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Summary 

R e v e r s i b l e   i n t e r a c t i o n  of   hydrogen   wi th   cer ta in  
metals and a l l o y s   h a v e  beem employed t o   e f f e c t i v e l y  
s a t i s f y   t h e   h y d r o g e n   s u p p l y  and flow r e g u l a t i o n ,  as 
well as vacuum maintenance  requirements  of a hydrogen 
maser. In a d d i t i o n   t o   p r o v i d i n g   s i g n i f i c a n t   r e d u c -  
t i o n s  in maser s i ze ,   we igh t  and power consumption, 
the   hydr ide   components   a l so  lead t o  improved  system 
r e l i a b i l i t y .  A hydrogen   supply   for   seven   years  o €  
o p e r a t i o n  of a n   o s c i l l a t i n g  compact maser can  be 
s t o r e d  in 50 grams of LaNi5 or LaNi, . 7 A l o  . 3 .  The 
source   occup ies  a volume of less than  50 cc, 
i n c l u d i n g   a n   e l e c t r i c a l l y   c o n t r o l l e d   p a l l a d i u m - s i l v e r  
a l l o y   f l o w   r e g u l a t o r .  A combina t ion   ge t te r - ion  
vacuum pump s y s t e m   f o r   t h e  maser was developed  using 
a z i r c o n i u m   g r a p h i t e   g e t t e r .   O p e r a t i o n a l   e x p e r i e n c e  
i n d i c a t e s   t h a t  €or r e l i a b l e  maser o p e r a t i o n ,  a c l e a n ,  
bakeable  vacuum system  design is a c r i t i c a l  
requirement .  

I n t r o d u c t i o n  

The o p e r a t i o n  of the   hydrogen   maser   requi res  a 
s t e a d y   s u p p l y  of s t a t e  selected  hydrogen  a toms.  
Fu r the rmore ,   s igna l - to -no i se   r a t io  and a t o m i c   t r a n s i -  
t i o n   l i n e w i d t h   c o n s i d e r a t i o n s   d i c t a t e   t h a t   t h e   a t o m i c  
resonance  be  observed in a high vacuum environment.  
In conven t iona l  maser designs  a tomic  hydrogen is 
ob ta ined  by d issoc ia t ing   hydrogen   molecules  in a 
rad io   f requency   d i scharge .   The   supply  of molecular  
hydrogen is t y p i c a l l y   s t o r e d  in a vesse l   under   h igh  
p r e s s u r e s .  A s p u t t e r i n g  ion pump is used   to  pump 
away t h e   s p e n t   g a s  and o t h e r   o u t g a s s i n g   p r o d u c t s   t o  
ma in ta in   t he   r equ i r ed   h igh  vacuum for maser opera- 
t i o n .  Both t h e   p r e s s u r e   v e s s e l   ( a n d   t h e   a s s o c i a t e d  
f l o w   r e g u l a t o r )  and t h e  ion pump hav ing   t he   capac i ty  
to   handle   the   gas   load   a lone   a re   bu lky   components  
which c o n s t i t u t e  a s i g n i f i c a n t   p o r t i o n  of t h e   s i z e  
and weight  of  the maser. F o r   f i e l d   o p e r a b l e   d e v i c e s ,  
and e s p e c i a l l y   d e v i c e s   f o r   s p a c e b o r n e   a p p l i c a t i o n s ,  
s i z e ,   w e i g h t  and  power consumption are important  
cons ide ra t ions .   Moreove r ,   t he  ion pump has  been 
t r o u b l e   p r o n e ,   c a u s i n g   r e l i a b i l i t y   p r o b l e m s .   I n d e e d ,  
most maser f a i l u r e s  are t r a c e a b l e   t o  ion pump mal- 
f u n c t i o n s .  It is t h e r e f o r e   d e s i r a b l e   t o   e l i m i n a t e  
t h e  ion pump, or at  least minimize its r o l e  in maser 
vacuum maintenance.  

