t h i s  area by making t h e  maximum u t i l i z a t i o n  of t h e  
a v a i l a b l e  sample. This i s  accomplished by a twofold process .  The f i r s t  
p a r t  of t h e  process  involves  the  d i r e c t  e n t r y  of sample from t h e  accumu- 
l a t o r  c e l l  i n t o  t h e  i o n  source  and t h e  second t h e  d i r e c t i o n  of t h e  en te r ing  
sample gas i n t o  a molecular beam i n  o rde r  t o  i n c r e a s e  t h e  sample dens i ty  
i n  t h e  i o n  source  and achieve  enhanced s e n s i t i v i t y .  

GENERAL DISCUSS I O N  

I n  t h e  Laboratory Contaminant Sensor,  a f t e r  a sample  has  been concen- 
t r a t e d  i n  t h e  accumulator cel l ,  the  a n a l y s i s  i s  performed by hea t ing  the  ce l l  
t o  desorb t h e  contaminant i n t o  t h e  i n l e t  system of t h e  m a s s  spectrometer .  
The mass s p e c t r a l  s i g n a l  depends on t h e  p re s su re  of t h e  contaminant i n  t h e  
i n l e t  system a t  any given t i m e .  This i s  i n  t u r n  con t ro l l ed  by t h e  rate a t  
which the ce l l  i s  heated t o  desorb t h e  contaminants and t h e  rate a t  which 
material i s  pumped ou t  of t h e  system through t h e  bypass valve.  Re la t ive ly  
l a r g e  samples  are employed, bu t  only a s m a l l  f r a c t i o n  of t h e  t o t a l  contami- 
nant  sample e n t e r s  t he  m a s s  spectrometer  i o n  source  through t h e  gold l eak ;  
t he  remainder is  pumped away through a bypass valve.  This i s  b a s i c a l l y  an 
i n e f f i c i e n t  use  of t h e  contaminant sample. Much smaller a i r  samples could 
be used i f  a l l  of t h e  accumulated contaminants could be introduced i n t o  t h e  
ion  source.  This would e l imina te  t h e  bypass l i n e  pump and reduce the  power 
requirements f o r  t h e  system. Some vacuum source is  s t i l l  needed t o  p recu t  
a i r  from t h e  cel l ,  b u t  t h e  requirements f o r  t h i s  source  are much less 
s t r i n g e n t  than  those  f o r  continuous ope ra t ion  of t h e  bypass l i n e .  

With s m a l l  samples, t h e  s i z e  of t h e  i n l e t  system and accumulator ce l l  
m u s t  be  reduced s o  t h a t  t h e  p re s su re  i n  f r o n t  of t he  gold l e a k  and t h e  
r a t i o  of t h e  volume t o  conductance ( t ime cons t an t )  remain approximately the  
same as the  l a r g e r  system. (This i s  n o t  a t i g h t  requirement.  There is a 
range of va lues  f o r  the  p re s su re  and t i m e  cons tan t  t h a t  w i l l  y i e l d  the  

2 
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d e s i r e d  s e n s i t i v i t y  and a n a l y s i s  t ime.) 
accumulator ce l l ,  t h e  hea t ing  power consumed i s  less and t h e  r equ i r ed  
c a p a c i t y  of t h e  pump f o r  t h e  p r e c u t  ope ra t ion  i s  a l s o  less. 

With a smaller i n l e t  system and 

Another f a c t o r  t o  be  considered i s  t h e  des ign  of t h e  i o n  source t o  
o b t a i n  t h e  s e n s i t i v i t y  r equ i r ed  t o  d e t e c t  t h e  lowest concen t r a t ion  of 
contaminants of  i n t e r e s t .  The i o n  source  s e n s i t i v i t y  is  r e l a t e d  t o  t h e  
requirements of t h e  analyzer  w i th  which i t  w i l l  be  i n t e g r a t e d  and t h e  
a v a i l a b l e  pumping speed f o r  sample flow. An a n a l y s i s  of t h e  t r a d e o f f s ,  
which are involved i n  going t o  h ighe r  i o n  source  p re s su res  under con- 
d i t i o n s  of cons t an t  a v a i l a b l e  pumping speed, w a s  conducted under c o n t r a c t  
NAS5-3453. This a n a l y s i s  i n d i c a t e d  t h a t  t h e  h ighe r  t h e  maximum i o n  source  
p r e s s u r e  allowed t h e  g r e a t e r  t h e  i o n  c u r r e n t  o u t p u t  would be.  These con- 
s i d e r a t i o n s  w i l l  have a s t r o n g  impact upon t h e  des ign  of t h e  i o n  source 
but  must be  weighed a g a i n s t  t h e  l i k e l i h o o d  of increased i o n  source 
contamination a t  h ighe r  p re s su res .  

The des ign  goa l s  then are t o  o b t a i n  a high i o n  c u r r e n t  y i e l d ,  a t  a 
source p r e s s u r e  t h a t  i s  as h igh  as p o s s i b l e ,  c o n s i s t e n t  w i t h  l i m i t a t i o n s  
imposed by space charge e f f e c t s ,  ana lyze r  p r e s s u r e  and formation rate of 
s u r f a c e  depos i t s .  

If a l l  t h e  sample is  t o  be pumped through t h e  mass spectrometer t h e r e  

j i s  a n  upper l i m i t  t o  t h e  amount of sample t h a t  can be  u t i l i z e d .  This  i s  
determined by t h e  r equ i r ed  a n a l y s i s  t i m e  per iod and t h e  speed of t h e  mass 
spectrometer pump. The flow rate through t h e  vacuum system must be  low 
enough t h a t  t h e  pump can maintain t h e  ana lyze r  p r e s s u r e  a t  t h e  r equ i r ed  
low p r e s s u r e  (10-6 t o r r ,  maximum) e 

Q = P S  Q = Flow rate ( to r r - cc / sec )  
a P  

Pa = Analyzer p r e s s u r e  ( t o r r )  

S = Speed of t h e  pump f o r  contaminants a t  
t h e  ana lyze r  p r e s s u r e  (cc/sec) 

Assuming a deso rp t ion  t i m e  pe r iod  of twenty minutes f o r  each so rben t  
ce l l ,  t h e  maximum sample t h a t  can be  accumulated i s  approximately t h e  
product of t h e  flow rate and t h e  h e a t i n g  t i m e  per iod.  For example, i f  a 
pump speed of one l i t e r  p e r  second is  considered and a maximum analyzer  
p re s su re  of 10-6 t o r r ,  t he  t o t a l  sample allowed t o  e n t e r  t h e  mass spectrom- 
eter cannot exceed 1200 t o r r  m i c r o l i t e r  o r  one and s ix- tenths  atmospheres 
m i c r o l i t e r  of t o t a l  sample. 

3 
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Assuming t h a t  an i o n  source  wi th  a d i f f e r e n t i a l  pumping r a t i o  of f i f t y  
i s  used, t h e  source p re s su re  would be 5 x 10-5 t o r r .  
with an i n l e t  p re s su re  of f i f t y  microns and a flow of 
second, t h e  l eak  conductance must be 2 x liters pe r  second. A small 
o r i f i c e  of about fou r t een  microns i n  diameter would be  adequate.  
t a i n  a cons t an t  comparable t o  t h a t  now used i n  t h e  Laboratory Contaminant 
Sensor,  a volume of about 0.26 cubic  cent imeter  would be requi red  i n  t h e  
i n l e t  system. This volume i s  s m a l l  f o r  a practical  system; however, t h e r e  
are some t r a d e o f f s  between i n l e t  p re s su re  and volume, and l e a k  conductance 
and t i m e  cons tan t  t h a t  can be u t i l i z e d  t o  arrive a t  a p r a c t i c a l  s i z e  f o r  
t he  volume which w i l l  m e e t  t h e  c o n s t r a i n t s  of a v a i l a b l e  pumping speed and 
requi red  s e n s i t i v i t y .  
i s  indeed f e a s i b l e .  

To o b t a i n  t h i s  p re s su re  
t o r r - l i t e r s  p e r  

To main- 

These numbers i n d i c a t e  t h a t  t h e  d i r e c t  e n t r y  approach 

ION SOURCES 

I n  any m a s s  spectrometer  t he  r eg ion  i n  which i o n i z a t i o n  occurs  a t  as 
high a p res su re  as p o s s i b l e  i s  d e s i r a b l e  i n  order  t o  ob ta in  good s e n s i t i v i t y  
o r  high ion  cu r ren t  d e n s i t i e s .  The upper p re s su re  t h a t  can b e  t o l e r a t e d  is  
c h i e f l y  l i m i t e d  by i o n  space charge e f f e c t s ,  a l though mean f r e e  pa th  con- 
s i d e r a t i o n s  can become important  a t  h igher  p re s su res .  
mass ana lyzer  i s  r e s t r i c t e d  t o  low va lues  i n  o rde r  t o  minimize c o l l i s i o n  of 
t h e  i o n  beam wi th  background gas  molecules. 
t h e  f i lament  i s  a l s o  operated o u t s i d e  t h e  source i n  order  t o  minimize col-  
l e c t i o n  of i o n s  produced by r e a c t i o n  of t h e  sample gas  with the  f i lament  
and t o  g ive  maximum f i lament  l i f e .  

The p res su re  i n  t h e  

For e l e c t r o n  impact i o n i z a t i o n ,  

Normally, f o r  f l i g h t  instruments  t h e  ana lyzer  and ion  source  are oper- 
a t ed  from t h e  same vacuum pump, and t h e r e f o r e ,  t h e  p re s su re  i n  t h e  ion  source  
i s  e s t a b l i s h e d  by t h e  flow through the  system and t h e  conductance of t he  i o n  
source.  The source conductance i s  i n  t u r n  determined by t h e  s i z e  of  t h e  
openings requi red  f o r  t h e  e l e c t r o n  beam ent rance  and e x i t  and t h e  i o n  beam 
e x i t .  This  is  c h a r a c t e r i s t i c  of t he  d i f f e r e n t i a l l y  pumped i o n  source.  A 
schematic diagram of a t y p i c a l  d i f f e r e n t i a l l y  pumped i o n  source  is shown 
below 

4 
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FILAMENT AND 
FOCUS I NG ~~~~~ --- 
ELECTRODES 

ACCELERATOR 

An alternate method of ob ta in ing  high gas  d e n s i t i e s  i n  t h e  i o n i z a t i o n  
By channeling t h e  e n t e r i n g  reg ion  is through t h e  use of a molecular beam. 

gas  stream through a r e l a t i v e l y  long a p e r t u r e ,  t h e  molecules enter t h e  ion i -  
z a t i o n  r eg ion  p r imar i ly  i n  t h e  forward d i r e c t i o n  from t h e  ape r tu re .  
gas d e n s i t y  a t  t h e  e x i t  from t h e  l e a k  is  high and decreases  as t h e  beam 
t r a v e r s e s  t h e  i o n i z a t i o n  reg ion  and spreads out i n t o  t h e  chamber. By 
choosing t h e  i n t e r s e c t i o n  of t h e  e l e c t r o n  beam wi th  t h e  molecular beam c l o s e  
t o  t h e  e x i t  a p e r t u r e ,  ob ta in ing  t h e  same i o n  c u r r e n t  may be  p o s s i b l e  from 

beam i o n  source  wi th  open g r i d  e l e c t r o d e s  is  shown below. 

The 

1 t h i s  type  of source  as from t h e  d i f f e r e n t i a l l y  pumped sources .  A molecular 

MOLECULAR BEAM TUBE 
REPELLER ” - 

I 

/ I \ a 

P 

F I LAMENT 

ACCE L E  RAT0 R 
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Both sources  have problems unique t o  t h e i r  design. I n  the  d i f f e r e n t i a l l y  
pumped source,  t h e  w a l l s  of t he  source  are t h e  e l ec t rodes ,  which c o n t r o l  i on  
beam e x t r a c t i o n  and t h e  e l e c t r o n  beam pa th  and are cons t an t ly  exposed t o  
materials t h a t  can cause s u r f a c e  depos i t s .  These d e p o s i t s  are i n s u l a t i n g  i n  
n a t u r e  and t h e  bui ldup of s u r f a c e  charges due t o  impacts of ions  and elec- 
t r o n s  r e s u l t  i n  f i e l d  d i s t o r t i o n  i n  t h e  i o n  source and l o s s  of s e n s i t i v i t y .  
The formation rate of depos i t s  can be con t ro l l ed  t o  a c e r t a i n  e x t e n t  by in- 
c reas ing  t h e  temperature of t h e  source.  Mass s p e c t r a l  p a t t e r n s  are a f f e c t e d  
by t h e  i o n  source  temperature,  however, and an  optimum ope ra t iona l  tempera- 
t u r e  w i l l  e x i s t  which w i l l  minimize contamination. 

