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i FOREWORD 

T h i s  F i n a l  Report covers  t h e  work performed under con t r ac t  
NAS5-3959 from 29 June, 1966 t o  16 January,  1967. 

Massachusetts w a s  i n i t i a t e d  by Nat ional  Aeronautics and Space 
Adminis t ra t ion,  Goddard Space F l i g h t  Center f o r  t h e  "Study of 
Density C a l i b r a t i o n  i n  Space". M r .  George P. Newton (Code 651) 
of t h e  Goddard Space F l i g h t  Center ,  Greenbel t ,  Maryland w a s  
t echn ica l  monitor.  

The c o n t r a c t  w i t h  National Research Corporat ion,  Cambridge, 

The research covered i n  t h i s  r e p o r t  was c a r r i e d  out  by 
Pe ter  Fowler (P r inc ipa l  Inves t iga to r )  and Frank J. Brock. 
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STUDY OF DENSITY CALIBRATION I N  SPACE 

By P. Fowler and F. J. Brock 
Nat ional  Research Corporation 

1. SUMMARY 

Methods of c a l i b r a t i n g  i o n  gauges and mass spectrometers  
were s t u d i e d ,  under NASA Contract NAS5-3959, t o  determine a 
method which would be app l i cab le  t o  i n - f l i g h t  c a l i b r a t i o n  of 
d e t e c t o r s  i n s t a l l e d  on space c r a f t .  The method developed i n  . 
t h e  f i r s t  phase of t h e  program, c o n s i s t s  of d i f f u s i n g  a known 
hydrogen f l u x  through t h e  w a l l  of a small  d i f f u s e r  tube i n t o  t h e  
d e t e c t o r  enclosure which produces a p re s su re  increment equal  t o  
t h e  r a t i o  of hydrogen f l u x  t o  exhaust conductance, by r a i s i n g  
t h e  temperature of the  tube with an i n t e r n a l  h e a t e r  which d i s -  
s i p a t e s  a prescr ibed  power f o r  a prescr ibed  t i m e  i n t e r v a l .  I n  
t h e  f i r s t  phase of t h e  work, t h r e e  successive generat ions of pro- 
to type  i n - f l i g h t  c a l i b r a t o r s  were designed and constructed and 
t h e  performance of the Mark I and Mark I1 were experimental ly  
evaluated.  The performance of Mark I11 has  been evaluated i n  
t h e  second phase of t h e  program. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  d i f f u s e r  genera tes  a hydrogen 
f l u x  which i s  l i n e a r  over  a dynamic range of 3 x 105, t h a t  c a l i -  
b r a t i o n  pu l se  h e i g h t s  a r e  repea tab le  wi th in  +2.0% and t h a t  pu l se  
he ight  v a r i a t i o n  can be maintained l e s s  than-l.O% f o r  30 seconds. 
The d a t a  i n d i c a t e  t h a t  t h e  p re s su re  decay r a t e ,  assoc ia ted  with 
t h e  d i f f u s e r ,  fol lowing a c a l i b r a t i o n  pu l se  i s  such t h a t  a f t e r  
15 minutes t h e  p re s su re  i s  no more than s e v e r a l  percent  of t h e  
e x t e r n a l  p re s su re  i f  t h e  c a l i b r a t i o n  pu l se  i s  no more than  an 
o r d e r  of magnitude above t h e  e x t e r n a l  p re s su re ,  except f o r  pres -  
su res  less than l o n 9  Torr ,  which r equ i r e  a longer recovery t i m e ,  
Recommendations are made f o r  shor ten ing  t h e  low p res su re  recov- 
e r y  t i m e .  

2. INTRODUCTION 

During t h e  f i r s t  phase of t h i s  program a method was develop- 
ed which i s  app l i cab le  t o  t h e  c a l i b r a t i o n  of i on  gauges and mass 
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spectrometers  dur ing  space f l i g h t .  The method selected i s  
based on t h e  product ion of a known p res su re  i n  t h e  d e t e c t o r  
envelope by c o n t r o l l i n g  t h e  flow of hydrogen gas i n t o  and out  
of t h e  d e t e c t o r  volume. A gauge c a l i b r a t i o n  system schematic 
i s  shown i n  Figure 1. The p res su re  e x t e r n a l  t o  t h e  s a t e l l i t e ,  
which i s  t o  be measured, i s  P A c a l i b r a t i o n  is  performed i n  0' t h e  neighborhood of PO by in t roducing  a known p res su re  increment 
w i th in  t h e  gauge envelope. The pressure  increment is produced 
by applying a temperature pu l se  t o  a thermal d i f f u s e r  located 
wi th in  t h e  gauge enclosure.  
(exponent ia l ly)  t h e  gaseous d i f f u s i o n  r a t e  t h r u  t h e  w a l l  of t h e  
d i f f u s e r ,  producing a f l u x  of c a l i b r a t i n g  gas Q. The r e s u l t i n g  
gas p re s su re  wi th in  t h e  gauge enclosure i s  

The temperature pu l se  inc reases  

where C i s  t h e  gas conductance between t h e  d i f f u s e r  and t h e  
e x t e r i o r .  I o n i c  pumping of t h e  gauge is  considered t o  be 
n e g l i g i b l e  compared with t h e  gas conductance t o  t h e  e x t e r i o r  
of t h e  s a t e l l i t e .  By r egu la t ing  t h e  d i f f u s e r  temperature 
and thus  t h e  flow of c a l i b r a t i n g  gas ,  Pd may be var ied over 
a prescr ibed  p res su re  range. 

During t h e  f irst  phase of t h e  program, performance goa ls  
were defined f o r  a c a l i b r a t i o n  system app l i cab le  t o  a pressure  
( o r  p a r t i a l  p ressure)  d e t e c t o r  on a s a t e l l i t e  execut ing an 
e l l i p t i c a l  o r b i t .  These goa ls  are a s  follows: 

System t o  c a l i b r a t e  a gau e a t  p re s su res  of 
1 x Torr  and 1 x Torr  by inc reas ing  
t h e  p re s su re  wi th in  t h e  gauge t o  1 x Tor r  
and 1 x l om7  Tor r ,  r e spec t ive ly .  

The c a l i b r a t i n g  pu l ses  t o  have less than  a 1% 
e f f e c t  i n  subsequent p re s su re  measurements. 

The rise-time of t h e  c a l i b r a t i o n  pu l se  t o  be 
less than 3.5 minutes. The pressure  then  t o  
remain s teady  a t  t h e  c a l i b r a t i n g  l e v e l  f o r  10 
seconds. The pressure  l e v e l  due t o  c a l i b r a t i n g  
gas m u s t  then  decrease t o  n e g l i b l e  values  i n  
less than 15 minutes. 
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Maximum power consumpt5on of t he  thermal value 
t o  be less than 5 wat t s .  

Number of c a l i b r a t i o n s  required:  12. One p e r  
month over  a 12-month per iod .  

Volume of gas t o  be c a r r i e d :  less than 100 C.C.  

Telemetry r a t e  f o r  p re s su re  da t a :  
seconds. 
20 samples /second. 

S a t e l l i t e  temperature:  -10 t o  +5OoC. 

20-60 samples/ 
Telemetry ra te  f o r  temperature da t a :  

Volume of gauge and conductance t o  be less than 
330 C . C .  \ 

Conductance t o  e x t e r i o r  of s a t e l l i t e  t o  be g r e a t e r  
than 10 alsecond. 

T ime  cons tan t  of system f o r  p re s su re  v a r i a t i o n s  
t o  be less than 0.03 seconds. 

Roll frequency of s a t e l l i t e :  3 cps.  

Mass of s y s t e m  t o  be a minimum. 

During Phase one, two prototype c a l i b r a t o r s ,  Mark I and 
Mark I1 w e r e  designed, cons t ruc ted ,  and tested and t h e  r e s u l t s  
of those tests used t o  design and cons t ruc t  Mark 111 Cal ib ra to r .  
The work performed i n  t h a t  phase was summarized i n  a f i n a l  re- 
po r t  issued i n  November 1965. The ob jec t ive  of t h i s  phase of 
t h e  program is  t o  experimental ly  eva lua te  Mark 111 Cal ib ra to r  and 
t o  determine i t s  compa t ib i l i t y  with t h e  above performance goa ls .  