?+any metals and a l l o y s  react r e v e r s i b l y   w i t h  
hydrogen  to   form compounds  termed  hydrides.  The 
g r e a t   a f f i n i t y   f o r   h y d r o g e n  and o t h e r   p r o p e r t i e s  of 
s e l e c t e d  metals and a l loys   can   be   explo i ted   to   p ro-  
v i d e   e f f e c t i v e   r e m e d i e s   f o r   g a s   h a n d l i n g  and vacuum 
maintenance  requirements  in the   a tomic  hydrogen 
maser. In t h i s   p a p e r ,  we w i l l  d i s c u s s  a hydrogen 
supply and a vacuum pump f o r   t h e  maser employing 
h y d r i d e   i n t e r a c t i o n .  

*This work has  been  supported  by  the  Naval   Research 
Labora to ry   unde r   con t r ac t s  N00014-82-C-2016 and 
N00014-83-C-2023. 
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Hydrogen  Storage  Using  Hydrides 

The  technique of hydrogen   s torage  in hydr ides  
makes u s e   o f   t h e   r e v e r s i b l e   r e a c t i o n  of a s o l i d  
metal, M, with  gaseous  hydrogen,  H Z ,  t o  form a s o l i d  
metal hydr ide ,  MH,, a c c o r d i n g   t o   t h e   e q u a t i o n ,  

2 M + H2 2 MHx + h e a t  . 
X X 

T h e   r e v e r s i b l e   r e a c t i o n  means that   hydrogen  can  be 
s t o r e d   o r   d i s c h a r g e d  a t  w i l l ,  ana logous   t o  a water 
sponge or a r echa rgeab le  e lectr ic  b a t t e r y .  A t  a 
g iven   t empera tu re ,  T,  t h e   e q u i l i b r i u m   d i s s o c i a t i o n  
p r e s s u r e ,  P,  f o r  a charged  hydride i s  r e l a t i v e l y  
c o n s t a n t ,  at least in the0ry.l  In p r a c t i c a l   s t o r a g e  
m e d i a ,   t h e   d i s s o c i a t i o n   p r e s s u r e  may depend on t h e  
hydrogen  content ,   as  shown by the   hydrogen   absorp t ion  
and d e s o r p t i o n   c h a r a c t e r i s t i c s  of a 50 gram sample of 
LaNi,, . 7 A 1 0  . 3  a t  room t empera tu re  in Figures  1 and 2 .  
On t h e   o t h e r   h a n d ,   t h e   d i s s o c i a t i o n   p r e s s u r e  i s  a 
s e n s i t i v e   f u n c t i o n  of t empera tu re  and is desc r ibed  by 
t h e   v a n ' t  Hoff equa t ion ,  

where AH is t h e   h e a t  of r e a c t i o n  and R is t h e   g a s  
c o n s t a n t .  For a s p e c i f i c   a p p l i c a t i o n ,  
t h e   s t o r a g e  medium is s e l e c t e d   t o   s a t i s f y   w o r k i n g  
t empera tu re  and pressure   requi rements .  

Recent   meta l lurg ica l   advances  had made a v a r i e t y  
o f   med ia   su i t ab le   fo r   hydrogen   s to rage   r ead i ly   ava i l -  
a b l e .  Some hydr ides  and the i r   hydrogen   s torage   char -  
a c t e r i s t i c s  are shown in Table I. Hydrogen d e n s i t y  
in a gas at a p r e s s u r e  of 100 atmospheres and in 
l iqu id   hydrogen  are a l s o  shown for   comparison.  It is 
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HYDROGEN  ABSORBED,   MOLES 

F i g u r e  1. Hydrogen  s torage in LaNi,.,Al,.,: 
Absorp t ion  (50 grams  sample). 
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HYDROGEN  REMOVED,   MOLES 

F i g u r e  2 .  Hydrogen  storage in LaNi, . 7 A l , .  j :  

Desorpt ion ( 5 0  grams  sample). 