The molecular beam source on the  o t h e r  hand can b e  a r e l a t i v e l y  open 
source.  The e l e c t r o d e  s u r f a c e  area can be minimized and t h e  p re s su re  out- 
s i d e  the  beam may be r e l a t i v e l y  low. 
the  gas  dens i ty ,  which can be obtained i n  t h e  beam, and s i n c e  t h e  beam in ten-  
s i t y  decreases  as t h e  square  of t h e  d i s t a n c e  from t h e  l eak ,  i t  w i l l  be 
necessary t o  b r ing  t h e  e l e c t r o n  beam through t h e  molecular beam f a i r l y  c l o s e  
t o  t h e  e x i t  ape r tu re .  The ions  w i l l  be formed i n  a r e l a t i v e l y  s m a l l  area, 
which should l ead  t o  good c o l l e c t i o n  e f f i c i e n c y .  This  source  w i l l  r e q u i r e  a 
high degree of c o n t r o l  i n  t h e  p o s i t i o n  of t he  e l e c t r o n  beam, which impl ies  
t h a t  a cons t r a in ing  magnetic f i e l d  b e  employed. The advantage of t h i s  source  
is  t h e  f a c t  t h a t  t h e  same molecular d e n s i t y  may be achieved i n  a narrow beam 
with a lower flow through t h e  system than  f o r  a d i f f e r e n t i a l l y  pumped source ,  
o r  conversely,  f o r  t h e  s a m e  flow, a more i n t e n s e  i o n  beam o r  an i n c r e a s e  i n  
s e n s i t i v i t y  can b e  achieved. 

The s e n s i t i v i t y  however w i l l  depend on 

Filament i n t e r a c t i o n  wi th  t h e  sample i s  an important f a c t o r  i n  i o n  
source  design.  Reactions of t h e  sample with t h e  ho t  f i l ament  can resat  i n  
product ion of i o n  spec ie s  which, i f  e x t r a c t e d  i n t o  t h e  i o n  beam, lead  t o  
erroneous sample ana lys i s .  Such r e a c t i o n s  a l s o  sho r t en  t h e  f i lament  l i f e -  
t i m e .  I n  d i f f e r e n t i a l l y  pumped i o n  sources ,  t he  f i lament  i s  usua l ly  loca t ed  
o u t s i d e  t h e  source  i n  a reg ion  of p re s su re  in t e rmed ia t e  between t h a t  of t he  
source  and t h e  analyzer .  This w i l l  a l s o  be t r u e  f o r  a molecular beam source.  
The f i lament  i t s e l f  i s  usua l ly  sh i e lded  i n  such a way t h a t  r e a c t i o n  products  
w i l l  no t  e n t e r  t h e  source  o r  be e x t r a c t e d  as p a r t  of t h e  i o n  beam. However, 
such r e a c t i o n s  w i l l  s t i l l  decrease  t h e  l i f e t i m e  of t h e  f i lament  and are 
t h e r e f o r e  a f a c t o r  i n  e s t a b l i s h i n g  the  upper p re s su re  l i m i t  f o r  t h e  source.  
The r e a c t i o n  rate depends on the  f i lament  ope ra t ion  temperature and w i l l  be 
f a s t e r  a t  h igher  temperatures.  Since t h e  e l e c t r o n  beam c u r r e n t  depends i n  
p a r t  on the  f i lament  temperature and determines t h e  i o n  c u r r e n t  y i e l d ,  t h e  
t r a d e o f f s  between f i lament  l i f e t i m e  and source  s e n s i t i v i t y  must b e  examined 
c a r e f u l l y  f o r  any i o n  source.  

6 
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MOLECULAR BEAM DIRECT ENTRY I O N  SOURCE 

Bas i ca l ly ,  t h e  parameters t h a t  d e f i n e  t h e  i o n  c u r r e n t  producing capa- 
b i l i t i e s  of a given i o n  source are, f i r s t ,  t h e  e l e c t r o n  c u r r e n t  d e n s i t y ,  
second, t h e  e l e c t r o n  pa th  l eng th ,  t h i r d ,  t h e  i o n i z a t i o n  c r o s s  s e c t i o n  of t h e  
gas molecules, and f o u r t h ,  t h e  gas dens i ty .  For an i o n  source  of a given 
geometry, t h e  f i r s t  t h r e e  parameters become invariant under normal ope ra t ing  
condi t ions.  Only the  gas d e n s i t y  i s  v a r i a b l e ,  w i t h  t h e  i o n  c u r r e n t  produced 
being p r o p o r t i o n a l  t o  t h e  gas d e n s i t y  i n  t h e  v i c i n i t y  of  t h e  e l e c t r o n  beam. 

P r a c t i c a l  cons ide ra t ions  l i m i t  t he  gas d e n s i t y  w i t h i n  t h e  i o n  source.  
Source p r e s s u r e s  on the  o rde r  of 10-4 t o  10-6 t o r r  are optimum f o r  success- 
f u l  l ong  t e r m  sou rce  ope ra t ion .  A t  h ighe r  source p re s su res ,  f i l amen t  l i f e  
i s  reduced, i o n  t o  molecule and molecule t o  molecule i n t e r a c t i o n s  t a k e  p l a c e  
and formations w i l l  be deposi ted on the  e l e c t r o d e s .  With reactive gases ,  
i o n  t o  molecule i n t e r a c t i o n s  as w e l l  as molecule t o  molecule i n t e r a c t i o n s  
may w e l l  i n v a l i d a t e  t h e  mass s p e c t r a l  da t a .  This  is  p a r t i c u l a r l y  t r u e  
w i t h  r e s p e c t  t o  t h e  Laboratory Trace Contaminant Sensor System where the  
concentrated gases  monitored are l a r g e l y  composed of reactive gases.  
crease i n  t h e  number of gas molecules i n t e r a c t i n g  wi th  t h e  e l e c t r o n  beam i s  
i n v a r i a b l y  accompanied by a n  i n c r e a s e  i n  t h e  pumping requirements of t h e  
d i f f e r e n t i a l l y  pumped source i n  o r d e r  t o  maintain t h e  above c i t e d  o v e r a l l  

An in- 

I 
I s ou rce  p re s su res .  

On t h e  o t h e r  hand, achieving h ighe r  gas d e n s i t i e s  i n  t h e  v i c i n i t y  of 
t h e  e l e c t r o n  beam i s  p o s s i b l e  without  i nc reas ing  t h e  t o t a l  f low of gas 
through the  source,  t h e r e f o r e ,  without  i n c r e a s i n g  t h e  pumping requirements 
of t h e  system. Such an arrangement may b e  a t t a i n e d  by u t i l i z i n g  d i r e c t e d  
low p r e s s u r e  gaseous beams and i s  d i r e c t l y  a p p l i c a b l e  t o  the  Laboratory 
Trace Contaminant Study. 

The purpose of t h i s  s e c t i o n  i s  t o  e s t a b l i s h  t h e  requirements f o r  a 
d i r e c t e d  gas beam e n t r y  ion  source.  Resu l t s  of t h e  a n a l y s i s  d e t a i l e d  
below show t h a t  t h i s  type of sou rce  i s  f e a s i b l e .  

Formation of Directed Gas B e a m  

Gaseous beams of t h e  type considered h e r e  are b e s t  achieved under mole- 
c u l a r  f low cond i t ions ,  i .e. ,  a t  p re s su res  expressed by t h e  fol lowing 
i n e q u a l i t y ,  

15 
’ <  a 
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where P = Pressure  t o r r  

a = C h a r a c t e r i s t i c  dimension of o r i f i c e  through which gas  is  
flowing (cm) e 

For t h e  i d e a l  o r i f i c e ,  a, i s  t h e  r a d i u s  of t h e  o r i f i c e  and 

where L i s  t h e  l eng th  of t h e  o r i f i c e .  
t he  mean f r e e  pa th ,  A ,  of t h e  gas is r e l a t e d  t o  the  o r i f i c e  r a d i u s  and 
length  by t h e  i n e q u a l i t y  

A t  p re s su res  def ined by Equation ( l ) ,  

I n  p r a c t i c e ,  achieving an i d e a l  o r i f i c e  is impossible.  Ins tead ,  
o r i f i c e s  are employed wherein L 2 a. 
of t h e  fol lowing i n e q u a l i t i e s ,  

For such o r i f i c e s ,  X may assume one 

h >>Lis ( 4 )  

I n  t h e  above equat ions ,  Lo i s  t h e  d i s t a n c e  near the  d ischarge  end of 
the  o r i f i c e  where Knudson flow i s  p resen t  and Zo is  a d i s t a n c e  from the  
d ischarge  end of t h e  o r i f i c e .  

For an i n f i n i t e l y  s m a l l  o r i f i c e ,  t h e  number of molecules e f f u s i n g  out  
of t h e  o r i f i c e  i s  given by: 

It = Av 
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where A = Cross s e c t i o n a l  area of t h e  o r i f i c e  

v = Number of  molecules e f f u s i n g  from a n  o r i f i c e  
of  u n i t  area p e r  second. 

For a nonideal  o r i f i c e ,  one t h a t  i s  n o t  i n f i n i t e l y  small, Equation (8) 
i s  s t i l l  a p p l i c a b l e  when modified by a f a c t o r  T, t ak ing  t h e  form, 

It = TAv (9 1 

The f a c t o r ,  T, i s  always less than u n i t y  and i s  a func t ion  of  t h e  geometry 
of t h e  system. Nonideal o r i f i c e s  are g e n e r a l l y  c y l i n d r i c a l ,  r ec t angu la r  
o r  c o n i c a l  i n  shape. Since the  p r e s e n t  e f f o r t  i s  centered about gas beams 
e f f u s i n g  from long c y l i n d r i c a l  tubes,  t h e  f a c t o r  is  expressed as , 

T = 8 / 3  ( a / L )  

and i n d i c a t e s  t h e  e x t e n t  t o  which t h e  flow ou t  of t h e  o r i f i c e  i s  a t t e n u a t e d  
by t h e  geometry of t h e  o r i f i c e .  I n  Equation (10) (a )  and (L) r e t a i n  t h e i r  
previous d e f i n i t i o n s .  The f a c t  t h a t  t h e  t o t a l  flow o u t  of a non idea l  o r i f i c e  
is  always less than t h e  t o t a l  flow from a n  i d e a l  o r i f i c e  proves advantageous 
i n  developing t h e  d i r e c t e d  gas beam source.  This  i s  p a r t i c u l a r l y  t r u e  when 
consider ing t h e  angu la r  d i s t r i b u t i o n  of t h e  e f f u s i n g  molecules and t h e i r  
number d e n s i t y  re la t ive  t o  t h e  t o t a l  flow from t h e  o r i f i c e .  

A molecule on t h e  upstream s i d e  of a n  i d e a l  o r i f i c e  w i l l  n o t  n e c e s s a r i l y  
b e  i n  a p o s i t i o n  such t h a t  i t  w i l l  t ravel toward t h e  opening i n  a d i r e c t i o n  
normal t o  t h e  opening. A s  shown by Figure 1, t h e  molecule may t ravel  toward 
t h e  opening a t  a n  ang le  0 ,  w i t h  normal and w i l l  leave t h e  o r i f i c e  a t  a n  a n g l e  
0,  re la t ive t o  t h e  downstream normal, w i t h i n  a s o l i d  a n g l e  dw. The number of 
molecules t h a t  emerge from t h e  o r i f i c e  w i t h i n  t h e  s o l i d  angle ,  dw, i s  propor- 
t i o n a l  t o  t h e  area of t he  o r i f i c e  normal t o  t h e i r  d i r e c t i o n ,  A cos 0 ,  t h e  
number t h a t  s t r i k e s  a u n i t  s u r f a c e  p e r  second, I / A ,  and the  r a t i o  of t h e  
s o l i d  ang le ,  dw, t o  t h e  t o t a l  s o l i d  ang le  a v a i l a b l e  t o  a l l  t h e  emerging 
molecules, dw/2II. This i s  expressed as: 

9 
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where K is  the p r o p o r t i o n a l i t y  cons tan t .  
by s e t t i n g  do = 211 s i n  0 d0 and i n t e g r a t i n g  t h e  equat ion  between t h e  
l i m i t s  of 0 t o  II/2$ 

The va lue  of K is  determined 

' I 2  KI 211 s i n  0 cos 0 de 
211 

TI/ 2 
I (0 )do  = 

0 0 

and s i n c e  

I ( 0 )  dw = I r2 
K = 2. Equation (11) becomes, 

do I ( 0 )  = I cos 0 - rI 

and applying Equation ( 8 )  f o r  t h e  va lue  of I w e  have, 

Claus ingl  determined t h e  d i s t r i b u t i o n  I ( 0 )  f o r  an i d e a l  o r i f i c e  and 
f o r  t h e  case of a s h o r t  tube  of L / a  = 2. 
several t e x t s 2 s 3  based upon Equation (15), €or the  i d e a l  o r i f i c e ,  and, 

These d a t a  may b e  found i n  

f o r  t h e  tube.  I n  Equation (16), T' # T ,  t h e  geometric f a c t o r  of Equation 
(10). 
t h a t  decrease  as 8 i nc reases .  

T' is  a complicated func t ion  of tube  geometry and 0 ,  and has  va lues  

1 
Examination of Clausings d a t a  shows t h a t  t h e  number of  molecules 

e f f u s i n g  o u t  of t h e  t u b u l a r  o r i f i c e  a t  va lues  of 0 of zero  t o  t e n  degrees ,  
wi th  r e spec t  t o  the  normal, i s  as g r e a t  as obta ined  u t i l i z i n g  an i d e a l  
o r i f i c e .  A t  t h e  same t i m e ,  fewer molecules leave t h e  tube o r i f i c e  a t  
angles  0 g r e a t e r  than t e n  degrees than  from t h e  i d e a l  o r i f i c e .  I n  ad- 
d i t i o n ,  t h e  t o t a l  number of molecules emerging from t h e  tube  is approxi- 
mately one-half t h e  number l eav ing  the  i d e a l  o r i f i c e .  