Figure 2 shows a d e t a i l  schematic of Mark 111 and Figure 
3 shows Mark I11 joined t o  a Redhead normal magnetron gauge 
(NRC 552). 
ab l e  f o r  opera t ion  a t  high temperatures w e r e  used. 
a l l  b raze  j o i n t s  required were made with gold-nickel  braze (M. 
P. 95OoC), t hus  allowing high degassing temperatures i n  o rde r  
t o  ob ta in  improved low p res su re  performance. 

I n  the  c o n s t r u c t i m  of Mark 111 only ma te r i a l s  s u i t -  
For example, 

A vacuum jacke t  was b u i l t  around t h e  s t a i n l e s s  s tee l  tube 
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SECTIONAL SKETCH OF MARK 111 CALIBRATOR 
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below t h e  d i f f u s e r  s e c t i o n  t o  more p r e c i s e l y  de f ine  t h e  d i f -  
fu s ing  a rea  and t o  reduce t h e  thermal i s o l a t i o n  of t h e  d i f f u s e r  
s ec t ion .  This  was done t o  improve low p res su re  performance and 
inc rease  t h e  r a t e  of cool  down and thus  t h e  p re s su re  decay  r a t e  
following a c a l i b r a t i o n  pu l se ,  I n  a d d i t i o n ,  a t h i c k  OFHC copper 
p l a t e  was brazed t o  t h e  d i f f u s e r  s ec t ion  t o  a s su re  t h a t  t h e  d i f -  
f u s e r  area would be isothermal .  The thermocouple was a t tached  
d i r e c t l y  t o  t h e  copper p l a t e  t o  provide accu ra t e  temperature 
d a t a  during rapid t r a n s i e n t s .  F i n a l l y ,  t h e  normal magnetron 
gauge was used t o  measure Pd so  th f$  r e l i a b l e  p re s su re  measure- 
ments could be extended t o  t h e  10" Torr  range, 

3 .  EXPERIMENTAL APPARATUS AND PROCEDURE 

The Mark I11 Ca l ib ra to r  and assoc ia ted  magnetron gauge 
were joined t o  an o i l  d i f f u s i o n  pumped u l t r a -h igh  vacuum 
sys tem,  having two ant i -migra t ion  LN2 cold t r a p s .  
is shown i n  Figure 4. Figure 5 i s  a schematic of t h e  sys t em.  
I n  Figure 4 ,  a modulated Nottingham gauge i s  shown jo ined  t o  
t h e  system i n  p lace  of t h e  re ference  magnetron gauge. The 
c i r c u l a r  t a b l e  below t h e  top  cold t r a p  i s  t h e  base of a bake- 
out  oven which was used t o  degas t h e  top t r a p ,  s y s t e m  gauges, 
high vacuum valve ,  and Mark 111 Cal ib ra to r .  During sys t em 
bakeout, t h e  lower an t i -migra t ion  cold t r a p  was f i l l e d  wi th  
LN2. P r i o r  t o  s t a r t i n g  t h e  4" d i f f u s i o n  pump, the  lower cold 
t r a p  was heated t o  45OoC with  t h e  2" d i f f u s i o n  pump opera t ing  
so a s  t o  maintain t h e  system p res su re  low during bakeout. Dur- 
i ng  the  course of t he  program, t h e  s y s t e m  was degassed a t  425OC 
f o r  f i v e  pe r iods  g r e a t e r  than 24 hours each and over  two week- 
end per iods  a t  32OoC and 38OoC. 

This  system 

Data were taken wi th  t h e  s y s t e m  cooled t o  room temperature 
(-22OC) 
pen recorder  was made of t he  re ference  magnetron and d i f f u s e r  
magnetron c o l l e c t o r  c u r r e n t s  us ing  Kei thley 610R and 410 elec- 
t rometers .  
was measured wi th  a Kei thley 148 Nanovoltmeter and continuously 
recorded wi th  a Moseley 680 autograph recorder ,  
couple w i r e  w a s  p r e c i s i o n  grade wi th  a standard e r r o r  l i m i t  of 
- +0.2OC. The temperature was obtained from t h e  National Bureau 
of Standards thermocouple t a b l e . ( l )  
standard range, an ex t r apo la t ion  was made of t h e  t a b l e  using 

Continuous recording on a Honeywell E lec t ronik  1 7  two- 

The d i f f u s e r  copper-constantan thermocouple EMF 

The thermo- 

For EMF'S g r e a t e r  than t h e  
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FIGURE 4 
MARK 111 CALIBRATOR AND ASSOCIATED GAUGES 

ATTACHED TO VACUUM SYSTEM FOR TESTING 
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a quadra t i c  f i t  t h a t  agreed extremely w e l l  i n  t h e  300-400°C 
range. Heat s i n k  temperature,  when obtained,  w a s  measured us- 
i ng  a the rmis to r  i n  a Wheatstone br idge  c i r c u i t .  Heat s i n k  
temperature was var ied  by varying t h e  temperature of a massive 
b ra s s  block clamped t o  t h e  hea t  s i n k  wi th  b ra s s  f i l i n g s  i n  be- 
tween. The b r a s s  block was i n  thermal contac t  with a va r i ab le  
set  po in t  cons tan t  temperature c i r c u l a t o r  and was in su la t ed  
with seve ra l  l a y e r s  of aluminized Mylar. 

Linde regent  grade u l t r a -pu re  hydrogen obtained i n  metal  
cy l inde r s  from J. T. Baker Chemical Company was used. 
ana lys i s  by Linde of t h e  hydrogen used showed the  fol lowing im-  
p u r i t i e s  : 

A batch 

H 2 0  2 PPM 

3 PPM 

CH4 1 PPM 
O 2  

1 .8  PPM N2 

The a l l -me ta l  gas t r a n s f e r  s y s t e m  was evacuated us ing  LN2 
trapped mechanical pumps. The gas p re s su re  w a s  measured with 
a r o t a t i n g  p i s t o n  gauge primary p res su re  standard (CEC type 
6-201-0001). The hydrogen gas was then captured by c los ing  a 
c rossover  valve arounr a d i f f e r e n t i a l  p re s su re  gauge (MKS 
Baratron Type 77H-1068) which w a s  used t o  continuously monitor 
t he  gas p re s su re  i n  t h e  Mark I11 d i f f u s e r  volume. 

Power was supplied t o  the  d i f f u s e r  h e a t e r  from a regulated 
low vol tage  power supply (ERA model TR040M). The cu r ren t  and 
vol tage  t o  t h e  h e a t e r  w e r e  measured wi th  %% l abora tory  meters 
(Weston Model 901). All measurements were made wi th  e i t h e r  
14.6 p s i  o r  29.5 p s i  - +a hydrogen p res su re  i n  t h e  d i f f u s e r  
manifold. 

The da ta  were obtained over  a per iod of 1% calendar  months, 
and t h e  measurements were of two d i s t i n c t l y  d i f f e r e n t  types  a s  
fol lows:  

1) Steady-s ta te  measurements w e r e  made of t h e  equ i l ib -  
rium p res su re  a t t a i n e d  i n  t h e  system a f t e r  applying 
a cons tan t  vo l tage  t o  t h e  d i f f u s e r  hea te r .  The 
p res su re  of the  system a f t e r  reaching t h e  steady- 
s t a t e  (gene ra l ly  def ined a s  less than % percent  

10 



v a r i a t i o n  i n  measured pressure  dur ing  a per iod g r e a t e r  
than  s e v e r a l  minutes) ,  t h e  temperature of t h e  d i f f u s e r ,  
t h e  vol tage  and cu r ren t  t o  t h e  d i f f u s e r  h e a t e r ,  and 
i n  some cases  t h e  h e a t  s i n k  temperature were observed. 