TABLE 1. Hydrogen  Storage in Metal   Hydrides  

MEDIUM 

U - un3 

Mg - MgHZ 

LaNq5 - LaNm5H6 

L ~ N N ~  ,AIo - LaN14 ,AIo p 6  

H2. GAS AT 100 a m  

HZ. LIQUID 

HYDROGEN  CONTENT  DISSOCIATION 
PRESSURE AT 

W% n 25 O c ,  a m  H-atom/mL x 10-22 

1 3  

S S I 10-7 6 7  7 6  

2.5 )L 10-9 8 3  

1 s  1 65 76 

1 4  0 42 7 2  

100 a 5  

100 4 2  

REACTION 
HEAT OF 

H kcalimole-H 

-20.2 

-18 5 

-7 4 

-8 1 

i n t e r e s t i n g   t o   n o t e   t h a t  volume f o r  volume, the s o l i d  
hydr ides   have   hydrogen   con ten t s   g rea t e r   t han   t ha t   i n  
l i qu id   hydrogen .   Need les s   t o   s ay ,   t he   hydr ide   s to r -  
age  is more e n e r g y   e f f i c i e n t  and incomparably   sa fer  
than  l iquid  hydrogen.   Uranium  hydride  has   been  used 
t o   p r o v i d e   s p e c t r o s c o p i c a l l y   p u r e   h y d r o g e n  samples. 
However, s ince   bo th   u ran ium and u ran ium  hydr ide   a r e  
py rophor i c   i n   f i ne ly   d iv ided   fo rm,   t hey   p re sen t  
handl ing   problems.   Bes ides ,   to   ob ta in   hydrogen   a t  
r e a s o n a b l e   p r e s s u r e s ,   t h e   h y d r i d e   h a s   t o   b e   h e a t e d   t o  
h igh   tempera tures .  The requirement  of e l e v a t e d  tem- 
p e r a t u r e s   a l s o   a p p l i e s   t o  magnesium  and o t h e r   s i m i l a r  
b ina ry   hydr ides  which o the rwise   p rov ide  a very   favor-  
ab le   hydrogen   dens i ty   t o   we igh t   r a t io .  

Several   hydrides   have  been  used  to   provide a 
hydrogen   supply   for   the  maser.2 We have   chosen   to  
inves t iga t e   mi schmeta l   hydr ides  as poss ib l e   mase r  
hydrogen  s torage  media .   The  technique  has  a number 
of d e s i r a b l e   F e a t u r e s :  

(l) h igh   dens i ty   hydrogen   s to rage ,   l ead ing   t o  a 
compact  and l igh tweight   package;  ( 2 )  au tomat ic  
p u r i f i c a t i o n  of  hydrogen  during  the  charging  and 
d i s c h a r g i n g   c y c l e ;  and ( 3 )  d i s s o c i a t i o n   o c c u r r i n g   a t  
room tempera ture  at a p r e s s u r e  of t h e   o r d e r  of one 
atmosphere.   Thus,   nei ther  a bulky  mechanical 
r e g u l a t o r   ( f o r   h i g h   g a s   p r e s s u r e )   n o r  a power 
consuming h e a t e r   ( f o r   h y d r i d e s   w i t h   t o o  low a 
d i s s o c i a t i o n   p r e s s u r e )  is needed;  and ( 4 )  t h e  
d i s c h a r g e  is endothermic,   making  hydride  s torage 
i n h e r e n t l y   s a f e r   t h a n   p r e s s u r e   v e s s e l   s t o r a g e .  In 
add i t ion ,   due  to t h e  low hydrogen   f low  ra te  in t h e  
maser, no e x t e r n a l   h e a t e r  i s  r e q u i r e d .  

Our e x p e r i m e n t a l   i n v e s t i g a t i o n s   c e n t e r e d  on  
LaNi5 (HY-STOR 2 0 5 )  and LaNi,, .7A10 .3 (HY-STOR 207).3 