10 
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The p o i n t  h e r e  is t h a t  through the  a p p l i c a t i o n  of  a tube,  of r e l a t i v e l y  
l i t t l e  depa r tu re  from an i d e a l  o r i f i c e ,  i t  i s  p o s s i b l e  t o  achieve a gas beam 
of i n t e n s i t y  v i r t u a l l y  equal  t o  t h a t  i s s u i n g  from an i d e a l  o r i f i c e  flowing 
i n  the  normal d i r e c t i o n  and a marked r educ t ion  i n  t h e  t o t a l  gas  flow through 
t h e  tube.  Therefore ,  enhancing t h e  f l o w  i n  t h e  normal d i r e c t i o n  should b e  
p o s s i b l e  by i n c r e a s i n g  t h e  upstream p r e s s u r e ,  o r  by us ing  a number of t ubes .  
This may b e  accomplished wi thou t  i n c r e a s i n g  t h e  pumping requirements of t h e  
system. 

Direct a p p l i c a t i o n  of Clausing’s d a t a  could n o t  b e  c a r r i e d  out .  H i s  
method of  eva lua t ion  n e c e s s i t a t e s  reviewing t h e  o r i g i n a l  articles , which 
were n o t  a v a i l a b l e .  Fu r the r ,  r a t h e r  p r a c t i c a l  cons ide ra t ions  i n d i c a t e  t h a t  
t h e  e v a l u a t i o n  of tubes of d i f f e r e n t  L / a  r a t i o s  (>> 2) should b e  made under 
cond i t ions  where Equations (5) through (7)  are a p p l i c a b l e  and n o t  a t  A >> L 
as Clausing d id .  While optimum beam formation i s  achieved under 100 pe rcen t  
c o l l i s i o n  f r e e  parameters ,  t h e  beam molecular dens i ty  i s  very low. The 
a t t a inmen t  of r e l a t i v e l y  dense gas beams i n d i c a t e  t h e  u t i l i z a t i o n  of non idea l  
flow cond i t ions ,  i .e . ,  A = L o r  p re s su res  h i g h e r  than t h a t  expressed by 
Equation (1) . 

This approach t o  t h e  problem i s  similar t o  t h a t  taken by Giordmaine and 6 Wang . The e f f u s i n g  beam i s  considered as a func t ion  of sou rce  geometry, 
angular  d i s t r i b u t i o n  and t h e  number of molecules that do ( o r  do no t )  have 

i c o l l i s i o n  upstream of  t h e  o r i f i c e  p r i o r  t o  emerging from t h e  tube.  I n  e f f e c t ,  
’ t h i s  approach permits  one t o  extend t h e  scope of Equation (16) t o  semiopaque 

sources ,  having va lues  of L / a  >> 2 ,  over  p r e s s u r e  ranges i n  excess of  
Equation (1). 

Assume a c y l i n d r i c a l  tube l eng th  of  L ,  and r a d i u s ,  a ,  such t h a t  L >> a. 
A t  a d i s t a n c e ,  z ,  from t h e  low p r e s s u r e  end of t h e  tube  consider  a volume 
element w i t h i n  the tube equal  t o  IIa2dz. 
t h e  molecules experience p e r  second p e r  u n i t  volume of t h e  tube.  Then, 

L e t  X b e  t h e  number of c o l l i s i o n s  

Y = X (IIa’dz) 

t h e  number of c o l l i s i o n s  w i t h i n  t h e  volume element under cons ide ra t ion .  
Since 

.. I.. 
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Equation (17) becomes 

1 / 2  2 
Y = 2n 2 o 2 [?a] nRT IIa dz 

2 2 2 2 -  Y =  n o n a c d z  

a f t e r  making t h e  s u b s t i t u t i o n  

I n  Equations (19) and (20) ,  

n = Molecules/cm’ 

o = Molecular diameter ,  c m  

c = Average molecular v e l o c i t y  i n  tube ,  cm/sec 
- 

m = Molecular weight 

As a r e s u l t  of t h e s e  c o l l i s i o n s ,  t h e r e  w i l l  b e  a number of molecules l eav ing  
the volume element i n  t h e  d i r e c t i o n  of t h e  tube axis and e f f u s i n g  from t h e  
tube  w i t h i n  t h e  s o l i d  angle ,  dw, which is  dw/2ll of t h e  t o t a l  s o l i d  angle  
embracing a l l  of t h e  emerging molecules.  This number of molecules i s ,  8 ,  
where, 

dw B = Y -  2n 

o r  
2 2 2, n o IIa cdzdw B =  

(21) 

Of t h e  f3 molecules,  given by Equation (22) 
undergo f u r t h e r  c o l l i s i o n s .  Assuming t h e  molecules are t r a v e l l i n g  a t  u 
cent imeters  p e r  second and t h a t  a molecule may have A c o l l i s i o n s  p e r  second, 
then A/u = c o l l i s i o n s  p e r  cent imeter  p e r  molecule. 

a c e r t a i n  number w i l l  n o t  

I n  t h e  d i s t a n c e  dz,  a 

12 
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molecule makes A/u dz c o l l i s i o n s .  For t h e  6 molecules at hand, t h e  t o t a l  
number of  c o l l i s i o n s  i s  6 (A/u)dz. This r e p r e s e n t s  t h e  decrease i n  B ,  i . e . ,  
-2 dB, s i n c e  each c o l l i s i o n  invo lves  two molecules. Hence, 

and 

But A/u = 1 / A ,  t h e r e f o r e ,  

2 2  no r z  

IF 

t h e  number of molecules t h a t  emerge from t h e  tube without  a f u r t h e r  col-  
l i s i o n .  I n  Equation (25 ) ,  t h e  fol lowing s u b s t i t u t i o n s  were made, 

n = r z  

where r is a cons t an t  determined by t h e  flow rate of t h e  molecules i n  t h e  
tube 

h = Mean f r e e  p a t h  

and Bo i s  t h e  number of molecules o r i g i n a l l y  p r e s e n t  and is  e q u a l  t o  t h e  
va lue  of  B i n  Equation (22) .  

Consequently, t h e  t o t a l  number of molecules t h a t  emerge from t h e  
o r i f i c e  i n  t h e  d i r e c t i o n  of t h e  tube  a x i s ,  w i t h i n  t h e  s o l i d  ang le ,  dw, i s  
I ( 0  $2) dwdz where, 

2 2 2 2 -  I I a o r z c  dwdz I(0,z)dwdz = exp - 

I n t e g r a t i o n  of Equation (26) y i e l d s  t h e  t o t a l  c o n t r i b u t i o n  t o  I(0) 
a r i s i n g  from c o l l i s i o n s  throughout t h e  tube.  Then 

= L  
I(0,z)dwdz = I(0)dw 
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and 
2 2  L 

exp - IIa a rEdw I(0)dw = 
0 

which becomes 

- 2  2 
ca rLdw (29) 4 

I(0)dw = 

Afte r  s e t t i n g  . 

Y =  z and L' =( $)'I2 L 

a l l  o t h e r  terms being  previous ly  def ined.  

The only o t h e r .  con t r ibu t ion  t o  I(0) arises from those  molecules t h a t  
By an a n a l y s i s  s imilar  pass  through t h e  e n t i r e  tube  without  a c o l l i s i o n .  

t o  t h a t  c i t e d  above, t h i s  number of molecules i s  

c r a 2 L dw - (L ' )2  
E 4 

Summing t h i s  va lue  and Equation (29) y i e l d s  t h e  t o t a l  con t r ibu t ion  t o  I(0); 

1 1 2  112 112 112 2 
I(0) = 3 c  a n exp (-Y dy 

4-2''4 IIa 

a f t e r  s u b s t i t u t i n g  

r = 3n/(211ca 3 ) 

a L n 112 
LP = 

314 112 ,312 2 c  

where n equals  t h e  flow rate through t h e  tube  (moleculeslsec) .  
(30) expresses  I(0) i n  u n i t s  of molecules pe r  s t e r a d i a n  p e r  second. 
i s  t h e  peak i n t e n s i t y  of  t h e  emergent beam i n  t h e  d i r e c t i o n  of t h e  tube 
a x i s ,  i , e , ,  a t  0 = 0. 

Equation 
I(0) 
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The beam i n t e n s i t y  a t  angles  o t h e r  t han  8 = 0 ,  is  eva lua ted  i n  a n  
analogous manner. Because of t h e  r a t h e r  lengthy development involved,  only 
t h e  equa t ion  for t h e  i n t e g r a t e d  beam i n t e n s i t y  [ I ( e ) ]  i s  p resen ted  and is ,  

1 kz' 

0 0  

no 2 r )'I2 ta:ag 
2' = tan and K t 

2 cos 8 2a where 

and a l l  o t h e r  terms be ing  as p rev ious ly  def ined.  

Equations (30) and (31) permit  t he  eva lua t ion  of t h e  beam shape,  i n  
terms of  ' the  relative i n t e n s i t y ,  as a func t ion  of 0 ,  L ,  a,  and P , t h e  up- 
stream pres su re .  Applicat ions of t h e s e  equat ions are p resen ted  i n  t h e  
Development of Ion  Source Parameters s e c t i o n  of t h i s  r e p o r t .  

1 

/ 

Development of I o n  Source Parameters 

Within the c o n s t r a i n t s  of  space  charge l i m i t a t i o n s  t h e  most e f f i -  
c i e n t  i o n  source ,  i n  terms of  i o n i z i n g  e f f i c i e n c y ,  i s  one t h a t  allows t h e  
g r e a t e s t  number of gaseous molecules t o  i n t e r a c t  with t h e  i o n i z i n g  elec- 
t r o n  beam. In  t h e  p r e s e n t  case, t h i s  i s  t o  b e  accomplished wi thou t  t h e  
n e c e s s i t y  of l a r g e  pumping requirements t o  maintain t h e  r equ i r ed  minimum 
o v e r a l l  p r e s s u r e  level i n  t h e  i o n  source.  Since t h e  amount of gas flow 
i n t o  t h e  system, Q(in) ( t o r r  crn3/sec)? must equa l  t h e  gas f l o w  out of t h e  
system i . e . ,  the flow through t h e  pump, Q(out) t h i s  e q u a l i t y  f o r  a 
d i r e c t e d  beam type  source  i s  

3 - t o r r  c m  
Q i n  = 'B 'B % = Qout - 'BK 'P see 

3 where Sp = Speed of t h e  pump, cm /sec 

15 
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= Background (BKGD) p r e s s u r e  = p r e s s u r e  a t  pump en t r ance ,  
t o r r  'BKGD 

2 = Cross s e c t i o n a l  area of gas beam, cm AB 

= Veloc i ty  of gas molecules, cm/sec vB 

= B e a m  p res su re ,  t o r r  pB 

From Equation (32),  i t  i s  ev iden t  t h a t  optimum ope ra t ing  cond i t ions  are 
achieved when t h e  r a t i o  P /P is maximum, i. e. , B BKGD 

r 
= -  = maximum 'B/'BKGD vB$ (33) 

For a pump of a given Sp value and w i t h  VB determined by t h e  tempera- 
t u r e  of t h e  beam and molecular weight of t h e  gas i n  t h e  beam, maximization 
of t he  r a t i o  can only be  achieved by minimizing t h e  area of t h e  beam, AB. 
The problem i s  t o  achieve such a n  e f f e c t  and a t  t h e  same t i m e  maintain a 
r e l a t i v e l y  dense concen t r a t ion  of gaseous molecules i n  t h e  v i c i n i t y  of t h e  
e l e c t r o n  beam. An i n d i v i d u a l  molecular beam of t h e  type descr ibed by 
Equations (30) and (31) w i l l  l e a d  t o  beams having t h e  d e s i r e d  v a l u e  of AB 
b u t  of low va lues  f o r  PB. 
t h e  number d e n s i t y  of t h e  gaseous molecules w i l l  b e  increased s i g n i f i c a n t l y  
without  apprec i ab ly  d i s t o r t i n g  t h e  v a l u e  of t he  o v e r a l l  AB from t h a t  of a n  
i n d i v i d u a l  beam. I n  f a c t ,  t o  a f i r s t  approximation, only t h e  background 
p res su re  requirements l i m i t  t h e  number of  beams w i t h i n  such a n  a r r a y .  A s  
w i l l  be  shown a n  a r r a y  of 100 beams i s  p r a c t i c a l  f o r  t h i s  p a r t i c u l a r  purpose. 