Trans ien t  measurements w e r e  made of t h e  quasi-steady- 
s t a t e  p re s su re  obtained by applying a 3 minute h e a t -  
i ng  pu l se  a t  constant  appl ied vol tage  and then switch- 
i n g  i n t o  t h e  c i r c u i t  f o r  30 seconds a series resis- 
tance  of such a magnitude t h a t  t h e  d i f f u s e r  temperature 
and thus  t h e  system p res su re  remains constant  t o  wi th in  
- +2% f o r  t h i r t y  seconds. 
i n  t h e  s t e a d y - s t a t e  runs,  w i th  t h e  except ion of t h e  
h e a t  s i n k  temperatures ,  were a l s o  measured i n  the  
pu l se  runs.  I n  a d d i t i o n ,  t he  vol tage  and cu r ren t  t o  
t h e  d i f f u s e r  h e a t e r  were measured during t h e  p l a t eau  
per iod of t h e  pulse .  

All t h e  q u a n t i t i e s  measured 

The lowest system p res su res  were a t t a i n e d  immediately a f t e r  
cool  down from a bakeou The lowest p re s su re  measured dur ing  
t h e  program was 9 x 10- 
pressure  gauge. It i s  bel ieved t h a t  t h e  s y s t e m  pressure  i s  
l imi ted  by t h e  r a t e  of decomposition of t h e  DC 705 o i l  used i n  
t h e  d i f f u s i o n  pump s i n c e  t h e  u l t ima te  p re s su re  was not  s teady  
but  was composed of c l o s e l y  spaced random amplitude p u l s e s  de- 
pendent t o  some e x t e n t  on t h e  d i f f u s i o n  pump h e a t e r  power. 
lowest pressure  measured a t  t h e  re ference  and d i f f u s e r  gauges 

e t r o n  s e n s i t i v i t y  
The 

was 1 . 5  x 10-l' Torr  (equivalent  N2) . 
was determined from t h e  d a t a  of Feakes, e t  a 1  , f o r  n i t rogen  
and cor rec ted  t o  hydrogen by us ing  2 .2  A p e r  Torr  above 10-9 A ,  
which i s  t h e  break po in t  below which t h e  NRC 552 becomes non- 
l i n e a r .  Below loe9  A 

d a t a  were adjusted f o r  hydrogen by mul t ip ly ing  the  cu r ren t  a x i s  
by 0.488 t o  ob ta in  hydrogen pressure .  

€2 Torr  (equivalent  N2) a t  t h e  system 

The 

t h e  hydrogen c a l i b r a t i o n  w a s  a sumed t o  
Thei r  fol low t h e  same power law a s  found by Feakes, e t  al( 25: . 

4. RESULTS 

4.1 Prel iminary Experiments 

An i n i t i a l  l o w  temperature run was made t o  determine t h e  
e f f e c t  of hea t  s i n k  temperature v a r i a t i o n  on t h e  c a l i b r a t i o n  

11 



pres su re .  The hea t  s i n k  was i n i t i a l l y  cooled t o  257OK. Upon 
admi t t ing  14.6 p s i  of hydrogen t o  t h e  d i f f u s e r  no v a r i a t i o n  

t h e  p re s su re  i n  t h e  c a l i b r a t o r  magnetron gauge, was 
::u:g' The temperature of t h e  hea t  s i n k  was slowly r a i sed  
t o  35i°K. N o  v a r i a t i o n  i n  P was noted,  even f o r  a temper- 
a t u r e  of t h e  d i f f u s e r  a s  higf! a s  342OK. 
t h e  experiment t h a t  t h e  time required t o  set up equi l ibr ium 
d i f f u s i v e  flow i n  t h e  s t a i n l e s s  s teel  tube was longer than 10 
hours f o r  temperatures near  300°K. 

It was concluded from 

Reference t o  t h e  t i m e  t o  set  up equi l ibr 'um w i l l  be made 
i n  a manner a la logous t o  t h e  work of Bar re r  ( 3f . For t h e  gen- 
e r a l  case of flow through a plane shee t  of t h i c k n e s s 8  i n  
which t h e  concent ra t ion  i s  maintained a t  a constant  C on one 
s i d e  and C 8= 0 on t h e  o t h e r ,  t h e  approach t o  equi l ibr ium flow 
i s  a s  shown q u a l i t a t i v e l y  i n  t h e  Q - t  p lane i n  Figure 6 .  The 
backwards e x t r a p o l a t i o n  of t h e  equi l ibr ium flow r a t e  meets 
t he  absc i s sa  a t  a  time^ which i s  c a l l e d  the  l a g  t i m e  and i s  
found t o  be r e l a t e d  t o  t h e  d i f f u s i o n  constant  a s  follows 

0 

Actua l ly ,  t h e  hydrogen concent ra t ion  a t  t h e  high pressure  
su r face  of t h e  d i f f u s e r  w a l l  i s  not cons tan t  a s  t h e  temper- 
a t u r e  inc reases .  The t o t a l  hydrogen supply volume i s  l a r g e  
compared t o  t h e  i n t e r n a l  volume of t h e  d i f f u s e r .  The volume 
e x t e r n a l  t o  t h e  d i f f u s e r  remains a t  room temperature even 
though t h e  temperature of t h e  gas wi th in  t h e  d i f f u s e r  i n t e r -  
n a l  volume may inc rease  by s e v e r a l  hundred degrees.  There- 
f o r e ,  t h e  p re s su re  throughout t h e  hydrogen supply volume ( in-  
c luding  t h e  d i f f u s e r  i n t e r n a l  volume) remains s u b s t a n t i a l l y  
a t  t h e  i n i t i a l  hydrogen charge p res su re  (genera l ly  about 1 
atmosphere) independent of d i f f u s e r  temperature.  Thus, t h e  
hydrogen d e n s i t y  i n  t h e  d i f f u s e r  i n t e r n a l  volume decreases  
l ike T-' a s  t h e  d i f f u s e r  temperature inc reases .  The number 
of hydrogen molecules c o l l i d i n g  wi th  u n i t  a r ea  of t h e  high 
p res su re  su r face  of t h e  d i f f u s e r  wa l l  i n  u n i t  t i m e ,  t he re fo re ,  
decreases  l ike  T-%. From t h i s  e f f e c t  a lone,  t h e  hydrogen con- 
c e n t r a t i o n  i n  t h e  d i f f u s e r  wa l l  a t  t h e  high pressure  su r face  
m u s t  decrease a s  t h e  temperature inc reases .  However, t h e  hy- 
drogen s o l u b i l i t y  i p  s t a i n l e s s  s tee l  inc reases  with temper- 

s t e r  than T2(based on s o l u b i l i t y  d a t a  i n  t h e  l i t e r -  
a t u r e  . Thus, t h e  t o t a l  e f f e c t  of temperature i s  such t h a t  
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t h e  hydrogen concent ra t ion  i n  t h e  high p res su re  su r face  of 
t h e  d i f f u s e r  i nc reases  with temperature.  

4.2 Steady-State  Di f fus ion  Experiments 

To e s t a b l i s h  an i n i t i a l  hydrogen concent ra t ion  gradien t  
w i th in  t h e  s t a i n l e s s  s t ee l  d i f f u s e r  tube ,  t h e  s i n k  was kept  
nea r  roan temperature by convective cool ing  wi th  room a i r  and 
t h e  d i f f u s e r  was heated by applying power t o  t h e  h e a t e r .  
i nc rease  i n  Pd was observed a f t e r  10 minutes of hea t ing  a t  
temperatures up t o  450°K, Upon inc reas ing  t h e  temperature t o  
530°K, t h e  f i r s t  d i f f u s i o n  of gas  was noted causing Pd t o  i n -  
c r ease  wi th in  s e v e r a l  minutes time by two orders  of magnitude. 
It was concluded t h a t  t h e  l a g  time a t  520°K was less than 1000 
seconds. 
e s t a b l i s h  equi l ibr ium hydrogen concent ra t ion  i n  t h e  d i f f u s e r .  