The c a p a c i t y  of t hese   hydr ides  is s u c h   t h a t   t h e  
hydrogen   supply   for  7 y e a r s   o p e r a t i o n   o f   a n  
o s c i l l a t i n g  compact  hydrogen maser can   be   s tored  in 
about  50 grams  of t he   ma te r i a l s ,   occupy ing  a volume 
of  about 7 cc. Hydrogen s t o r a g e   c h a r a c t e r i s t i c s   f o r  
a 50 gram sample  of LaNi, .7A10 . j  a r e  shown i n   F i g u r e s  
l and 2. The da ta   were   t aken  at room tempera ture .  A 
p ro to type   hydrogen   supp ly   fo r   t he  maser u s i n g  L a N i 5  
was s u c c e s s f u l l y   t e s t e d  on an   ope ra t ing  maser. Even 
though   t he   d i s soc ia t ion   p re s su re   o f  LaNiSHb is only  
1.6 atmosphere a t  25"C, the   exponent ia l   dependence on 
t e m p e r a t u r e   a c c o r d i n g   t o   t h e   v a n ' t  Hoff e q u a t i o n  
means t h a t  i t  w i l l  i n c r e a s e   t o  2 0  atmosphere a t  
100°C. To s impl i fy   con ta ine r   des ign ,  a h y d r i d e   w i t h  
l o w e r   d i s s o c i a t i o n   p r e s s u r e  would be more d e s i r a b l e .  
HY-STOR 207 (LaNi, . 7 A l u  . 3 )  was found t o   s a t i s f y   t h e  
requi rements .  The hydr ide   can   be   charged  at 
r e l . a t i v e l y  low p res su res   ( abou t  1 t o  2 atmospheres a t  
room t e m p e r a t u r e s ) .   T h e   d i s s o c i a t i o n   p r e s s u r e   o f  
t h e   h y d r i d e   a t  25°C is only  about 0.4 atmospheres ,  
i n c r e a s i n g   t o   a b o u t  7 atmospheres at 100°C. A 
hydrogen   supp ly   sys t an   fo r   t he  maser inc lud ing   an  
in t eg ra t ed   pa l l ad ium-s i lve r   a l l oy   f l ow  r egu la to r  is 
shown in F i g u r e  3 .  

The Pd-Ag f low  r egu la to r  i s  another  example  of 
t h e   a p p l i c a t i o n  o f   h y d r i d i n g   i n t e r a c t i o n   t o  maser gas  
handling  requirements.   Hydrogen  permeates  the wall 
o f   t h e  Pd-Ag tube.   The  f lux,  J ,  p e r   u n i t   a r e a ,  A,  is 
p r o p o r t i o n a l   t o   t h e   c o n c e n t r a t i o n   g r a d i e n t ,   d c / d r   o f  
h y d r o g e n   i n   t h e   a l l o y .  

J / A  = -Ddc/dr . 
The d i f f u s i o n   c o e f f i c i e n t ,  D ,  obeys  Arrhenius 
r e l a t i o n ,  

D = Do exp(-Ea/kT) . 
For Pd-Ag ( 8 0 / 2 0 )  a l l o y ,  Do = 3 . 4  x C ~ ~ S - ~  

(Ref .  l ) ,  and t h e   a c t i v a t i o n   e n e r g y  Ea = 5.35 k c a l  
gm-atom-'. The exponent ia l   dependence  on t empera ture  
of the   hydrogen   permeat ion   ra te  is conven ien t ly   u sed  
t o   p r o v i d e   a n   e l e c t r i c a l l y   c o n t r o l l e d   h y d r o g e n   f l o w  
fo r   t he   mase r .  

G e t t e r  Pump f o r   t h e  Maser 

Chemical   get ters   have  been  widely  used in h i g h  
vacuum systems and e l e c t r o n i c   t u b e s .   U n t i l   r e c e n t l y ,  
t hey   have   no t   been   s e r ious ly   cons ide red   fo r   u se   i n  
the   maser .   This  is p r o b a b l y   d u e   t o   t h e   f a c t   t h a t   t h e  
more f a m i l i a r   e v a p o r a b l e   g e t t e r s  are i n c o n v e n i e n t   t o  
u s e  and have   ve ry   l imi t ed   capac i ty .  

Dur ing   the  l as t  s e v e r a l   y e a r s ,  w e  have 
i n v e s t i g a t e d   t h e   s u i t a b i l i t y  of non-evaporable 
g e t t e r s  For mase r   app l i ca t ions .  The aim of   our  
e x p e r i m e n t a l   i n v e s t i g a t i o n s  is t o   g a t h e r   d a t a  on 
g e t t e r  pump c h a r a c t e r i s t i c s  and to   de te rmine   maser  
vacuum s y s t e m   d e s i g n   c r i t e r i a .  