However, by employing a n  a r r a y  of such beams, 

Table 1 p r e s e n t s  a synopsis  of  t h e  t y p i c a l  d a t a ,  p e r t i n e n t  t o  molecular 
beam c h a r a c t e r i s t i c s ,  obtained during t h e  course of t h i s  analysis.,  Data from 
t h e  f o u r t h  column of  Table 1, i.e.,  f o r  tubes of  one cent imeter  i n  l eng th  
and P equa l  t o  f ive - t en ths  of a t o r r  w i l l  be  u t i l i z e d  t o  i l l u s t r a t e  how t h e s e  
va lues  w e r e  obtained,  The f i r s t  s t e p  i n  the  a n a l y s i s  i s  t o  determine t h e  
beam i n t e n s i t y  as a f u n c t i o n  of 0. For t h i s  purpose Equations (30) and (31) 
are employed w i t h  t h e  fol lowing parameters,  

L = 1 cm; tube l e n g t h  

a = 1.7 x 10  cm, tube r a d i u s  -3 

M = 28, molecular weight of n i t rogen ,  t h e  gas  assumed i n  
t h i s  example 

16 
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T = 300°K, a b s o l u t e  temperature 

cs = 3.5 x 10  cm, molecular diameter 

c = 4.76 x 10  cm/sec, average v e l o c i t y  of gas molecules i n  

= 7.82 x 1 0 l 2  molecules/sec rate of f l o w  of gas  i n  t h e  

-a 

4 - 
t h e  tube,  evaluated from c = 14551 (T/M)1/2 

N 
tube,  evaluated from 

N = (2/3) (II) noC ($!) 
n = Molecular d e n s i t y  = 1.6 x 1 0 l 6  molecules/cm3 * t o r r  
0 evaluated from 

M P  - = n  
m RT 0 

P = 0.5 t o r r ,  upstream gas p re s su re  
g 

2' m = 4.67 x g/molecule, molecular mass f o r  N 

Based u on t h e s e  va lues ,  t h e  cons t an t  t e r m  of Equation (30) becomes 
83 x l o r 2  and, 

The upper l i m i t  of i n t e g r a t i o n  i n  Equation (34) is  given by t h e  va lue  
of L' ( see  Equation (30))  and i n  t h i s  i n s t a n c e  is  6.62. This  va lue  of L' 
i n d i c a t e s  t h e  source is  opaque s i n c e  t h e  i n t e g r a l  i s  v i r t u a l l y  a t  i t s  upper 
l i m t i n g  va lue ,  0.886. Thus, t h e  beam i n t e n s i t y  i n  t h e  forward d i r e c t i o n  
is ; 

I (0)  = 83 x 1 0 l 2  (0.886) = 7.35 x 1013 molecu le s / s t e r / s ec  (35) 

18 
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The beam i n t e n s i t y  as a func t ion  of 0, where 0 i s  not  equal  t o  zero,  is  now 
evaluated using Equation (31). 
k/3,  and t h e  f i r s t  term has t h e  va lue  105.7 x 1012 i n  t h i s  case e 

The double i n t e g r a l  i n  t h i s  equat ion  becomes 
Then, 

3/2 0 )  (k/3) 
d - = I ( 0 )  = 105.7 x 1 O I 2  (cos 0 

where k i s  expressed as def ined above. Using va lues  of 0 zero t o  t e n  
degrees  is found t o  be: 

1 2  I ( 2 )  = 23.1 x 10  

1 (5 )  = 9.4 x 10 1 2  

1 2  I(10) = 4.5 x 10 

The beam shape, as def ined by the  relative i n t e n s i t i e s ,  i s  obtained by 
p l o t t i n g  the  r a t i o  I ( O ) / I ( O )  as a func t ion  of 0. Figure 2 p re sen t s  t h e  beam 
shape s o  determined. A s  shown, approximately n ine ty  percent  of t he  beam 
i n t e n s i t y  i s  contained wi th in  a f i v e  degree angular  spread from the  normal. 
The half-width angle  of t h e  beam 0112, def ined as the  angle  a t  which 

I ( 0 )  = - is approximately one degree as shown. 2 
1 

Of g r e a t e r  importance however, i s  t h e  molecular d i s t r i b u t i o n  of t he  
beam. This d i s t r i b u t i o n  i s  eva lua ted  by i n t e g r a t i n g  Equation (31). Multi- 
p l i c a t i o n  of Equation (31) by dw l e a d s  t o  I ( 0 )  dw and, 

I (molecules/sec) = I ( 0 )  du 

S e t t i n g  dw = 211 s i n  0 d e ,  Equation (37) becomes, 

02 
I = 211 I ( 0 )  s i n  0 d0 

(37) 

wi th  I(@) equal  t o  Equation (31). I n t e g r a t i o n  of Equation (38) between t h e  
l i m i t s  01 = 0 and 02 = n/2 l e a d s  t o  N/2, one-half t h e  t o t a l  number of 
molecules flowing from the  tube.  I n  t h i s  case  t h e  va lue  obtained i s  
4.06 x 1012 molecules p e r  second, which i s  i n  e x c e l l e n t  agreement w i t h  t h e  

19 



NASA CR-111859 

va lue  of N/2 as c a l c u l a t e d  from 

3 
N = (2/3) il n c - a 

o L 9  

which is  3.91 x 1 0 l 2  molecules p e r  second. 

I n t e g r a t i o n  between o t h e r  l i m i t s ,  i .e . ,  0 -+ 2, 2 -+ 4,  e t c . ,  l e a d s  t o  
t h e  d i s t r i b u t i o n  curve shown i n  Figure 3. Based upon t h i s  curve,  t h e  i n t e -  
g r a l  0 equals  zero t o  0 equals  t h i r t y - f i v e  degrees w a s  s e l e c t e d  f o r  f u r t h e r  
eva lua t ion  of t h e  source  c h a r a c t e r i s t i c s .  Within t h a t  i n t e r v a l ,  approxi- 
mately seventy-two percent  of t h e  beam molecules r e s i d e .  The beam i s  i n  t h e  
form of a cone whose apex is a t  t h e  tube  o r i f i c e .  

Assuming f i r s t  t h a t  t h e  e l e c t r o n  beam could t r a v e r s e  t h e  ion iz ing  reg ion  
0.025 cent imeters  from t h e  tube o r i f i c e ,  and second t h a t  t h e  e l e c t r o n  beam 
i s  i n  the  form of a r ec t angu la r  r ibbon of th ickness  heB = 0.025 cen t ime te r ,  
t h e  f rus t rum c u t  ou t  of t h e  cone by t h e  e l e c t r o n  beam has t h e  fol lowing 
dimensions, 

H1 = 0.025 cm, he igh t  of f rus t rum 

r = 0.0175 cm, lower r a d i u s  of f rustrum 

r2 = 0.035 cm, upper r a d i u s  of f rus t rum 

v = 5.5 x cm , volume of f rustrum 

% = 2.2 x 10 

1 

3 

-3 c m  = V/h, = average c ros s  s e c t i o n a l  a r e a  of 
f rus t rum = average c ros s  s e c t i o n a l  area of beam. 

Assume t h a t  t h e  width of t h e  e l e c t r o n  beam equal  t o  t h e  upper diameter  of t he  
frustrum, 0.07 cent imeter  
def ined  

Molecules/sec i n  

T i m e  t o  traverse 

per  tube,  f o r  the-beam cone volume and area as 

1 2  beam = 5,6  x 10 

f rus t rum = 5.3 x 10 s e c  -7 

3 Molecular d e n s i t y  = 5.3 x 10" molecules/cm 

Assuming a c i r c u l a r  a r r a y ,  t e n  tubes placed so  as t o  produce l i t t l e  o r  
no change i n  the  beam cone as def ined ,  t h e  molecular dens i ty  i s  increased  by 
a f a c t o r  of 10 (5.4 x 1011 molecules /cm~)  and t h e  beam p res su re  is 1 . 7  x 10-5 
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t o r r .  I f  100 tubes are placed i n  t h e  c i r c u l a r  a r r a y ,  t h e  molecular d e n s i t y  
is  5.4 x 1 0 l 2  and t h e  beam p r e s s u r e  now i s  1.7 x 10-4 t o r r ,  as shown i n  
Table 1. Now t h e  r a t i o  of the beam p r e s s u r e  t o  background i s  shown as, 

3 3  I n s e r t i n g  t h e  va lues  f o r  Sp = (4 x 10 cm ), VB = (4.76 x l o4  cm/sec), and 
AB = (2.2 x 10-3 c m ) ,  PB/PBKGD = 38. 
4.4 x 10-6 t o r r  f o r  a n  a r r a y  c o n s i s t i n g  of  100 tubes,  which i s  w e l l  w i t h i n  
the requirements f o r  t h e  source.  The i o n  c u r r e n t  d e n s i t y  produced by such 
a beam is  J+ where, 

Thus, t h e  background p res su re  i s  

2 J+ = J- S PB RB A/cm 

I n  Equation (39),  

2 J- = Elec t ron  c u r r e n t  d e n s i t y ,  A/cm 

S = I o n i z a t i o n  e f f i c i e n c y ,  t o r r  cm -1 -1 

(39) 

PB = Beam p res su re ,  t o r r  

R B  = Distance t r a v e l l e d  by e l e c t r o n  beam through t h e  frustrum, cm. 
I n  t h i s  case R e B  = 1 / 2  (DT + DB) where DT, DB are t h e  upper 
and lower diameter of t h e  frustrum, r e s p e c t i v e l y .  

-4 3 + Using PB = 1.7 x 10 
10-7 A / c m  f o r  t h e  100 tube a r r a y .  

t o r r ,  and S = 6.5, J- = 7.76 x 10 , RB = 0.05, J = 4 x 

A l l  t h e  d a t a  presented i n  Table 1 w a s  obtained i n  a manner s i m i l a r  t o  
t h a t  d e t a i l e d  above. S p e c i f i c  beam shapes,  i n  terms of relative i n t e n s i -  
t i es ,  are shown i n  Figure 4. Examination of t h e s e  f i g u r e s  and Figures  5 and 
6 i n d i c a t e ;  

+ pB a (L/a>-' a J 

PB = P i n l e t  

The ang le  w i t h i n  which seventy pe rcen t  of t h e  molecules r e s i d e  dec reases  
as t h e  i n l e t  p r e s s u r e  decreases  ( f o r  a given L / a )  and w i l l  i n c r e a s e  as L / a  
dec reases  ( f o r  a f i x e d  i n l e t  p re s su re ) .  

2 1  
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Comparison With Other Source Types 

Since t h e  purpose of  u t i l i z i n g  t h e  d i r e c t e d  gas beam e n t r y  s o u r c e , . o f  
t h e  type d i scussed  above, is  t o  maintain o r  enhance t h e  sou rce  i o n  product ion 
c h a r a c t e r i s t i c s  without  i n c r e a s i n g  t h e  pumping requirements of  t h e  system, 
comparison of t h e  r e s u l t s  r epor t ed  wi th  d a t a  f o r  o t h e r  sou rce  types should 
be  i n s t r u c t i v e .  The e f f e c t i v e n e s s  i n  reducing pumping requirements is  b e s t  
i l l u s t r a t e d  by comparing t h e  d i r e c t e d  gas beam e n t r y  source w i t h  f i r s t ,  a n  
open source,  i .e. ,  one which i s  n o t  conductance l i m i t e d ,  b u t  equipped with 
a gas e n t r y  p o r t ,  n o t  a molecular beam duc t  a r r ay .  

The t o t a l  o r i f i c e  area f o r  t h e  100 tube a r r a y ,  c i t e d  p rev ious ly ,  i s  
100 (1.7 x 10-3) (ll) = 9.07 x 10-4 cm2. 
is  given by Equation (8) o r  (9) ,  with the  f a c t o r  T having t h e  v a l u e  of one. 
With t h e  upstream p r e s s u r e  equal  t o  f ive - t en ths  of a t o r r  and u t i l i z i n g  
n i t r o g e n  as t h e  gas ,  v 9  of Equation (9) , becomes 1.88 x 1020 molecules p e r  
second per  u n i t  area and then It is  1 7  x 1 0 l 6  molecules pe r  second (when 
A = 9.07 x 10-4 cm2)* 
source i s  approximately 2 x l o 2  g r e a t e r  than f o r  t h e  d i r e c t e d  e n t r y  sou rce  
based upon 100 tubes.  

For a ho le ,  t h e  t o t a l  outflow 

Thus, t h e  t o t a l  molecular flow f o r  a s i n g l e  po r t ed  

Obviously, f o r  a n  i o n  source of f i n i t e  dimensions, t h e  pumping re- 
quirements of t h e  system would have t o  b e  inc reased  i n  o rde r  t o  maintain 
t h e  o v e r a l l  source p r e s s u r e  a t  levels similar t o  those  c i t e d  above f o r  
t he  d i r e c t e d  beam source.  
Equation (11). 