No 

The d i f f u s e r  temperature was increased t o  550°K t o  

Over a per iod of s e v e r a l  weeks, many sepa ra t e  experiments 
were c a r r i e d  out t o  d e f i n e  t h e  f u n c t i o n a l  form of t h e  steady- 
s t a t e  p r e  s u r e  ve sus  temperature over t h e  range of pressure  
from lo-'' t o  10- Torr  (Hz). 
varied over t h e  range 28OoK t o  770°K. Measurement of temper- 
a t u r e  a t  t h e  high end of t h i s  range required e x t r a p o l a t i o n  of 
t h e  thermocouple EMF t a b l e  a s  discussed e a r l i e r .  Figure 7 i s  
a p l o t  of log Pd versus  1 /T  f o r  t he  d a t a  obtained i n  these  ex- 
periments.  It i s  noted t h a t  t h e r e  i s  a l a r g e  dev ia t ion  from 
l i n e a r i t y  of t h e  d a t a  i n  t h e  region of low pressure .  A care-  
f u l  look a t  t h e  d a t a  shows t h a t  t h e  p re s su re  a t  which dev ia t ion  
from l i n e a r i t y  occurs  depends upon t h e  p re s su re  a t t a i n e d  i n  t h e  
previous d i f f u s e r  experiments and thus  does not a c t  l i k e  a 
t y p i c a l  background due t o  outgassing.  

6- The d i f f u s e r  temperature was 

I n  Figure 8 ,  t h e  d a t a  f o r  t h e  s t e a d y - s t a t e  experiments i s  
r e p l o t t e d ,  but wi th  t h e  i n i t i a l  background of each experiment 
subs t r ac t ed .  It i s  seen t h a t  t h e  d a t a  a r e  grouped c l o s e l y  about 
a s t r a i g h t  l i n e  over  t h e  whole range of pressure  inves t iga t ed .  
This  i s  t h e  expected behavior f o r  d i f f u s i v e  flow of hydrogen 
through t h e  w a l l  of t h e  s t a i n l e s s  s teel  d i f f u s e r  tube.  The 
s lope  of t h e  p l o t  y i e l d s  t h e  e f f e c t i v e  a c t i v a t i o n  energy f o r  
t h e  d i f f u s i o n  process .  

The l e a s t  squares  f i t  t o  t h e  s t r a i g h t  l i n e  was ca l cu la t ed  
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and i s  shown on Figure 8. The r e l a t i v e  standard e r r o r  of es t -  
imate f o r  t h e  l e a s t  squares  f i t  i s  1 . 3 %  t o  a l l  t h e  d a t a .  This  
low e r r o r  i n d i c a t e s ,  among o t h e r  t h ings ,  t h a t  t h e  e f f e c t i v e  
d i f f u s i o n  a rea  i s  cons t an t ,  a f a c t  influenced by t h e  improved 
design of t h e  Mark I11 d i f f u s e r  sho r t ing  b a r  and t h e  use of a 
guard vacuum around t h e  hydrogen supply tube.  

I n  o rde r  t o  t es t  f o r  curva ture ,  a second o rde r  l e a s t  
squares  f i t  was t r i e d  but  t h i s  procedure did not lower t h e  
standard e r r o r  of e s t ima te ,  This  i s  not s u r p r i s i n g  f o r  t h e r e  
i s  no phys ica l  b a s i s  f o r  expect ing the  quadra t ic  term. How- 
ever ,  by determining t h e  l e a s t  squares f i t  t o  a s t r a i g h t  l i n e  
f o r  d i f f e r e n t  p a r t s  of the  whole pressure  range, t h e r e  was 
found t o  be a systematic  i nc rease  i n  s lope  and decrease i n  
standard e r r o r  of es t imate  a s  more of t h e  lower pressure  po in t  
were neglected.  For example, consider ing only t h e  t o  10' 
Torr  (H2) p o i n t s ,  t h e  s lope  i s  9% h ighe r  than  f o r  t h e  t o  

po in t s .  This  v a r i a t i o n  i s  summarized i n  Table I. It may 
a l s o  be seen t h a t  t h e  r e l a t i v e  standard e r r o r  of e s t ima te  of 
t h e  l e a s t  squares  f i t  decreases  a s  t h e  lower pressure  d a t a  i s  
dropped ou t .  There a r e  seve ra l  reasons f o r  t h i s  behavior. 
F i r s t ,  a s  t h e  temperature of t h e  d i f f u s e r  i s  increased t h e r e  
i s  a tendency f o r  i t  t o  become more i so thermal  and thus  t h e  
p a r t s  of t h e  tube beyond the  copper sho r t ing  s t r i p  can c o n t r i -  
bute  comparatively more t o  t h e  flow than a t  lower temperatures.  
Second, a s  w i l l  be shown l a t e r ,  i n  t he  lower p a r t  of t h e  temp- 
e r a t u r e  range, t h e  hydrogen concent ra t ion  wi th in  t h e  d i f f u s e r  
wa l l  i s  h ighe r  than  t h e  equi l ibr ium concent ra t ion  correspond- 
i n g  t o  t h a t  range. Thi rd ,  a s  discussed l a t e r  i n  s e c t i o n  4 .7 ,  
the  hydrogen f l u x  through t h e  d i f f u s e r  w a s  observed t o  depend 
on hydrogen supply pressure  more s t rong ly  than  t h e  5 power. 
This  impl ies  t h a t  a t  high temperature a molecular hydrogen f l u x  
component becomes observable (presumably due t o  molecular hydro- 
gen flow along g r a i n  boundaries) .  Thus, t h e  t o t a l  f l u x  observed 
i n  t h e  c a l i b r a t o r  a t  h igh  temperatures may be the  sum of the  
atomic hydrogen d i f f u s i o n  through t h e  metal  and molecular hydro- 
gen d i f f u s i o n  along g r a i n  boundaries. F i n a l l y ,  a s  has  a l ready  
been pointed o u t ,  t he  hydrogen concent ra t ion  i n  t h e  high pres-  
su re  su r face  of t h e  d i f f u s e r  i nc reases  wi th  temperature. 
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TABLE I 

STEADY-STATE EXPERIMENT SUMMARY 

P r e s  sure  
Range, A B, Er ror ,  
Torr(H2) OK percent  

10-12 - 10-6 -2.512 -2764 1.3% 

-2.460 -2789 1 .2% 

-2.315 -2863 1.0% 

-6 - 10 

- 10 -6 

-2.298 -2870 0.6% 
-6 - 10 

-2.020 - 3040 0.4% 
-6 - 10 

where A and B a r e  t h e  cons tan ts  i n  the  l e a s t  squares  f i t  of 
t he  d a t a  t o  

B ) = A + -  lag(’d - ‘background T ’  

and the  e r r o r  given i s  the  r e l a t i v e  standard e r r o r  of es t imate  
f o r  t h e  l e a s t  squares  f i t .  
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The lowest pressure  p o i n t s  were measured i n  an experiment 
t o  determine the  e f f e c t  of hea t  s i n k  temperature v a r i a t i o n  
( t o  s imulate  t h e  v a r i a t i o n s  i n  temperature of a spacec ra f t ) .  
This  run was made a f t e r  a l a r g e  concent ra t ion  of hydrogen had 
been e s t ab l i shed  i n  t h e  d i f f u s e r .  The d i f f u s e r  h e a t e r  was not 
ac t iva t ed  but  r a t h e r  t he  d i f f u s e r  was heated by conduction from 
t h e  heat  s ink .  The f a c t  t h a t  t hese  p o i n t s  f i t  so w e l l  t o  t h e  
s t r a i g h t  l i n e  f o r  t h e  h ighe r  temperatures obtained by using t h e  
d i f f u s e r  h e a t e r  i n d i c a t e s  the  success ,  i n  t he  Mark 111 des ign ,  
of t he  copper s h o r t i n g  b a r  i n  maintaining t h e  d i f f u s e r  i s o -  
thermal and the  d i f f u s e r  guard vacuum i n  accu ra t e ly  de f in ing  
t h e  d i f f u s i n g  a rea .  