The  non-evaporable  zirconium  graphite  (ST-171)4 
g e t t e r  w e  s h a l l   d i s c u s s   h e r e   h a s   v e r y   a t t r a c t i v e  
f e a t u r e s :  (1) t remendous  capaci ty  and  pumping speed 
for   hydrogen;  and ( 2 )  h y d r o g e n   g e t t e r i n g   ( h y d r i d i n g ) ,  
a f t e r   a c t i v a t i o n ,   o c c u r s   a t  room tempera ture   wi thout  
any power consumpt ion .   These   fea tures  w i l l  l e a d   t o  a 
compact  and l i g h t w e i g h t  vacuum pump. On t h e   o t h e r  
h a n d ,   t h e  pumping speed of t h e   g e t t e r   f o r   o t h e r  
o u t g a s s i n g   p r o d u c t s   i n   t h e   s y s t e m  at room t e m p e r a t u r e  
is  v e r y   l i m i t e d .  The  requirement of t h e  maser is 
b e s t  met by a combinat ion vacumm  pump system 
c o n s i s t i n g  of a g e t t e r  and a small i o n  pump. The 
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F i g u r e  3 .  Schematic of a maser  hydrogen 
s u p p l y   w i t h   a n   e l e c t r i c a l l y  
c o n t r o l l e d  Pd-Ag flow 
r e g u l a t o r .  

ge t te r   handles   the   dominant   hydrogen   gas   load   whi le  
t h e  ion pump evacua te s   t he   non-ge t t e rab le  
contaminants .  

A schemat i c  of t h e   g e t t e r  pump developmental  
t e s t   s t a t l o n  is shown i n  F igu re  4 .  Our zirconium 
g r a p h i t e   g e t t e r  test sample is i n  t h e  form  of a 
h o l l o w   c y l i n d e r ,  40 mm O.D. x 25 mm I.D. x 46  m long 
and weighing 100 grams. It  is housed i n  a q u a r t z  
c o n t a i n e r   a t t a c h e d   t o   a n  all-metal vacuum 
sys tem  us ing  a f l a n g e d   m o l y - q u a r t z   t r a n s i t i o n .  The 
t r a n s p a r e n t   c o n t a i n e r  a1 lows v i s u a l   o b s e r v a t i o n   o f   t h e  
p h y s i c a l   c o n d i t i o n   o f   t h e   g e t t e r .  The tes t  s t a t i o n  i s  
p rov ided   w i th   an   i on iza t ion   gauge   fo r   p re s su re   mon i to r -  
i n g ,  a quadrupo le   mass   spec t romete r   fo r   r e s idua l   gas  
a n a l y s i s  and a 2 l i t e r / s e c  appendage  ion pump f o r  an 
e v a l u a t i o n  of t h e   i o n  pump behavior   under   l a rge   hydro-  
gcn f low  condi t ions .   Molecular   hydrogen  i s  a d m i t t e d   t o  
the   t es t   chamber   th rough a v o l t a g e   c o n t r o l l e d  Pd-Ag 
a l l o y   f l o w   r e g u l a t o r .  Hydrogen  flow rate i s  determined 
f rom  p re s su re   changes   i n  a r e s e r v o i r  of known volume. 
A c a p a c i t a n c e  manometer w i t h  a d i g i t a l   r e a d o u t  i s  used 
f o r   p r e c i s e   r e s e r v o i r   p r e s s u r e   r e a d i n g .  A l i q u i d  
n i t r o g e n   r o u g h i n g  pump i s  u s e d   f o r   i n i t i a l  pump  down 
through a bakable  metal s e a l e d   v a l v e .   P r i o r   t o   g e t t e r  
a c t i v a t i o n   a n d   d a t a   c o l l e c t i o n ,   t h e   s y s t e m  is baked   ou t  
under   h igh  vacuum. A combina t ion   ion   and   t i t an ium 
sub l ima t ion  pump i s  used   dur ing   h igh  vacuum bake   ou t  
a n d   s u b s e q u e n t   g e t t e r   a c t i v a t i o n .  

An e f f e c t i v e   a c t i v a t i o n   p r o c e d u r e  was e s t a b l i s h e d  
as fo l lows .   Us ing   an   ex te rna l   oven ,   t he   ge t t e r  i s  
h e a t e d   t o   a b o u t  925°C under   high vacuum.  The  tempera- 
t u r e  is r a i s e d   g r a d u a l l y  s o  t h a t   g e t t e r   o u t g a s s i n g   d o e s  
n o t   o v e r l o a d   t h e   i o n - t i t a n i u m   s u b l i m a t i o n  pump system. 
A f t e r   r e a c h i n g  925"C,  t he   t empera tu re  is h e l d   c o n s t a n t  

M A S S   A N A L Y Z E R  
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F i g u r e  4 .  Schematic of a g e t t e r  pump t e s t  
s t a t i o n .  