This can r e a d i l y  be seen by a p p l i c a t i o n  of 

Applicat ion of  Equation (ll), u t i l i z i n g  ope ra t ing  cond i t ions  s i m i l a r  
t o  those c i t e d  f o r  t h e  100 a r r a y  d i r e c t e d  beam source,  shows t h a t  f o r  a 
cone of angular  spread of  t h i r t y - f i v e  degrees,  a 5.3 x 1014 molecu le s / cm~ 
d e n s i t y  w i l l  be  achieved. 
t o  t h e  100 tube a r r a y  source,  t h e  PB/PBKGD r a t i o  i s  now about lo4 i n  o r d e r  
t o  achieve t h e  s a m e  background requirement. 
now approximately 1 x 106 cubic  cen t ime te r s  p e r  second r ep resen t ing  a n  
i n c r e a s e  of 2.5 x 102 over  t h a t  of  t h e  d i r e c t e d  beam source.  For t h i s  
a p p l i c a t i o n ,  t h i s  more than  o f f s e t s  t h e  advantage w i t h  r e s p e c t  t o  t h e  g a i n  
i n  dens i ty .  Fu r the r ,  by i n c r e a s i n g  the  tube a r r a y  t o  1000, a beam d e n s i t y  
of s l i g h t l y  less than  1014 molecules p e r  cub ic  cent imeter  can b e  achieved 
and a PBKGD of  approximately 10-5 t o r r  can s t i l l  be  maintained, u t i l i z i n g  
t h e  same Sp of  4 x 103  cub ic  centimeters pe r  second. 

The gene ra l  r e l a t i o n s h i p  between PB/PBKGD and S 
This curve w a s  obtained u t i l i z i n g  Equation (33) and VB, AB va lues  f o r  t h e  
100 tube a r r a y  and i s  v a l i d  f o r  a n  open source,  i .e.,  one t h a t  is n o t  
conductance l i m i t e d .  

While t h i s  r e p r e s e n t s  a n  i n c r e a s e  of 102 compared 

Thus, t he  pump speed, Sp, is  

i s  shown i n  Figure 7. 
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A comparison between the  d i r e c t e d  beam source and a conductance 
l i m i t e d  source i s  a l s o  of i n t e r e s t .  I n  t h i s  case  t h e  r e l a t i o n s h i p  i s :  

- v = P  - 
Qsource = 'B AB B BKGD 's Qout 

Where C i s  t h e  source conductance. Then S 

pB cS - = -  

'BKGD AV'B 
using va lues  f o r  AB, VB, as given above f o r  the  100 a r r a y  beam source,  w e  
see t h a t  when Cs = Sp as c i t e d ,  PB/PBKGD = 38. 
c los ing  the  source  e x i t  a p e r t u r e  t o  y i e l d  smaller e x i t  a p e r t u r e  areas, 
PB/PBKGD w i l l  a l s o  decrease ,  due t o  t h e  r ise i n  background pressure .  This  
r e l a t i o n s h i p  is  i d e n t i c a l  t o  t h e  curve shown i n  Figure 7 wi th  Cs replac ing  
Sp on t h e  o r d i n a t e  of t h e  graph. 

Now as Cs decreases ,  by 

The comparison between t h e  d i r e c t  gas beam e n t r y  source  and a con- 
ductance l i m i t e d  source ,  r e l a t i v e  t o  the  i o n  cu r ren t  dens i ty  produced by 
each, i s  a l s o  of i n t e r e s t .  The conductance l i m i t e d  type source  is  t h e  
d i f f e r e n t i a l  pumped i o n  type source  c u r r e n t l y  employed by many mass spec- 

i t rome t r i c  systems. 

For a d i f f e r e n t i a l l y  pumped i o n  source ,  t h e  i o n  cu r ren t  dens i ty  a t  
t h e  i o n  e x i t  a p e r t u r e  can be  shown as J+Dp, where 

2 
( 4 2 )  

0.332 x S Q J- ReB (hb + Wb) Rb 
f -  

hb2 'b ('B 'B) 
JDP - 

3 where Q is  t h e  gas flow through t h e  sou rce ,  t o r r  - cm /sec 

S and J are as previous ly  def ined  f 

Wb 

ReB 

= Width of e l e c t r o n  en t rance  a p e r t u r e  

= Length of e l e c t r o n  en t r ance  ape r tu re  

Rb 
= Distance e l e c t r o n  t r a v e l s  through beam 

h,, = Thickness of e l e c t r o n  beam, h e i g h t  of e l e c t r o n  en t rance  s l o t  

( E B  WB) = Area of i o n  e x i t  a p e r t u r e  
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Simi la r ly ,  f o r  a d i r e c t  gas beam e n t r y  source  t h e  i o n  cu r ren t  dens i ty  a t  the  
ion  e x i t  a p e r t u r e  can be  shown as J+ where DE ' 

2 
'b 2 . 2  x S8J- Rb 

+ -  - 
J~~ % ('B 'B) 

( 4 3 )  

with  a l l  terms as  prev ious ly  def ined.  

The r a t i o  of Equations ( 4 2 )  and ( 4 3 )  y i e l d  t h e  des i r ed  comparison, namely 

+ 1.5  'eB (hb + 'b) 
- e  JDP 

hb2 'b2 

- 3  = 2 . 5  x 10 cm 

2 
e B  where 

= 22 x cm 

hb = 0 . 0 2 5  c m  

Wb = 0.07 cm 

- -  J+DP - = 1 - 3 3  
and, 

3 x 
+ 

J~~ 

( 4 4 )  

( 4 5 )  

Hence, t he  i o n  c u r r e n t  d e n s i t y  achieved by using a conductance l i m i t e d  source 
with t h e  above kea va lue  is  only s l i g h t l y  g r e a t e r  than t h a t  produced by an 
appropr i a t e  d i r e c t  gas  e n t r y  source,  whi le  t h e  la t ter  g r e a t l y  reduces t h e  
pumping requirements of t h e  system and s t i l l  y i e l d s  a comparable gas  d e n s i t y  
i n  the  source.  An i n c r e a s e  i n  t h e  va lue  of R e B  w i l l  i nc rease  the  r a t i o  value.  
However t h i s  w i l l  a l s o  have t h e  undes i rab le  e f f e c t s  noted i n  previous sec t ions .  

The fol lowing conclusions may be  drawn based upon the  work conducted t o  
da t e :  F i r s t ,  a d i r e c t  gas  beam e n t r y  source  is  f e a s i b l e ,  second, u t i l i z a t i o n  
of an a r r a y  of tubes a t  low i n l e t  p re s su res  w i l l  l e a d  t o  r e l a t i v e l y  l a r g e  gas  
d e n s i t i e s  i n  t h e  i o n i z i n g  reg ion  of t h e  source,  t h i r d ,  t h e  d i r e c t  gas  beam 
e n t r y  source compares favorably wi th  r e spec t  t o  t h e  d i f f e r e n t i a l l y  pumped ion  
source,  and fou r th ,  p re sen t  i on  source pumping requirements w i l l  no t  be  ex- 
ceeded through a p p l i c a t i o n  of t h e  d i r e c t  gas  beam e n t r y  source.  
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DIRECT ENTRY FROM AN ACCUMULATOR CELL 

The design of a micro accumulator ce l l  system is  examined t o  determine 
whether i t  is  f e a s i b l e  and advantageous t o  permit  t h e  e n t i r e  e f f l u e n t  from 
t h e  cel l  t o  flow through t h e  mass spectrometer  during determinat ion o f  trace 
contaminants i n  the atmosphere. 

The l a t t e r  system i s  presumed t o  have an atmospheric o r  low conductance 
leak. The p o i n t s  of  p a r t i c u l a r  i n t e r e s t  i n  t h i s  a n a l y s i s  are t h e  s e n s i t i v i t y  
f o r  d e t e c t i o n ,  i d e n t i f i c a t i o n  of contaminants and t h e  c o s t s  i n  terms of  weight 
and power f o r  t h e  p a r t i c u l a r  system. 

I n  earlier s t u d i e s  wi th  t h e  Laboratory Contaminant Sensor System, rela- 
t i v e l y  l a r g e  s o r b e n t  cel ls  were employed and as t h e  concentrated contaminants 
were desorbed by h e a t i n g  t h e  c e l l  they were continuously pumped away from t h e  
i n l e t  system through a bypass pumping l i n e .  A t h e o r e t i c a l  model f o r  t h i s  
deso rp t ion  mode w a s  developed which descr ibed t h e  system a t  least  quanti-  
t a t i v e l y .  I n  t h e  Molecular B e a m  Direct Entry Ion  Source Sec t ion ,  Page 7 ,  
t h i s  model i s  app l i ed  t o  t h e  system i n  which t h e  t o t a l  flow of contaminants 
i s  c a r r i e d  by t h e  m a s s  spectrometer  a lone.  This n e c e s s a r i l y  involves  a re- 
duc t ion  i n  s i z e  of t h e  system s i n c e  t h e  gas load  t h a t  t h e  m a s s  spectrometer 

an instrument  of t he  Mass Spectrometer Atmospheric Sensor type,  w i th  a 
min ia tu r i zed  i o n  pump, i s  employed f o r  t h e  a n a l y s i s ,  a t  least  i n s o f a r  as 
t h e  pumping system i s  involved. 

i pump can handle i s  l imi t ed .  I n  t h e  fol lowing a n a l y s i s  i t  i s  assumed t h a t  

Sys t e m  Analysis 

I n  t h e  accumulator c e l l  system, f o r  a n a l y s i s  of trace contaminants, 
t h e r e  are f i v e  v a r i a b l e s  t h a t  determine t h e  performance of t h e  system 
f o r  trace contaminant a n a l y s i s .  These are: 

(1) The equ i l ib r ium cons tan t  

(2) The h e a t  of deso rp t ion  

(3)  The weight of so rben t  i n  t h e  ce l l  

( 4 )  The rate a t  which t h e  ce l l  i s  heated 

(5) The contaminant removal rate. 
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The f i r s t  two v a r i a b l e s  are c h a r a c t e r i s t i c s  of  t h e  so rben t s  used and t h e  
contaminants,  and t h e  la t ter  t h r e e  are system design v a r i a b l e s .  

Sorbents  are chosen f o r  t h e  a n a l y s i s  of  c e r t a i n  types of  contaminants 
on t h e  b a s i s  of the equ i l ib r ium cons tan t  and t h e  h e a t  of deso rp t ion  of t h e s e  
contaminants i n  t h e  so rben t .  
are de f ined  f o r  the fol lowing r e a c t i o n :  

The equ i l ib r ium cons tan t  and h e a t  o f  deso rp t ion  

Contaminant 0 Sorbent 2 Contaminant (g) + Sorbent 

The equ i l ib r ium cons tan t  i s  

where p = P r e s s u r e  of t h e  contaminant i n  t h e  gas phase 

c = Concentration of contaminant on t h e  s o r b e n t  

For t h e  r e a c t i o n  as w r i t t e n  above, t h e  h e a t  of  deso rp t ion  is  t h e  amount 
of energy r equ i r ed  t o  desorb t h e  contaminant from t h e  sorbent .  

The choice of s o r b e n t  is  guided by two cons ide ra t ions .  F i r s t ,  t h e  
equ i l ib r ium cons tan t  a t  room temperature  must b e  s u f f i c i e n t l y  small s o  t h a t  
t h e  contaminant is e s s e n t i a l l y  completely sorbed a t  room temperature and i s  
n o t  l o s t  i n  t h e  p r e c u t  o r  purge o p e r a t i o n  used t o  remove r e s i d u a l  a i r  from 
t h e  system. S t a t e d  ano the r  way, t h e  p r e s s u r e  of t h e  contaminant i n  e q u i l i b -  
rium w i t h  the s o r b e n t  must b e  very small a t  room temperature.  The second 
cons ide ra t ion  i s  t h a t ,  a t  t h e  h i g h e s t  temperature a t  which t h e  s o r b e n t  can 
b e  used, the equ i l ib r ium cons tan t  must b e  l a r g e  enough s o  t h a t  t h e  contami- 
nant can b e  removed completely from t h e  so rben t .  This  imp l i e s  t h a t  t h e  h e a t  
of deso rp t ion  has  a v a l u e  such t h a t  t h e  change i n  equ i l ib r ium cons tan t  w i th  
temperature ,  which is  governed by t h e  fol lowing r e l a t i o n  

d Rn K = AH 

R T ~  dT 

w i l l  b e  s u f f i c i e n t  t o  m e e t  t h i s  cr i ter ia .  The maximum temperature a t  which 
a so rben t  can b e  used i s  considered t o  b e  t h a t  temperature a t  which s i d e  
r e a c t i o n s  beg in  t o  i n t e r f e r e  wi th  t h e  determinat ion of contaminants. 
Porapak Q ,  a s o r b e n t  used i n  t h e  Laboratory Contaminant Sensor S t u d i e s ,  t h i s  

For 
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temperature i s  about 230 degrees cen t ig rade ;  above t h i s  temperature,  thermal 
degradat ion of t h e  polymer produces compounds which have m a s s  s p e c t r a l  
p a t t e r n s  t h a t  i n t e r f e r e  w i t h  determinat ion of c e r t a i n  contaminants. For 
cha rcoa l ,  t h e  thermal s t a b i l i t y  is n o t  a p a r t i c u l a r  problem b u t  r e a c t i o n s  
with r e s i d u a l  oxygen i n  t h e  system may r e s u l t  i n  i n t e r f e r e n c e s  i n  t h e  
de t e rmina t ion  of c e r t a i n  contaminants. 

The equ i l ib r ium cons tan t  and t h e  h e a t  of deso rp t ion  are n o t  design 
v a r i a b l e s  f o r  t h e  system except  i n s o f a r  as t h e  s e l e c t i o n  of a given s o l v e n t  
f o r  t h e  a n a l y s i s  of c e r t a i n  contaminants i s  a design v a r i a b l e .  