4 . 3  Diffus ion  Constant and Lag Time  

Some s teady  d i f f u s i o n  p o i n t s  were obtained f o r  a set  of 
equi l ibr ium temperatures such t h a t  each temperature was less 
than t h e  previous temperature,  These d a t a  contained evidence 
t h a t  t h e  hydrogen concent ra t ion  i n  the  d i f f u s e r  d id  not a r r i v e  
a t  i t s  new equi l ibr ium concent ra t ion  w i t h i n  t h e  same t i m e  i n -  
t e r v a l  required t o  e s t a b l i s h  a new equi l ibr ium temperature. 
For example, a f t e r  a constant  pressure  experiment a t  a d i f f u s e r  
temperature of 769'K, t h e  temperature was lowered t o  569'K and 
was s t a b l e  a f t e r  11 minutes. However, t h e  p re s su re  continued 
t o  decrease f o r  an a d d i t i o n a l  10 minutes t o  about 95% of i t s  
value a t  t h e  t i m e  of reaching temperature equi l ibr ium. I t ,  
thus ,  becomes obviaus t h a t  knowledge of t h e  e f f e c t i v e  d i f f u s i o n  
l a g  t ime,  T ,  a s  a func t ion  of temperature i s  requi red .  

To o b t a i n  T ,  a s t e p  change i n  p re s su re  w a s  generated on 
t h e  high pressure  s i d e  of t h e  d i f f u s e r  and t h e  v a r i a t i o n  i n  
d i f f u s i o n  r a t e  with t i m e  was observed. The e f f e c t  of t h i s  
change i n  p re s su re  on a Q - t p l o t  i s  shown i n  Figure 9. 
analogy with t h e  e a r l i e r  d e f i n i t i o n  of T ,  t h e  l a g  time der ived 
from such an experiment f o r  a change i n  low s i d e  pressure  from 
P t o  PF i s  ind ica ted  i n  Figure 9. 
i? may be seen t h a t  T i s  given by 

I n  

By a n a l y t i c a l  ca l cu lus  
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!'::... - PF(t2-tl) 

T ( T )  = . 
* '0 - 'F ( 3 )  

The l a g  t ime, T was determined f o r  5 temperatures and 

An attempt t o  determine T a t  5OO0K was unsuccessful  due 
t h e  r e su l t s  a r e  given on a semi-log p l o t  versus  1 / T  i n  Figure 
10. 
t o  the  excessive time involved although a lower l i m i t  of 1000 
seconds was obtained f o r  t h a t  temperature.  The l e a s t  squares 
f i t  t o  t h e  d a t a  i s  a l s o  p l o t t e d .  It may be seen t h a t  T be- 
comes long compared wi th  t h e  usua l  cooldown t i m e  of hundreds 
of seconds a t  t h e  comparatively high temperature of 580°K 
and t h a t  f o r  room temperature T i s  about lo7 seconds. 

* 
The e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  D , f o r  PH = 14.6 p s i  

was obtained from equat ion (2) and t h e  l a g  t ime,  T . The r e s u l t s  
a r e  shown i n  Figure 11 along with d a t a  reported by F l i n t  (4) and 
by L e ~ i n ( ~ )  
was obtained from 

2 

I n  a d d i t i o n ,  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  

2 S (H2>Pd R cm 
A s e c  ' D*= 1.32 (4 )  

where P i s  the  pressure  measured i n  t h e  s t eady- s t a t e  runs ,  ? S (H2) i s  t h e  e f f e c t i v e  pumping speed f o r  hydrogen a t  t h e  d i f -  
f g s e r ,  R 
The pumping speed of t h e  system was determined f o r  argon i n  an 
a u x i l i a r y  experiment with a porous Vycor plug whose conduct- 

P ance i s  accu ra t e ly  known. Using f r e e  molecular flow theory S 
f o r  hydrogen was ca l cu la t ed  t o  be 24 l i t e r s / s e c o n d .  The value 
of D' t hus  determined i s  a l s o  p l o t t e d  i n  Figure 11 where c l o s e  
agreement i s  seen with t h e  l e a s t  squares  f i t  t o  t h e  p o i n t s  
obtained from t h e  pressure  change technique. 

i s  t h e  th ickness  of t h e  d i f f u s e r ,  and A i s  i t s  a rea .  

4 . 4  Thermal Pulse  Dif fus ion  Experiments 

P u l s e s  of hydrogen gas with f l a t  tops  -up t o  30 seconds i n  
du ra t ion  were generated,  s t a r t i n g  from var ious  i n i t i a l  d i f f u s e r  
temperatures.  Background was subt rac ted  from t h e  pressure  
reached a t  t h e  p l a t eau  s i m i l a r  t o  t h e  method used i n  reduct ion 

2 1  
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of the  s t eady- s t a t e  d a t a .  Table I1 summarizes the  average 
value of p e r t i n e n t  parameters f o r  each sub-group of pu l se s  hav- 
ing  t h e  same peak temperature. These da ta  were taken over  a 
per iod of more than  a week a t  var ious pu l se  amplitudes and 
i n i t i a l  temperatures.  Only 10 seconds of the  p l a t eau  were 
considered i n  t h a t  summary, t h e  p re s su re  constancy over  t h e  
i n t e r v a l  being b e t t e r  than  +1% i n  general .  
p l o t  of t h e  logarithm of(P 

Figure 12 i s  a 
) versus 1 / T  f o r  t h e  p la teau-  ' i n i t i a l  

average values  above, a l s o ,  t h e  least  squares  f i t  t o  a s t r a i g h t  
l i n e  i s  p l o t t e d .  The l e a s t  squares s lope  i s  seen t o  d i f f e r  from 
t h a t  of t he  s t eady- s t a t e  p o i n t s  f o r  t h e  same pressure  range by 
less than 6%. 
found i n  t h e  s t eady- s t a t e  experiments t h a t  temperature equ i l ib -  
rium was not reached i n  t h e  t h r e e  minutes used i n  t h e  pu l se  
runs but  r a t h e r  took up t o  25 minutes i n  some cases .  I n  a d d i -  
t i o n ,  t h e  number of s t eady- s t a t e  h igh  pressure  p o i n t s  i s  s m a l l  
(one poin t  above 3 x Tor r  (H2)) and, t he re fo re ,  t h e  high 
pressure  d a t  i s  less r e l i a b l e .  For example, l eav ing  out  t h e  
poin t  a t  10' Torr  causes the  l e a s t  squares  s lope  t o  change 
from -3045 t o  -2929. 
s t eady- s t a t e  s lope  f o r  p o i n t s  i n  t h e  same pressure  range. 

Some v a r i a t i o n  would be expected s ince  i t  was 

f? 
The l a t t e r  s lope  i s  wi th in  2% of t h e  

I n  o rde r  t o  t es t  t h e  e f f e c t  of i n i t i a l  temperature on the  
d a t a ,  a l l  runs with a p l a t eau  temperature i n  t h e  v i c i n i t y  of 
515'K w e r e  cor rec ted  t o  515OK, using t h e  l e a s t  squares  f i t  f o r  
t h e  pulse  runs. F igure  13 shows a p l o t  of (P p la teau-  ' i n i t i a l  1 
f o r  515OK versus i n i t i a l  temperature., It i s  seen t h a t  t h e  e f -  
f e c t  of i n i t i a l  temperature i s  n e g l i g i b l e  i f  t h e  background 
sub t r ac t ion  scheme i s  followed. 

4.5 Pressure  Decay Following a Ca l ib ra t ion  Pulse  

It has  a l ready  been shown t h a t  t h e  d i f f u s i o n  t i m e  lag,-r, i s  
sho r t  a t  high temperatures. I t ,  t h e r e f o r e ,  i s  an t i c ipa t ed  t h a t  
t h e  pressure  decay r a t e  fol lowing a c a l i b r a t i o n  pu l se  would be 
a func t ion  of t h e  d i f f u s e r  temperature decay ra te  only ( a t  
l e a s t  f o r  high t o  moderate d i f f u s e r  temperatures).  
i t  i s  found experimental ly  t h a t  t he  observed pressure  decay 
ra te  i s  slower than  t h a t  ca l cu la t ed  from t h e  observed temper- 
a t u r e  decay ra te .  Thus, t he  hydrogen pressure  i n  t h e  c a l i b r a -  
t o r  i s  h ighe r  than  t h a t  corresponding t o  s t eady- s t a t e  d i f f u s i o n  
a t  t h e  instantaneous temperature of t h e  d i f f u s e r  during cool- 
down. 