u n t i l   r e s i d u a l .   p r e s s u r e  i n  t h e  test chamber i s  about  
10-6 T o r r   o r  less. T h i s   u s u a l l y   r e q u i r e s   o n e   w o r k i n g  
day t o   c o m p l e t e .  By compar ison ,   the   manufac turer ' s  
recommended p rocedure   cou ld   be   comple t ed   i n  a f r a c t i o n  
o f   a n   h o u r   a f t e r   a t t a i n i n g   t h e  900°C a c t i v a t i o n  t e m -  
p e r a t u r e .  Our expe r i ence  i s  t h a t   t h e  l a t te r  p rocedure  
d o e s   n o t   p r o v i d e  optimum  pumping  speed  and  capacity  but 
i s  p r o b a b l y   a d e q u a t e   i f   r e p e a t e d   a c t i v a t i o n  i s  d e s i r e d .  

In o r d e r   t o   o b t a i n   t h e   d e s i r e d   c a p a c i t y   d a t a  
w i t h i n  a r easonab le   i n t e rva l ,   hydrogen   t h roughpu t  i s  
a c c e l e r a t e d   t o   a b o u t  30 times the   normal   f low rate i n  
a n   o s c i l l a t i n g   c o m p a c t  maser of  about 2 . 3  x Torr-  
l i ter /sec.  Data f o r  a 100 gram z i r con ium  g raph i t e  
g e t t e r   s a m p l e  i s  shown i n   F i g u r e  5 .  Some i n t e r e s t i n g  
o b s e r v a t i o n s  are:  

(1) The ge t t e r   has   t r emendous   capac i ty   fo r   hydro -  
gen. The 100 gram  sample  can pump more t h a n  l o 4  Torr- 
l i t e rs  of  hydrogen.  This is to   be   compared   wi th   an  
estimated  hydrogen  consumption  of  about 5 x l o 3  Torr- 
l i t e r s  i n  seven   yea r s   o f   no rma l   o sc i l l a t ing   compac t  
maser o p e r a t i o n .  

( 2 )  The i n i t i a l  pumping  speed i s  ve ry   h igh .  Even 
though i t  f a l l s   o f f   w i t h   t h e  amount  of  hydrogen  pumped, 
t h e  pump c a n   b e   d e s i g n e d   t o   e a s i l y  meet maser 
requ i r emen t s .  

( 3 )  The d e v i a t i o n   f r o m   e x p o n e n t i a l   d e c r e a s e   i n  
pumping  speed a f t e r  pumping abou t  1500 T o r r - l i t e r s   o f  
hydrogen is p robab ly  due t o   e n l a r g e d   s u r f a c e  area o f  
t h e   g e t t e r  due t o   c r a c k i n g   a n d   f l a k i n g .  Powder  forma- 
t i o n  was o b s e r v e d   a f t e r   t h e   g e t t e r   a b s o r b e d  a few 
hundred   Tor r - l i t e r s   o f   hydrogen .  A photograph  of   the 
g e t t e r   a f t e r   a b s o r b i n g   a b o u t  5 0 0 0  T o r r - l i t e r s   o f   h y d r o -  
gen i s  shown i n   F i g u r e  6 .  Powder  confinement i s  a 
c r i t i c a l  r equ i r emen t   fo r  maser g e t t e r  pump des ign .  
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TEST  2A.  (ELASTOMER  MATERIALS  PRESENT.) 

A TEST 28 .  (SAME  SAMPLE  USED  IN  2A. 
REACTIVATED  AFTER  ELASTOMER 
MATERIALS  HAD  BEEN  REMOVED.) 
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AMOUNT OF HYDROGEN  PUMPED,  Torr-LITERS 

Figure  5. Z i r con ium-graph i t e   ge t t e r  pump 
c h a r a c t e r i s t i c s ,   w i t h  o r  wi th-  
o u t   t h e   p r e s e n c e   o f   e l a s t o m e r s  
in t he   sys t em.  