The system design v a r i a b l e s  are f i r s t ,  t h e  weight of  so rben t  and t h e  
volume of  t h e  ce l l ;  second, t h e  h e a t i n g  rate; and t h i r d ,  t h e  contaminant 
removal ra te ,  e i t h e r  by c a r r i e r  gas o r  vacuum ope ra t ion .  Within c e r t a i n  
l i m i t s ,  t h e  va lues  of t h e s e  v a r i a b l e s  can b e  chosen t o  achieve a d e s i r e d  
performance i n  t h e  a n a l y s i s .  The choice of  t h e s e  v a r i a b l e s  i s  governed i n  
p a r t  by t h e  c h a r a c t e r i s t i c s  of t h e  mass spectrometer ,  t h e  sample s i z e  and 
t h e  mode of o p e r a t i o n  s e l e c t e d .  
i nc lud ing  t h e  design v a r i a b l e s  and mode of  ope ra t ion ,  w i l l  b e  based on con- 
s i d e r a t i o n s  of weight and power. The e f f e c t  of  t h e  system v a r i a b l e s  on t h e  
a n a l y t i c a l  c h a r a c t e r i s  t i c s  i s  reviewed i n  t h e  fol lowing paragraphs and t h e  
t o t a l  system design is  considered subsequently.  

F i n a l  s e l e c t i o n  of  t h e  complete system, 

) Two c h a r a c t e r i s t i c s ,  t h e  deso rp t ion  temperature and t h e  s e n s i t i v i t y ,  
used i n  t h e  a n a l y s i s  of contaminants are dependent on t h e  system v a r i a b l e s  
and t h e  so rben t  c h a r a c t e r i s t i c s .  Desorption of  contaminants under vacuum 
ope ra t ion  i s  desc r ibed  by t h e  fol lowing d i f f e r e n t i a l  equat ion:  

* =P 
dt v + -  RT w 

K 

p = P r e s s u r e  due t o  contaminant deso rp t ion  

t = T i m e  

V = Volume of t h e  system 

w = Weight of  s o r b e n t  

K = Equil ibr ium cons tan t  

k = Conductance o u t  of  t h e  system 

T = Temperature ( O K )  
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f3 = Heating rate 

AH = Heat of deso rp t ion  

R = Gas Constant 

The temperature a t  which t h e  maximum deso rp t ion  rate occurs  i n  t h e  
deso rp t ion  curve i s  approximated by igco r ing  t h e  second t e r m  i n  Equation 
( 4 6 )  above. The cond i t ion  a t  t h i s  maximum i s  d~ = 0 which impl i e s  

d t  

k = -  AH 

m 
R T ~  K~ WB 

( 4 7 )  

where the  s u b s c r i p t  m denotes  t h e  va lue  a t  t h e  temperature of maximum 
deso rp t ion  p res su re .  

It can b e  shown t h a t  t he  temperature of maximum deso rp t ion  p r e s s u r e  
i s  n o t  a very s e n s i t i v e  f u n c t i o n  of t h e  system v a r i a b l e s .  
va lue  of t h e  equ i l ib r ium cons tan t  a t  t h a t  temperature i s  given by 

Thus, t h e  

where t h e  s u b s c r i p t  o r e f e r s  t o  i n i t i a l  cond i t ions  (temperature approxi- 
mately 25°C). Rewriting Equation ( 4 7 )  wi th  t h i s  s u b s t i t u t i o n  

AH AH Rn k -Rn w -Rn f3 Rn--  2 R n T m -  E n K O + - - - =  
RT RTo 

AH 
R m 

from which t h e  rate of change of T wi th  h e a t i n g  rate B ,  f o r  example, i s  m 

For va lues  of AH i n  t h e  range o t en  . i l o c a  Dries pe r  mole, a n  i n c r e a s e  
i n  t h e  h e a t i n g  rate by a f a c t o r  of two r e s u l t s  i n  an i n c r e a s e  of Tm by about 
t h i r t y - f i v e  degrees cen t ig rade  a t  250 degrees cen t ig rade .  
t i o n s  apply t o  t h e  o t h e r  system v a r i a b l e s .  What t h i s  means i s  t h a t  t he  de- 
s o r p t i o n  c h a r a c t e r i s t i c s  are more dependent on the  sorbent-sorbate  p h y s i c a l  
chemical p r o p e r t i e s  t han  on t h e  system design.  

S imi l a r  considera- 
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The s e n s i t i v i t y  of  t h e  system f o r  d e t e c t i o n  of trace contaminants should 
r i g o r o u s l y  be  de r ived  by numerical  i n t e g r a t i o n  of  Equation ( 4 6 )  above. The 
s e n s i t i v i t y  can b e  measured e i t h e r  i n  terms of t h e  area under t h e  deso rp t ion  
curve o r  t h e  p r e s s u r e  a t  t h e  maximum i n  t h e  deso rp t ion  curve. 
t o r y  Contaminant Sensor program t h e  peak maximum w a s  used as t h e  measure of 
t h e  amount of contaminant p r e s e n t  and t h i s  seems t o  a f f o r d  the s imples t  
measure from t h e  p o i n t  of view of automated d a t a  handl ing.  

I n  t h e  Labora- 

An approximation t o  t h e  peak maximum p r e s s u r e  can b e  der ived by equa t ing  
t h e  area under t h e  deso rp t ion  curve t o  t h e  t o t a l  amount of contaminant sorbed,  
on the assumption t h a t  t h e  deso rp t ion  curve can be  r ep resen ted  as a t r i a n g l e .  
Thus, t h e  area under t h e  curve i s  

0 
AT k T 

B T = s  Pmax 1 / 2  - 
m 

Area = 

= P r e s s u r e  a t  the  peak of t h e  deso rp t ion  curve Pmax 

AT, ,,, = Width of  t h e  peak (OK) a t  h a l f  t h e  peak maximum v a l u e  
. J . 1 1 .  

k = Conductance 

B = Heating rate 

S = T o t a l  sample i n  

Rearranging t h i s  equat ion y i e l d s  

m T 
- 13 - -  - Pmax 

S A T l / 2  To 

a p p r o p r i a t e  u n i t s  

(51) 

which provides  t h e  maximum p r e s s u r e  p e r  u n i t  sample sorbed. 
t h i s  expres s ion  w i l l  depend on t h e  h e a t  of deso rp t ion ;  however, experience 
wi th  t h e  Laboratory Contaminant Sensor System and t h e o r e t i c a l  s t u d i e s  i n  
the  l i t e r a t u r e  i n d i c a t e  t h a t  f o r  t h e  range of AH va lues  encountered i n  
t h e  a n a l y s i s  of contaminants, AT1/2 i s  on t h e  o r d e r  of  seventy t o  e i g h t y  
degrees cen t ig rade .  The c o n t r o l l i n g  v a r i a b l e s  are t h e r e f o r e ,  t h e  r a t i o  of 
B/k. 
w i l l  be approximately t h e  same (except f o r  d i f f e r e n c e s  i n  mass s p e c t r a l  
s e n s i t i v i t i e s )  as long as AT112 is t h e  same. 

Now AT1/, i n  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s e n s i t i v i t y  f o r  a l l  contaminants 
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The above equat ions apply t o  a system ope ra t ed  with vacuum pump ou t  
t o  remove t h e  contaminants as they desorb. I n  t h e  d e r i v a t i o n  of the 
equa t ions ,  i t  is assumed that molecular flow cond i t ions  apply du r ing  pump 
out .  I f  t h e  flow i s  v i scous ,  t h e  removal rate of  any i n d i v i d u a l  contami- 
n a n t  w i l l  depend on t h e  t o t a l  p r e s s u r e  i n  t h e  system; t h a t  i s ,  k i n  t h e  
der ived equat ions w i l l  b e  replaced by k'pT. I f  an i n e r t  carrier gas i s  
used t o  remove t h e  contaminants as they desorb,  t h e  equat ions are exactly 
t h e  same as those  de r ived  above except i n  t h i s  case k r e p r e s e n t s  t h e  
carrier gas flow rate. 

T o t a l  System Considerat ions 

Various systems have been considered f o r  t h e  f l i g h t  trace hardware. 
Summarized b r i e f l y  , t h e s e  inc lude  : f i r s t  , opera t ion  s imilar  t o  t h e  
Laboratory Contaminant Sensor System wi th  vacuum p r e c u t  and bypass 
pumping; second, o p e r a t i o n  w i t h  pumping only from t h e  mass spectrometer  
vacuum a f t e r  an i n i t i a l  p r e c u t  of r e s i d u a l  a i r  w i t h  a s y r i n g e  type pump; 
and t h i r d ,  o p e r a t i o n  w i t h  a slow flow of carrier gas t o  remove the con- 
taminants as they desorb. 

The f i r s t  two systems are used wi th  a mass spectrometer  equipped 
w i t h  a high conductance leak, and t h e  t h i r d  would b e  used w i t h  a low 
conductance, o r  atmospheric p r e s s u r e  l eak .  I n  a d d i t i o n  t o  t h e  t h r e e  
systems l i s t e d  above, two o p e r a t i o n a l  op t ions  may b e  considered. The 
f i r s t  i s  o p e r a t i o n  wi thou t  temperature programming; t h a t  i s ,  o p e r a t i o n  
wi th  t h e  h e a t i n g  rate t h a t  r e s u l t s  from ins t an taneous  i n p u t  of t h e  t o t a l  
power necessary t o  maintain t h e  temperature a t  t h e  h i g h e s t  r equ i r ed  va lue ,  
gene ra l ly  about 250 degrees cen t ig rade .  Another o p t i o n  i s  i n  the  sampling 
technique; t h e  a n a l y s i s  may be  performed by s e l e c t i n g  a sample volume such 
t h a t  t h e  so rben t  is  s a t u r a t e d  w i t h  t h e  va r ious  contaminants,  o r  by choosing 
a sample volume t h a t  w i l l  n o t  s a t u r a t e  t h e  so rben t  f o r  t h e  least t i g h t l y  
sorbed contaminant t h a t  can be d e t e c t e d  on a given so rben t .  The choice 
between these  systems and o p e r a t i o n a l  modes depends on t h e  t r adeof f  between 
s e n s i t i v i t y  f o r  contaminant d e t e c t i o n  and weight and power r equ i r ed  f o r  t h e  
o p e r a t i o n a l  mode s e l e c t e d ,  and must be governed i n  p a r t  by t h e  a n t i c i p a t e d  
a n a l y t i c a l  problem. 

The a n t i c i p a t e d  a n a l y t i c a l  problem has important  imp l i ca t ions  i n  t h e  
s e l e c t i o n  of  t h e  h e a t e r  o p e r a t i o n a l  mode, The two op t ions  t o  b e  considered 
are: F i r s t ,  applying f u l l  power t o  the  h e a t e r  and allowing t h e  temperature 
t o  increase t o  i t s  f i n a l  v a l u e  a t  an e s s e n t i a l l y  uncontrol led ra te  o r ,  
second, c o n t r o l l i n g  t h e  power i n p u t  t o  t h e  h e a t e r  i n  o r d e r  t o  c o n t r o l  t h e  
temperature rise rate  a t  some predetermined value.  The la t te r  mode r e q u i r e s  
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a d d i t i o n a l  power t o  o p e r a t e  a c o n t r o l l e r  u n i t  and i s ,  t h e r e f o r e ,  less 
d e s i r a b l e  from the f l i g h t  system weight and power c o n s t r a i n t s ,  I f  f u l l  
power is  app l i ed  d i r e c t l y  t o  t h e  h e a t e r  a t  t h e  start  of t h e  a n a l y s i s ,  t h e  
i n i t i a l  temperature w i l l  rise r a p i d l y  and approach t h e  s e l e c t e d  f i n a l  
temperature asymptot ical ly .  Unless a very high contaminant removal rate i s  
a v a i l a b l e  ( e i t h e r  h igh  carrier gas flow o r  pump speed) ,  t he  contaminants 
w i l l  a l l  desorb and b e  p r e s e n t  i n  t h e  vapor phase s imultaneously,  and t h e  
s e p a r a t i o n  achieved by c o n t r o l l i n g  t h e  r a t i o  of k/B w i l l  be l o s t .  I f  t h e r e  
are many contaminants p r e s e n t  i n  t h e  atmosphere i n  s i g n i f i c a n t  amounts, t h e  
r e s u l t i n g  mass s p e c t r a  w i l l  be d i f f i c u l t  t o  i n t e r p r e t .  I f  only a few con- 
taminants are p r e s e n t ,  t h e  l o s s  of r e s o l u t i o n  during deso rp t ion  w i l l  b e  of  
less consequence s i n c e  i t  should prove f e a s i b l e  t o  i d e n t i f y  mixture  compo- 
nen t s  by t h e i r  m a s s  s p e c t r a .  An advantage t o  t h e  r a p i d  h e a t i n g  rate 
approach i s  t h a t  t h e  maximum s e n s i t i v i t y  i s  achieved f o r  a given amount of 
sample ( B / K  l a r g e  i n  Equation (51)) .  This enhanced s e n s i t i v i t y  i n  deso rp t ion  
could b e  t raded f o r  i nc reased  i d e n t i f i c a t i o n  c a p a b i l i t y  i f  low v o l t a g e  
i o n i z a t i o n  i s  u t i l i z e d  f o r  t h e  mass s p e c t r a .  There are o t h e r  f e a t u r e s  of 
t h i s  mode of o p e r a t i o n  t h a t  should be  explored more f u l l y  i n  t h e  f i n a l  
s e l e c t i o n  of a F l i g h t  Trace Contaminant System. For example, t h e  p r e c u t  
must reduce t h e  p r e s s u r e  t o  a r e l a t i v e l y  low va lue  f o r  a so rben t ,  such 
as cha rcoa l ,  which r e t a i n s  a l a r g e  amount of a i r  and water i n  o rde r  t o  avoid 
excess ive ly  high p r e s s u r e s  i n  the  i o n  source  f o r  r ap id  h e a t i n g  of t h e  ce l l .  
For t h e  p r e s e n t ,  i t  i s  s u f f i c i e n t  t o  p o i n t  o u t  t h a t  t h i s  mode of o p e r a t i o n  

* e l i m i n a t e s  t h e  requirement f o r  a temperature programmer c o n t r o l l e r ,  a t  t h e  
expense poss ib ly  of complete i d e n t i f i c a t i o n  of contaminants. 