However, 
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where, 

N 

Ti 

T 
P 

'i 

P 

E 

v 

P 

= Number of d a t a  po in t s  considered 

= I n i t i a l  temperature of d i f f u s e r  

= Dif fuse r  temperature during pu l se  p l a t eau  

= I n i t i a l  p re s su re  i n  d i f f u s e r  magnetron 

= Pressure  i n  d i f f u s e r  magnetron dur ing  pu l se  p l a t eau  

= Standard e r r o r  i n  (P - I?.) for pu l se  series 
P =  

= Voltage appl ied t o  system 

W 

I = Current through d i f f u s e r  dur ing  pu l se  p l a t eau  

= Maximum measured power d i s s i p a t i o n  max 

P 

Note: W was the  power d i s s i p a t i o n  observed seconds a f t e r  

t h e  vol tage  was appl ied.  The i n i t i a l  power drawn with t h e  
f i lament  cold was s l i g h t l y  h igher .  

max 
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I n  a d d i t i o n  t o  hydrogen adsorpt ion on t h e  su r faces  of t h e  
e l ec t rodes  and vacuum enclosure ,  t h e r e  a r e  a t  l e a s t  two o t h e r  
poss ib l e  causes of t h i s  behavior ,  F i r s t ,  t he  hydrogen concen- 
t r a t i o n  wi th in  t h e  d i f f u s e r  w a l l  a t  any i n s t a n t  may be t h a t  
corresponding t o  a h igher  temperature i f  r e l a x a t i o n  of t h e  con- 
c e n t r a t i o n  d i s t r i b u t i o n  i s  a slower process  than cooldown ( t h i s  
must happen if the  d i f f u s e r  temperature i s  s u f f i c i e n t l y  low), 
The s o l u b i l i t y  of hydrogen i n  s t a i n l e s s  s t e e l  i nc reases  with 
temperature. The hydrogen concent ra t ion  d i s t r i b u t i o n  co r re s -  
ponding t o  some h ighe r  temperature may be temporar i ly  "frozen- 
in" dur ing  rapid cooldown of t he  d i f f u s e r .  Thus, t h e  hydrogen 
concent ra t ion  a t  t h e  vacuum su r face  of t h e  d i f f u s e r  would always 
be h igher  during cooldown than  an equi l ibr ium concentrat ion cor-  
responding t o  t h e  instantaneous d i f f u s e r  temperatures.  There- 
f o r e ,  t h e  r a t e  a t  which gas could be desorbed from the  vacuum 
sur face  would be h ighe r  than t h a t  corresponding t o  t h e  steady- 
s t a t e  d i f f u s i o n  process  a t  t h e  instantaneous temperature. I f  
recombination t o  form molecular hydrogen on t h e  vacuum su r face  
i s  the  r a t e  l i m i t i n g  s t e p  i n  t h e  t o t a l  permeation process ,  t h e  
"frozen-in" nonequilibrium concentrat ion suggested above would 
probably not be observable.  Based on t h e  assumption t h a t  t h e  
hydrogen concent ra t ion  becomes "frozen" a t  about 700°K, (a  con- 
s e r v a t i v e  assumption based on t h e  d a t a  i n  Figure l o ) ,  quan t i t a -  
t i v e  e s t ima tes  of t h e  t o t a l  number of hydrogen atoms i n  o r  near  
t h e  su r face  of t h e  d i f f u s e r  which would be a v a i l a b l e  f o r  desorp- 
t i o n  i n t o  t h e  vacuum can account f o r  on ly  a small  f r a c t i o n  of 
the  t o t a l  number of hydrogen molecules observed i n  t h e  c a l i b r a -  
t o r  a f t e r  t h e  d i f f u s e r  h e a t e r  power was turned o f f ,  obtained 
from t h e  t i m e  i n t e g r a l  of t h e  observed p res su re  and known con- 
ductance t o  t h e  pumping sys tem.  

The second p o s s i b l e  cause of t h e  observed reduct ion i n  
pressure  decay r a t e  fol lowing a c a l i b r a t i o n  pu l se ,  may be hydro- 
gen l i b e r a t e d  by t h e  magnetron gauge. During t h e  c a l i b r a t i o n  
pu l se  about 2% of t h e  t o t a l  d i f f u s e r  f l u x  i s  pumped by t h e  mag- 
netron gauge, - Afte r  t h e  d i f f u s e r  f l u x  i s  turned o f f  and t h e  
p re s su re  i n  t h e  c a l i b r a t o r  begins t o  decay, t h e  hydrogen ion  
cu r ren t  t o  t h e  magnetron cathode decreases .  However, t h e  quan- 
t i t y  of hydrogen burfed i n  t h e  cathode corresponds t o  a h igher  
ion  incidence r a t e .  This  gas must cont inue t o  d i f f u s e  out of t h e  
cathode y i e ld ing  an apparent hydrogen source u n t i l  t h e  q u a n t i t y  
of gas remaining i n  t h e  cathode i s  again i n  equi l ibr ium with 
t h e  (lower) ion  c u r r e n t .  It i s  not obvious how much time t h i s  
recovery process  r equ i r e s .  Since t h e  cathode i s  a t  room temper- 
a t u r e  t h e  unaided d i f f u s i o n  process  would be slow. However, 
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t h e  cathode i s  con t inua l ly  bombarded with ene rge t i c  ions  
which produce considerable  d is turbances  on an atomic s c a l e  
(temperature sp ikes)  and a s s i s t  t h e  l i b e r a t i o n  of hydrogen 
from t h e  cathode. 

It i s ,  of course,  p o s s i b l e  t h a t  a s u b s t a n t i a l  f r a c t i o n  
of t h e  hydrogen observed i n  t h e  c a l i b r a t o r  a f t e r  t h e  d i f f u s e r  
h e a t e r  power i s  turned o f f  comes from hydrogen desorp t ion  from 
t h e  su r face  wi th in  t h e  c a l i b r a t o r  where i t  had been adsorbed 
dur ing  t h e  high p res su re  p a r t  of t h e  c a l i b r a t i o n  p u l s e ,  

Severa l  experiments w e r e  conducted t o  determine t h e  a c t -  
u a l  source of hydrogen which produced t h e  apparent reduct ion  
i n  p re s su re  decay r a t e  a f t e r  a c a l i b r a t i o n  pulse .  The d i f -  
f u s e r  temperature was maintained a t  501°K for a t i m e  compar- 
a b l e  with t h e  l a g  t i m e  T a t  501OK such t h a t  equi l ibr ium con- 
c e n t r a t i o n  was e s t ab l i shed  i n  t h e  d i f f u s e r  wa l l .  Af t e r  t h e  
d i f f u s e r  h e a t e r  power was turned o f f  t h e  p re s su re  and d i f f u s e r  
temperature w e r e  measured a s  a func t ion  of t ime. The observed 
pressure  i s  p l o t t e d  i n  Figure 14, along wi th  t h e  p re s su re  c a l -  
cu la ted  f o r  s t eady- s t a t e  d i f f u s i o n  from t h e  observed in s t an -  
taneous temperature. The d i f f e r e n c e  between t h e  observed 
p res su re  time h i s t o r y  and t h a t  ca l cu la t ed  from the  in s t an tan -  
eous d i f f u s e r  temperature could r e s u l t  from e i t h e r  desorp t ion  
o r  re-emission of hydrogen pumped i o n i c a l l y .  From these  r e -  
s u l t s ,  i t  i s  not  p o s s i b l e  t o  determine t h e  l o c a t i o n  of t h e  
gas source.  

I n  another  experiment t he  d i f f u s e r  temperature was main- 
ta ined  a t  436OK f o r  an i n t e r v a l  which was less than 2% of T 

a t  436'K. Af t e r  t h e  h e a t e r  power was turned o f f  t h e  pressure  
and d i f f u s e r  temperature were recorded a s  a func t ion  of t i m e .  
Figure 15 p resen t s  t h e  observed p res su re  and t h e  pressure  c a l -  
cu la t ed  from s t e a d y - s t a t e  d i f f u s i o n  f o r  t h e  observed in s t an -  
taneous d i f f u s e r  temperature. It may be seen t h a t  t h e  d i f f e r -  
ence between t h e  two curves i s  s u b s t a n t i a l l y  l e s s  than  i n  Figure 
14. It i s  not p o s s i b l e  t o  give an unambiguous explanat ion f o r  
t h e  c l o s e r  agreement between t h e  two curves s ince  maintaining 
peak d i f f u s e r  temperature f o r  a s h o r t  period compared t o  T 
would prevent t h e  establ ishment  of equi l ibr ium concent ra t ion  
a t  436OK and a l s o  maintaining peak pressure  f o r  a s h o r t  period 
would reduce t h e  number of i ons  t h a t  could be buried i n  t h e  
magnetron cathode, and a t  t h e  same t i m e ,  reduce t h e  t o t a l  num- 
b e r  of hydrogen molecules adsorbed on t h e  su r faces  of t h e  ca l -  
i b r a t o r .  
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The importance of t h i s  e f f e c t  may be appreciated from t h e  

Torr  (H2) and equi l ibr ium 
following experimental  r e s u l t s .  The d i f f u s e r  was heated t o  
615OK corresponding t o  P 
hydrogen concent ra t ion  d i s t r i b u t i o n  was e s t ab l i shed .  Heater  
power was removed and a f t e r  cooldown t h e  d i f f u s e r  maintained 
a t  295OK f o r  2.5 days. Th i s  per iod i s  shor t  compared t o  the  
t i m e  l a g  period a t  295'K which may be determined by extrapo- 
l a t i n g  t h e  measured t i m e  l a g  d a t a  given i n  Figure 10 t o  y i e ld  
T = 116 days. The observed p res su re  a f t e r  t h e  2.5 day  decay 
per iod was 3 x Torr ,  which corresponds t o  t h e  steady- 
s t a t e  d i f f u s i o n  r a t e  f o r  a d i f f u s e r  temperature of 345OK, i f  
t h e r e  w e r e  no o t h e r  sources  of hydrogen. 

= 2 x ? 

4.6 Three Level Pulse  Experiments 

The p r a c t i c a b i l i t y  o producin c a l i b r a t i o n  pu l ses  i n  t h e  

i n s e r t i o n  r e s i s t a n c e  and f ixed  power supply vol tage by varying 
t h e  hea t ing  period p r i o r  t o  r e s i s t o r  i n s e r t i o n  was inves t iga t ed .  
The vol tage was chosen such t h a t  t h e  t i m e  required t o  reach 
- l o m 7  Torr  was l e s s  than 3 minutes ,  
i n s e r t e d  i n  series with t h e  d i f f u s e r  h e a t e r  was chosen such 
t h a t  t h e  peak p res su re  remained cons tan t  w i t h i n  1.0% f o r  30 
seconds f o r  a pu l se  he ight  of - 
shown i n  Figure 16. 
t h e  high and low pressure  pu l ses  do not remain constant  t o  
b e t t e r  than  - +14% End +23% respec t ive ly .  

neighborhood of l om9 ,  10' 6 , and lo-$ Torr  (H2) a l l  with a s i n g l e  

The value of t h e  r e s i s t o r  

Torr  (H2) ., The r e s u l t s  a r e  
It may be seen t h a t  t h e  peak h e i g h t s  of 

From these  r e s u l t s ,  i t  i s  concluded t h a t  t h e  power d i s -  
s ipa ted  i n  t h e  d i f f u s e r  h e a t e r  must be d i f f e r e n t  f o r  each 
d i f f e r e n t  he ight  c a l i b r a t i o n  pu l se .  This  may be most e f f i c -  
i e n t l y  accomplished by providing a number of r e s i s t o r s ,  one 
t a i l o r e d  t o  s a t i s f y  t h e  d i s s a p a t i o n  required i n  t h e  d i f f u s e r  
h e a t e r  t o  main ta in  cons tan t  temperature f o r  each c a l i b r a t i o n  
pulse  he igh t  des i r ed .  

4.7 Dif fus ive  Flow Dependence on Pressure  

The f l u x  f o r  a diatomic gas which r e a c t s  with the  su r face  
and d i f f u s e s  through a s o l i d  a s  atoms, recombining t o  desorb 
i n t o  t h e  vacuum a s  molecules i s  given by 
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where,S(T) i s  t h e  gas  s o l u b i l i t y  i n  t h e  s o l i d ,  D(T) i s  t h e  
d i f f u s i o n  c o e f f i c i e n t ,  A i s  t h e  a rea  of t h e  s o l i d  t h r u  which 
t h e  gas i s  d i f f u s i n g ,  R i s  t h e  length  of t h e  s o l i d ,  Ph i s  t h e  
high s i d e  p re s su re ,  and E i s  t h e  a c t i v a t i o n  energy f o r  t h e  
d i f f u s i o n  process.  

This  i s  considered t h e  flow mechanism i n  Mark 111 Calibra-  
t o r .  
r e l a t e d  t o  t h i s  f l o w  r a t e  by 

The p res su re  on t h e  vacuum s i d e  of t h e  d i f f u s e r  Pd, i s  

i j = P S  
d P  

where,S i s  t h e  e f f e c t i n g  pumping speed of t h e  s y s t e m ,  includ-  
i n g  t h e  e f f e c t s  of i o n i c  pumping by the  gauge. 
h igh  s i d e  p re s su re  Ph i s  changed a t  cons tan t  temperature,  i t  i s  
expected t h a t  

P Thus, i f  t h e  

where , i  r e f e r s  t o  i n i t i a l  and f t o  f i n a l  p re s su res ,  respec t ive-  
l y .  
s u l t s  a r e  given i n  Table 111. 
from monatomic d i f f u s i o n  inc rease  with temperature (except f o r  
t h e  po in t  a t  651°K which has  a r e l a t i v e l y  small  d e v i a t i o n ) .  
This  impl ies  t h a t  a small  f r a c t i o n  of t h e  hydrogen i s  d i f f u s -  
i ng  a s  molecular hydrogen. 
appears t o  inc rease  exponent ia l ly  with temperature.  

This  r e l a t i o n  has  been t e s t e d  experimental ly  and t h e  re- 
It may be seen t h a t  dev ia t ions  

The dev ia t ion  from atomic d i f f u s i o n  

4.8 Act iva t ion  Energy f o r  Di f fus ion  

The a c t i v a t i o n  energy i n  t h e  d i f f u s i o n  process  may be ob- 
such a s  Figures  7 ,  t a ined  from t h e  s lope  of t h e  Arrenius p l o  

8 ,  o r  11. I f  only t h e  d a t a  above 4 x lo-'' Torr (H2) i s  con- 
s ide red ,  i n  o rde r  t o  leave out t h e  e f f e c t  of t h e  "background" 
then t h e  average s lope  from t h e s e  t h r e e  f i g u r e s  i s  found t o  be 

- -  E - - 6540 +50 Degrees, - k 
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'h i 
p s i  

TABLE T I 1  

COMPARISON OF OBSERVED Pd WITH DIFFUSION 

FOR MARK 111 CALIBRATOR 

i 'd 
'hfY Temp 9 

K 0 p s i  

THEORY 

Devia t ion  
from Theory, 

pe rcen t  

14.6 29.5 594 0.7062 N . 4  

14.6 29.5 607 0.6950 -1.2 

29.5 14.6 6 51 1.448 +1.8 

14.6 29.5 6 56 0.7370 +4,8 

29.5 14.6 770  1.597 +12.2 

The d e v i a t i o n  from theory i n  t h e  l a s t  column i s  def ined a s :  
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f r o m  which i t  fol lows t h a t  t h e  a c t i v a t i o n  energy f o r  d i f f u s i o n  
of Hydrogen t h r u  s t a i n l e s s  s teel  i s  13.0 k i l o c a l o r i e s  p e r  mole. 