Operation i n  t h e  S a t u r a t i o n  Mode 

The preceding d i scuss ion  and c a l c u l a t i o n s  relate t o  ope ra t ion  i n  a mode 
i n  which a f i x e d  sample volume i s  passed through the  so rben t .  
s o r b e n t  c h a r a c t e r i s  tics determine which contaminants w i l l  b e  r e t a i n e d  during 
removal of a i r  and which w i l l  be  s u b s t a n t i a l l y  l o s t  i n  t h e  p r e c u t  o r  purge 
ope ra t ion .  A s  an a l t e r n a t i v e  i t  i s  p o s s i b l e  t o  use  a sample volume t h a t  w i l l  
s a t u r a t e  t h e  weight of  so rben t  chosen f o r  t h e  cell .  This volume should b e  
t h a t  which i s  r equ i r ed  t o  s a t u r a t e  t h e  so rben t  f o r  t h e  most t i g h t l y  h e l d  
contaminant which can b e  desorbed from t h a t  so rben t .  This mode of o p e r a t i o n  
has  the e f f e c t  of reducing t h e  s e n s i t i v i t y  f o r  t h e  less s t r o n g l y  sorbed 
contaminants 

The so rba te -  

In  t h e  r e l a t i o n  between maximum deso rp t ion  p r e s s u r e  and sample of  
contaminant 

B - -  - Pmax 

0 AT1/2 N 
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t h e  t o t a l  sample No which is  given by 

(where V r ep resen t s  t h e  volume of sample) 

i n  t h e  undersa tura ted  mode is  rep laced  by 

S 

W - - 
0 

.No '0 K 

where 

f o r  
the  

ope ra t ion  i n  t h e  s a t u r a t e d  mode. 
gas phase,  r e l a t i v e l y  l a r g e r  q u a n t i t i e s  are sorbed a t  s a t u r a t i o n  f o r  

For t h e  same concent ra t ion  po,  i n  

contaminants which are s t r o n g l y  sorbed (KO very sma l l ) .  

which shows t h e  decrease i n  s e n s i t i v i t y  f o r  contaminants wi th  l a r g e  values  
of KO. 

The o t h e r  f a c t o r  t o  be  considered i n  using s a t u r a t i o n  samples ,  is  t h e  
p o s s i b l e  n o n l i n e a r i t y  of t h e  s o r p t i o n  isotherm.  I n  genera l  n o n l i n e a r i t y  
i n  t h e  isotherm impl ies  t h a t  KO i s  dependent on po, and i n  most cases  KO 
decreases  wi th  decreas ing  po; o r  s t a t e d  s imply,  r e l a t i v e l y  l a r g e r  amounts 
of contaminant are sorbed a t  lower p a r t i a l  p re s su res  of  contaminant. This 
has t h e  e f f e c t  of i n c r e a s i n g  t h e  s e n s i t i v i t y  a t  low concent ra t ions  of 
contaminants,  which would b e  advantageous i f  s e n s i t i v i t y  i s  a l i m i t i n g  
f a c t o r .  

If t h e  isotherms should prove t o  b e  non l inea r ,  opera t ion  i n  e i t h e r  
mode would r e q u i r e  ex tens ive  c a l i b r a t i o n  f o r  very low l e v e l  contaminants. 
Pas t  exper ience  has  i n d i c a t e d  t h a t  f o r  some of t h e  compounds sorbed on 
Porapak Q t h e r e  may be  some n o n l i n e a r i t y  i n  t h e  isotherm. 
experimental  d a t a  a v a i l a b l e  i s  not  s u f f i c i e n t  t o  e s t a b l i s h  t h i s  unequivo- 
c a l l y ,  s i n c e  some o t h e r  s o r p t i o n  process  i n  t h e  i n l e t  system (on t h e  w a l l  
perhaps) could a l s o  account f o r  t h e  observed phenomena. 

However, t h e  
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A t  p r e s e n t ,  i t  appears t h a t  o p e r a t i o n  i n  t h e  unde r sa tu ra t ed  mode i s  
more a t t rac t ive  s i n c e  approximately the  same s e n s i t i v i t y  (except  f o r  i n -  
h e r e n t  d i f f e r e n c e s  i n  m a s s  s p e c t r a l  s e n s i t i v i t y )  could b e  a t t a i n e d  f o r  
almost a l l  compounds i n  t h e  programed temperature deso rp t ion  mode. I f  f u l l  
power h e a t i n g  is  employed, s o  t h a t  only a very s m a l l  amount of  t h e  sample is 
removed during t h e  a c t u a l  c e l l  h e a t i n g ,  t h e  accumulator c e l l  system w i l l  
have inc reased  s e n s i t i v i t y  f o r  less t i g h t l y  sorbed contaminants e 

Desorption P r e s s u r e  Requirements - I n l e t  Leak Considerat ions 

The system design r e q u i r e s  t h a t  over  t h e  contaminant concen t r a t ion  
range of i n t e r e s t ,  t h e  desorpt ion p r e s s u r e  i s  high enough t o  y i e l d  a measur- 
a b l e  s i g n a l  over t h e  system background. For the t h r e e  systems considered 
above, t h i s  requirement imposes t h e  t i g h t e s t  c o n s t r a i n t  on t h e  second system, 
i n  which t h e  t o t a l  contaminant sample must b e  pumped o f f  through t h e  m a s s  
spectrometer .  I n  t h i s  case, both t h e  maximum p r e s s u r e  and t h e  t o t a l  sample 
of contaminants must b e  matched t o  t h e  i n l e t  l e a k  and pumping speed of t h e  
m a s s  spectrometer .  

Considering a mass spectrometer  of t h e  atmospheric s enso r  type,  t h e  
instrument  background levels a t  p r e s e n t  appear lower than t h e  no i se  and 
d r i f t  level of t h e  d e t e c t o r ,  which i s  i n  t h e  range of amperes. On t h e  
b a s i s  of c a l c u l a t i o n  from t h e  Laboratory Contaminant Sensor S t u d i e s ,  i t  a l s o  
appears t h a t  t h e  c e l l  background levels would b e  below t h i s  value.  /i 

In  t h e s e  s t u d i e s ,  no s i g n a l  w a s  observed above t h e  background of t h e  
instrument  when b lank  o r  contaminant-free samples were analyzed. 
system t h e r e f o r e ,  t h e  i n l e t  system p res su re ,  due t o  contaminants and r e l a t e d  
t o  the sample, under normal o p e r a t i n g  condi t ions was less than t o r r .  
Re la t ing  t h i s  t o  an Atmospheric Sensor Mass Spectrometer System wi th  an i n l e t  
l e a k  conductance of 0.01 cubic  cent imeter  p e r  second and source  s e n s i t i v i t y  
of 1 x 1Pi6 amperes p e r  t o r r ,  t h i s  i s  equ iva len t  t o  an ion  c u r r e n t  of less 
than 10- amperes. It may b e  p o s s i b l e ,  under condi t ions of maximum s e n s i -  
t i v i t y ,  t h a t  a measurable c e l l  background w i l l  b e  d e t e c t a b l e  b u t  t h i s  must 
b e  e s t a b l i s h e d  experimental ly  under t h e  e x i s t i n g  ope ra t ing  cond i t ions .  A t  
p r e s e n t ,  it appears t h a t  t h e  d e t e c t o r  d r i f t  levels w i l l  be  t h e  l i m i t i n g  
f a c t o r .  

For t h a t  

An i o n  c u r r e n t  of amperes should provide a n  adequate s i g n a l  f o r  
measuring t h e  base  m a s s  peak (m/e) f o r  a contaminant a t  t h e  lower end of t h e  
concen t r a t ion  range. This would permit  important  fragment i o n s  t o  b e  
d e t e c t e d  f o r  i d e n t i f i c a t i o n  of t h e  contaminant. 
t i o n  f o r  contaminants from one-tenth t o  t e n  p a r t s  pe r  m i l l i o n ,  an i o n  c u r r e n t  
of 10-13 amperes would correspond t h e r e f o r e  t o  one-tenth p a r t  p e r  m i l l i o n  
and 10-11 amperes t o  t e n  p a r t s  p e r  m i l l i o n  f o r  l i n e a r  response over t h i s  
range 

Assuming a range of detec- 
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The f u l l  dynamic range of a m a s s  spectrometer  of t h i s  t ype  would 
permit  i o n  c u r r e n t s  up t o  amperes t o  be  u t i l i z e d  without  over- 
p r e s s u r i z i n g  t h e  i o n  source.  Choice of amperes as t h e  upper l i m i t  
f o r  t h e  contaminant a n a l y s i s  range, allows f o r  t h e  p o s s i b i l i t y  that  
several contaminants may b e  p r e s e n t  i n  t h e  sou rce  s imultaneously so t h a t  
t h e  t o t a l  sou rce  p r e s s u r e ,  even i n  t h i s  i n s t a n c e ,  would n o t  exceed t h e  
maximum of the l i n e a r  range of sou rce  ope ra t ion .  

The i n l e t  system p r e s s u r e  r equ i r ed  t o  y i e l d  an i o n  c u r r e n t  of 
amperes a t  the peak of  t h e  deso rp t ion  curve depends on t h e  leak conduct- 
ance. The r e l a t i o n s h i p  is  

c s If 

cL 

S - - 
P i  

= P r e s s u r e  i n  t h e  i n l e t  system P i  

c = Source conductance, 40 cc/sec f o r  MSAS 
S 

S = S e n s i t i v i t y  of t h e  (amps/torr)  

CL = Conductance of t h e  l e a k  

For a n  i o n  c u r r e n t  of amperes, and l e a k  conductance of one-tenth of a 
cubic  cent imeter  p e r  second, an i n l e t  system p r e s s u r e  of 4 x 10-4 t o r r  is 
requ i r ed  from a sample con ta in ing  one-tenth of a p a r t  p e r  m i l l i o n  contami- 
nant.  This c a l c u l a t i o n  i s  based on the assumption t h a t  t h e  mass spectrometer  
has equa l  s e n s i t i v i t y  f o r  t h e  contaminant and n i t rogen ;  t h e  d a t a  used apply 
t o  n i t rogen .  

Accumulator System 

From t h e  design equa t ions  presented earlier, the  system parameters 
are c a l c u l a t e d  f o r  a ce l l  t h a t  w i l l  y i e l d  a p r e s s u r e  of 4 x 10-4 t o r r  
from a sample of  gas  con ta in ing  one-tenth p a r t  p e r  m i l l i o n  of contaminant 
on an a p p r o p r i a t e  sorbent .  Considering f i r s t  Equation (51), which relates 
t h e  s e n s i t i v i t y ,  and assuming t h a t  t h e  ce l l  is  ope ra t ing  i n  a n  undersaturated 
mode, provides  
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B - , E =  m 4 x t o r r  

AT1/2 To 

T 

a t m  760 t o r r  ,x 103 
a t m  a i r  a t m  R vs ( R )  x 0 .1  x 

- 0.525 x lo-* t o r r  - 
V to r r - cc  S 

For k = CL = 0.01 cubic  cent imeters  per  second o r  s ix- ten ths  of a cubic  
cent imeter  pe r  minute 

= 0.315 x - -  Tm 0.525 x x 0.6 - B 
“1/2 T 0 vs ( a )  

and f o r  AT112 on t h e  order  of 100 degrees  cen t ig rade ,  and a sample volume 
of 0.05 R 

For smaller sample  volumes a f a s t e r  hea t ing  rate can be  employed. j 

The next  f a c t o r  t o  be considered i s  the  temperature a t  which t h e  maxi- 
mum i n  t h e  desorp t ion  curve occurs .  This i s  given by 

k = -  AH 
2 WB 

RTm Km 

I n  o rde r  t o  eva lua te  t h i s  express ion ,  AH and K va lues  taken from t h e  gas 
chromatographic d a t a  f o r  to luene  w i l l  be used, i t  w i l l  be  assumed t h a t  Tm 
i s  on the  order  of 200 degrees cen t ig rade ,  t h e  va lue  found i n  t h e  Laboratory 
Contaminant Sensor S tudies .  

AH f o r  to luene  on Porapak Q is  about 12,000 c a l o r i e s  per  gram-mole and 
& is  0.033 grams pe r  cubic  cent imeter  a t  200 degrees  cent igrade .  

cc  
= 0.81 - k 1 2  9 000 - =  

c-g wB 1.986 x (473)2 x 0.033 
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f o r  k and 13 chosen above 

0.60 cc/min w =  = 0.19 g .81 cc 
"c-g 3.9 "C/min x 

which i s  n o t  an unreasonable value.  
smaller sample i s  chosen i n  o r d e r  t o  b e  a b l e  t o  i n c r e a s e  t h e  h e a t i n g  rate 
and speed up the a n a l y s i s ,  t h e  weight of s o r b e n t  must b e  reduced o r  a h i g h e r  
deso rp t ion  temperature w i l l  r e s u l t .  

It should b e  po in ted  o u t ,  t h a t  i f  a 

In o r d e r  t o  i n s u r e  t h a t  t he  sample volume w i l l  n o t  s a t u r a t e  t h i s  weight 
of so rben t ,  t h e  s a t u r a t i o n  volume is  c a l c u l a t e d  from t h e  i n i t i a l  v a l u e  of  KO, 
which f o r  t o luene  on Porapak Q is  1 . 4  x grams p e r  cubic  cent imeter .  
The volume requ i r ed  t o  s a t u r a t e  0 .41 grams of  Porapak Q w i t h  t o luene  
a t  one-tenth p a r t  p e r  m i l l i o n  i s  

4 cc 1.4 x 10 c c  0.19 v s -  v + -  M -  = 
- ( ;r> ' 1.4 x 

which is w e l l  above t h e  f i f t y  cub ic  cent imeter  volume chosen. 

As  a f u r t h e r  test of t h e s e  equa t ions ,  and t h i s  design,  t h e  deso rp t ion  
temperatures f o r  o t h e r  compounds f o r  which gas chromatographic d a t a  is  
a v a i l a b l e  may b e  c a l c u l a t e d .  
AH = 11,000 c a l o r i e s  p e r  mole) 

For example, f o r  hexane (KO = 8.4 x 

11,000 x 0.21 x 3 . 9  = 7*5 3 
2 x 0.6 

T 175°C m 

and f o r  methyl acetate (KO = 2.44 x AH = 10.2) ,  

T X 155°C m 

These values  i n d i c a t e  t h a t  i n  gene ra l  t h e  performance o f  t h i s  system would 
p a r a l l e l  f a i r l y  c l o s e l y  t h a t  of t h e  Laboratory Contaminant Sensor. 

One o t h e r  f a c t o r  t o  b e  considered i s  t h e  p r e c u t  r equ i r ed  t o  reduce 
t h e  t o t a l  p r e s s u r e  t o  a v a l u e  such t h a t  t he  i o n  pump capac i ty  would n o t  b e  
overloaded. For t h i s  system, assuming a 0.01 cubic  cent imeter  p e r  second 
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i n l e t  l e a k  conductance, a f o r t y  cubic  cent imeter  p e r  second source conduct- 
ance,  and a maximum source p r e s s u r e  of 1 x 10-4 t o r r ,  the maximum p r e s s u r e  
which can be  t o l e r a t e d  i n  f r o n t  of t h e  l e a k  i s  four- tenths  of a t o r r .  Some 
e x t e r n a l  means of reducing t h e  p re s su re  t o  about two-tenths of a t o r r  i s  
necessary t o  o p e r a t e  t h e  system i n  t h i s  mode. A sy r inge  type pump might 
s a t i s f y  t h i s  requirement. Depending on t h e  so rben t  o r  t h e  amount of a i r  
held up on t h e  so rben t  and t h e  volume of t h e  system, t h e  l e a k  and t h e  
pumping capac i ty  of t h e  i o n  pump should b e  capable  of maintaining t h i s  
p r e s s u r e  w i t h i n  l i m i t s .  This a spec t  of t h e  o p e r a t i o n  should b e  v e r i f i e d  
experimental ly ,  p a r t i c u l a r l y  f o r  a so rben t  such as cha rcoa l ,  which tends 
t o  r e t a i n  l a r g e  q u a n t i t i e s  of a i r  and water. 

It i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  i f  a l e a k  of very low conductance 
i s  used i n  p l a c e  of t h e  0.01 cubic  cent imeter  p e r  second l e a k  i n  the  cal- 
c u l a t i o n s  descr ibed above, t h e  hea t ing  rate requ i r ed  t o  g ive  t h e  s e n s i t i v i t y  
does n o t  change b u t  t he  peak maximum temperature i n c r e a s e s  t o  a much h ighe r  
value.  However, i f  t h e  r a t i o  of t h e  l e a k  conductance (CL o r ,  i n  t h i s  
c losed system o r  t h e  pump speek k )  t o  t h e  weight of so rben t  is  kep t  cons t an t ,  
the  same deso rp t ion  temperature should r e s u l t .  Rearrangement of t h e  sens i -  
t i v i t y  equat ion y i e l d s  t h e  following r e s u l t :  

m T 

T 
PmcL B - = - -  

1 / 2  0 
X AT 

b u t  i n  t h i s  equat ion ~ C L  i s  j u s t  t he  flow through the  i o n  source  (or t h e  mass 
spectrometer)  r equ i r ed  t o  g i v e  t h e  d e s i r e d  s e n s i t i v i t y  a t  t h e  deso rp t ion  peak 
maximum. Thus i f  CL i s  reduced, t h e  p re s su re  needed i n c r e a s e s  b u t  t h e  prod- 
u c t  of t h e  two remains constant .  The temperature a t  which t h e  peak maximum 
occurs depends on t h e  r a t i o  of  k/w, s o  t h a t  by s c a l i n g  these  v a r i a b l e s  to- 
g e t h e r ,  t h e  same deso rp t ion  curve i s  obtained.  

For t h e  system design,  t he  minimum h e a t e r  power w i l l  b e  determined by 
t h e  amount of so rben t  i n  t h e  system, provided t h e  a u x i l i a r y  connecting l i n e s  
and valves are r e l a t i v e l y  s m a l l  o r  not heated.  I n  t h i s  ca se  t h e r e  are t h r e e  
l i m i t a t i o n s  t h a t  must be considered t o  set  a minimum on t h e  so rben t  weight. 
These are: F i r s t ,  t h e r e  must be s u f f i c i e n t  so rben t  t o  permit  good c o n t a c t  
w i t h  a r e p r e s e n t a t i v e  sample of gas;  second, t h e  system volume relative t o  
t h e  weight of s o r b e n t  must n o t  be excessive;  and t h i r d ,  t h e  conductance, 
which i s  s c a l e d  t o  t h e  so rben t  weight,  must be high enough, o r  a l t e r n a t e l y ,  
t h e  p r e c u t  level must be  low enough so  t h a t  t h e  r e s i d u a l  gas i n  t h e  system, 
when heated a t  t h e  determined rate,  w i l l  n o t  e x e r t  s o  high a p r e s s u r e  i n  t h e  
system as t o  overload t h e  i o n  source.  The volume r e s t r i c t i o n  i s  n o t  s t r i n -  
gent  un le s s  very s m a l l  weights  (1 mg) of so rben t  are considered. The system 
volume does no t  become important i n  determining t h e  deso rp t ion  curves un le s s  
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t h e  r a t i o  of  V/w approaches t e n  t o  twenty pe rcen t  of t h e  va lue  of A H / R b T m ,  
which i n  t h e  c a l c u l a t i o n s  above i s  on t h e  o rde r  of 400 cub ic  cen t ime te r s  
p e r  gram. The conductance of t he  system cannot be  reduced t o  such a low 
value,  o r  t h e  t o t a l  p r e s s u r e  i n  t h e  system cannot be  so high t h a t  t h e  flow 
of gas from t h e  cel l  t o  t h e  l e a k  becomes d i f f u s i o n  l i m i t e d ,  Thus, t h e  l e a k  
conductance must be  a f i n i t e  va lue  s u f f i c i e n t  t o  t r a n s p o r t  t h e  desorbing 
gases  from t h e  cell .  This va lue  depends i n  p a r t  on t h e  a v a i l a b l e  p r e c u t  
pump and on t h e  geometry of  t h e  i n l e t  system. 

T i m e  Pe r iod  f o r  Analysis 

Minimum i n t e r v a l  f o r  a n a l y s i s  i s  determined by t h e  t i m e  r equ i r ed  f o r  
h e a t i n g  and coo l ing  t h e  so rben t  cel l ,  o r  cel ls .  The sampling t i m e  would be 
r e l a t i v e l y  s h o r t  compared t o  t h e s e  va lues .  A t  a h e a t i n g  rate of approxi- 
mately f o u r  degrees  cen t ig rade  p e r  minute, t h e  t i m e  f o r  deso rp t ion  i s  
about one hour;  t h e  coo l ing  t i m e  i s  est imated a t  about twenty minutes,  
assuming t h a t  sample flow can be used t o  coo l  t h e  c e l l  once a temperature 
below seventy-f ive degrees  cen t ig rade  is  reached. I f  t h r e e  cel ls  are used 
f o r  a n a l y s i s  of t h e  va r ious  contaminants, t h i s  imp l i e s  a minimum a n a l y s i s  
t i m e  of t h r e e  hours and twenty minutes f o r  programmed temperature deso rp t ion ,  
a t  t h e  ra te  s e l e c t e d  above, t o  g i v e  the  d e s i r e d  s e n s i t i v i t y  and peak maxi- 
mum temperature.  The h e a t i n g  ra te  can be  inc reased  t o  i n c r e a s e  t h e  s e n s i t i -  
v i t y  with perhaps some l o s s  i n  s e p a r a t i o n .  I f  t h e  temperature programming 
i s  e l imina ted  and t h e  system operated with f u l l  power h e a t i n g  immediately 
the  f u l l  c y c l e  t i m e  can be  s i g n i f i c a n t l y  reduced. A f i v e  minute h e a t i n g  
t i m e  p e r  c e l l  would g ive  a t o t a l  c y c l e  t i m e  of about f o r t y - f i v e  minutes. 

CONCLUSIONS 

I n  conclusion, t h e  t h e o r e t i c a l  a n a l y s i s  c a r r i e d  o u t  on t h i s  program 
i n d i c a t e s  t h a t  t h e  Direct Entry Accumulator C e l l  and t h e  Molecular Beam Ion  
Source have promise as b a s i c  elements of t h e  F l i g h t  Trace Contaminant 
Analyzer. Experimental v e r i f i c a t i o n  of t he  advantages of  t h e  molecular beam 
source would be necessary be fo re  a commitment t o  t h i s  des ign  approach could 
b e  made. I n  p a r t i c u l a r  t h e  c o n s t r u c t i o n  of t h e  a r r a y  of  channels r equ i r ed  
f o r  t h e  formation of t h e  beam and t h e  c l o s e  placement of t h e  e l e c t r o n  beam 
t o  t h e  sample i n l e t  must b e  resolved.  
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Some experimental  e f f o r t  has  a l ready  been c a r r i e d  out  toward t h e  Direct 
Entry Accumulator C e l l  concept as p a r t  of t h e  Carbon Monoxide Accumulator 
C e l l  e f f o r t ,  b u t  a low pressure ,  d i r e c t  e n t r y  system has  n o t  been t e s t e d .  
S m a l l e r  accumulator cel ls  have been shown t o  g ive  comparable performance t o  
t h e i r  l a r g e r  fore-runners,  and f u r t h e r  reduct ion  of ce l l  s i z e ,  i n  conjunct ion 
wi th  t h e  d i r e c t  e n t r y  approach, i s  a s t e p  i n  t h e  r i g h t  d i r e c t i o n  i n s o f a r  as 
power, weight and s i z e  saving i s  concerned. I f  i t  i s  d e s i r a b l e  t o  eliminate 
the  need f o r  a pump o u t  l i n e  by u t i l i z a t i o n  of d i r e c t  sample en t ry ,  then i t  
w i l l  be  necessary t o  dev i se  a means of evacuat ing t h e  s m a l l  c e l l  volume 
during t h e  p recu t  phase. On the  o t h e r  hand, even i f  a pump o u t  l i n e  i s  
u t i l i z e d  f o r  t h e  vacuum precu t  t he  s m a l l e r  accumulator c e l l  s i z e  a s soc ia t ed  
wi th  t h e  u t i l i z a t i o n  of t he  e n t i r e  sample by t h e  mass spectrometer  i s  
d e s i r a b l e .  
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FIGURE 1.- Angular Ef fus ion  of Molecules from O r i f i c e  
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FIGURE 4.- B e a m  Shapes i n  T e r m s  of 
R e l a t i v e  I n t e n s i t i e s  (Sheet 1 of 4 )  
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FIGURE 4.- Beam Shapes i n  Terms of  
Re la t ive  I n t e n s i t i e s  (Sheet 2 of 4 )  
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FIGURE 4.- Beam Shapes in Terms of 
Relative Intensities (Sheet 3 of 4 )  
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FIGURE 5.- Ion  Current Density as a Function 
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