5. CONCLUSION AND DISCUSSIONS 

The p r i n c i p a l  design changes i n  Mark 111 C a l i b r a t o r  ( r e l a -  
t i v e  t o  Mark 11) were made with t h e  expec ta t ion  of achieving a 
w e l l  def ined isothermal  d i f f u s e r  a r e a ,  f a s t e r  thermal response,  
and a l a r g e r  dynamic range. 
and 1 2 ,  i t  may be concluded t h a t  t h e  a c t u a l  d i f f u s i n g  a r e a  i s  
independent of temperature and t h a t  t he  d i f f u s e r  i s  isothermal.  
These d a t a  a l s o  imply t h a t  t h e  d i f f u s e r  hydrogen f l u x  dynamic 
r an  e i s  about 3 x lo5 f o r  t h e  temperature i n t e r v a l  777OK t o  
323 K. The l a t t e r  number was def ined t o  be t h e  maximum space- 
c r a f t  temperature and, t h e r e f o r e ,  t h e  maximum hea t  s ink  temper- 
a t u r e .  

From t h e  l i n e a r i t y  of F igures  8 

% 

Data s i m i l a r  t o  t h a t  presented i n  Figure 16 v e r i f y  t h a t  
t h e  peak p res su re  of a c a l i b r a t i o n  pu l se  may be maintained f o r  
t i m e  i n t e r v a l s  of t h e  o rde r  of 30 seconds wi th  less than  1.0% 
pres su re  v a r i a t i o n s ,  but  t h e s e  d a t a  a l s o  imply t h a t  s epa ra t e  
i n s e r t i o n  r e s i s t o r s  a r e  required f o r  each c a l i b r a t i o n  pu l se  
he ight  i f  i n - f l i g h t  s t e p  c a l i b r a t i o n s  of t h e  d e t e c t o r  are  t o  be 
performed over a r e l a t i v e l y  l a r g e  dynamic range. However, i f  
d a t a  sampling i s  f r equen t ,  c a l i b r a t i o n  may be continuous over  

seconds. Thus, t h e  f u l l  dynamic range of t h e  d i f f u s e r  may be 
used by f i x i n g  t h e  d i f f u s e r  h e a t e r  c i r c u i t  r e s i s t a n c e  such t h a t  
t h e  des i r ed  temperature r ise  r a t e  i s  obtained f o r  t h e  onboard 
power supply ava i l ab le .  I n  t h i s  continuous c a l i b r a t i o n  mode, 
t h e  ins tan taneous  c a l i b r a t i o n  p res su re  i s  determined from t h e  
measured ins tan taneous  d i f f u s e r  temperature and t h e  c a l i b r a t i o n  
range i s  determined by t h e  h e a t i n g  per iod.  

some spec i f i ed  t i m e  i n t e r v a l ,  f o r  example, between 10 and 10 2 

For i n - f l i g h t  c a l i b r a t i o n s  corresponding t o  e x t e r n a l  pres -  
su res  i n  t h e  mid t o  h igh  pressure  range of t h e  d e t e c t o r ,  t h e  
observed p res su re  decay r a t e  i s  such t h a t  15 minut'es a f t e r  t h e  
c a l i b r a t i o n  pu l se  t h e  background assoc ia ted  with t h e  c a l i b r a t i o n  
p u l s e  (from a l l  sources) i s  only a f e w  percent  of t h e  e x t e r n a l  
p re s su re  i f  t he  c a l i b r a t i o n  p u l s e  i s  no more than an order  of 
magnitude h ighe r  than  t h e  e x t e r n a l  pressure .  However, nea r  t h e  
low end of t h e  d e t e c t o r  p re s su re  range, t h e  observed decay r a t e  
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i n d i c a t e s  t h a t  cons iderable  a t t e n t i o n  must be given t o  minimi- 
za t ion  of t h e  r e s i d u a l  f l u x  fol lowing a c a l i b r a t i o n  pulse .  The 
fol lowing a c t i o n s  a r e  considered necessary o r  d e s i r a b l e  i n  ap- 
p l i c a t i o n s  of t h e  techniques developed he re  t o  i n - f l i g h t  c a l i -  
b r a t i o n  : 

The continuous c a l i b r a t i o n  mode i s  favored over  
t h e  s t e p  c a l i b r a t i o n  mode. 

The c a l i b r a t i o n  pu l se  he ight  should be no l a r g e r  
than  an o rde r  of magnitude above t h e  e x t e r n a l  
pressure  near  t h e  high pressure  end of t h e  dynamic 
range of t h e  d e t e c t o r  and perhaps no more than a 
f a c t o r  of 3 above t h e  e x t e r n a l  pressure  near  t h e  
low p res su re  end of t h e  d e t e c t o r  dynamic range. 

The c a l i b r a t i o n  pu l se  period should be a s  s h o r t  a s  
poss ib le .  

The pumping speed of t h e  d e t e c t o r  should be a s  
small  a s  poss ib l e .  

The e x t e r n a l  conductance should be s m a l l  but  l a r g e  
compared t o  t h e  pumping speed of t h e  d e t e c t o r .  

The i n t e r n a l  su r f ace  a rea  of t h e  d e t e c t o r  should 
be a s  small  a s  poss ib le .  

The d i f f u s e r  a rea  should be chosen such t h a t  t h e  
maximum c a l i b r a t i o n  required i s  obtained only a t  t h e  
maximum s a f e  d i f f u s e r  temperature (probably s e v e r a l  
hundred degrees  h ighe r  than  t h e  maximum temperature 
used h e r e ) .  

These a c t i o n s  a s su re  t h a t  t h e  quan t i ty  of gas l i b e r a t e d  t o  pro- 
duce a given he igh t  c a l i b r a t i o n  pulse  i s  minimized, t h a t  gas 
adsorp t ion  wi th in  t h e  d e t e c t o r  i s  minimized, and t h a t  t h e  a rea  
of t h e  d i f f u s e r  i s  minimized, t hus ,  minimizing t h e  t i m e  re- 
quired f o r  recovery a f t e r  c a l i b r a t i o n .  The u s e f u l  c a l i b r a t i o n  
pressure  dynamic range achieved i n  a s p e c i f i c  f l i g h t  appl ica-  
t i o n  w i l l  depend on t h e  degree t o  which these  requirements a r e  
s a t i s f i e d .  

The r e s u l t s  obtained i n  t h i s  work may be summarized, f o r  
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a p p l i c a t i o n  t o  t h e  des ign  of an i n - f l i g h t  c a l i b r a t o r ,  a s  f o l -  
lows: 
mal t h i n  w a l l ,  304L s t a i n l e s s  s tee l  d i f f u s e r  tube i s  given by: 

The equi l ibr ium hydrogen f l u x  l i b e r a t e d  from an i s o t h e r -  

where, -1 -1 -4 = 2.668 x sec cm Torr  c1 
C2 = -6608,OK 

A = Area of d i f f u s e r ,  em 2 

% = Wall th ickness  of d i f f u s e r ,  cm 

= Hydrogen supply p re s su re ,  Torr  ’h 

T = D i f f u s e r  temperature,  K 0 

The hydrogen d e n s i t y  w i t h i n  t h e  d e t e c t o r  enclosure i s  then  given 
by: 

L 

= Enclosure exhaust conductance f o r  hydrogen a t  t h e  where’ “2 
3 temperature of t h e  enc losure ,  cm /sec.  

Due t o  u n c e r t a i n t i e s  i n  e s t ima t ing  t h e  e f f e c t i v e  a rea  f o r  
hydrogen d i f f u s i o n  i n  t h e  d i f f u s e r  used, C may be i n  e r r o r  by 
a s  much a s  10%. 
high temperature p o r t i o n  of t h e  d a t a  and may t h e r e f o r e  p r e d i c t  
a hydrogen f l u x ,  which i s  low a t  low temperatures.  

1 The value of C2 given above was taken from t h e  
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