( 4 )  Elastomers   have a d e l e t e r i o u s   e f f e c t  on 

o f   d a t a   f o r  Tests 2A and 2 B  shown i n   F i g u r e  5. Test 2A 
g e t t e r  pump ope ra t ion ,   a s   can   be   s een   f rom a comparison 

used a f r e s h   g e t t e r   s a m p l e .  A vi ton   O-r ing   and  a s m a l l  
s h e e t   o f   t e f l o n   w e r e   p u r p o s e l y   i n s e r t e d   i n   t h e  vacuum 
chamber.   These  elastomers  were  chosen  because  they are 
used   i n   conven t iona l   mase r   des igns .   Da ta   were   t aken  
o n l y   a f t e r   b a k e   o u t  a t  about  100°C  for  one  day  followed 
by a few  days   observa t ion ,   wi th  no hydrogen  gas   load,  
t o   a s c e r t a i n   t h a t   t h e   s y s t e m   h a s   c o m p l e t e d   t h e   i n i t i a l  
h igh  rate o f   ou tgass ing .  The lower  pumping  speed  of 
t h e   g e t t e r   i n   t h e   p r e s e n c e   o f   e l a s t o m e r s  is obvious  
f rom  the   da t a  shown i n   F i g u r e  5. To c o n f i r m   t h i s  
r e s u l t ,   t h e   e l a s t o m e r s  were removed  from t h e  test cham- 
b e r .  The  same g e t t e r   s a m p l e  was r e a c t i v a t e d  by t h e  
normal  procedure  and i t s  pumping c h a r a c t e r i s t i c s  meas- 
ured .  The r e s u l t s   o b t a i n e d   d e n o t e d   a s  Test 2B a r e   i n  
e x c e l l e n t   a g r e e m e n t   w i t h   t h o s e   o b t a i n e d   i n  Test 1. 

(5) Desp i t e   t he   l a rge   hydrogen   t h roughpu t ,   t he  
2 l i t e r / s e c   i o n  pump o p e r a t e d   n o r m a l l y   i n   t h e   c l e a n  
t e s t   s t a t i o n .   T h a t  i s ,  there   were  no s i g n i f i c a n t  pump 
c u r r e n t   i n s t a b i l i t i e s ,   a s   c a n   b e   s e e n   i n   F i g u r e  7 which 
shows t h e   i o n  pump cur ren t   and   ion   gauge   readings   dur -  
i n g   t h e   c o u r s e   o f  a t e s t .   S i n c e   b o t h   r e a d i n g s   a r e  
p r o p o r t i o n a l   t o   t h e   s y s t e m   p r e s s u r e ,   d i f f e r i n g  by a 
c a l i b r a t i o n   f a c t o r ,   t h e   t r a c k i n g  of t h e  two s e t s  of 
r e a d i n g s ,   a n d   t h e r e f o r e   t h e   s t a b i l i t y   o f   t h e  i o n  pump 
c u r r e n t ,  i s  i n d i c a t e d  by t h e i r   d i f f e r e n c e  shown i n   t h e  
bot tom  curve  of   Figure 7. (The i o n  pump was not   oper -  
a t i n g   d u r i n g   T e s t  2A and 2 B  t o   a v o i d   m a s k i n g   t h e   d e l e -  
t e r i o u s   e f f e c t   o f   t h e   e l a s t o m e r s  we w e r e   t r y i n g   t o  
observe .  As we w i l l  see be low,   t he   e l a s tomers   a r e  
p r o b a b l y   d e t r i m e n t a l   t o   i o n  pump o p e r a t i o n   a s   w e l l . )  
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ION  GAUGE  PRESSURE ( 0  ), Torr 

V 

12974-4 

0 . 5 1 1  

I l , , I 

1 .o 2.0 3.0 4.0 5 .O 

AMOUNT OF HYDROGEN  PUMPED, lo3 Torr-llters 

Figure  7. Ion pump cur ren t   and   ion   gauge   readings  
d u r i n g  a g e t t e r   c a p a c i t y   t e s t .  The 
good t r a c k i n g   o f   t h e  two s e t s  of  read- 
i n g s   r e f l e c t s   s t a b l e   i o n  pump o p e r a t i o n  
i n  a c l e a n   s y s t e m   i n   t h e   p r e s e n c e   o f  
l a rge   hydrogen   t h roughpu t .  

Combination  Getter-Ion Pump Sys tem  Opera t iona l  
Experience 

Combina t ion   z i rconium  graphi te   ge t te r   and   ion  pump 
sys t ems   were   u sed   on   ou r   p ro to type   o sc i l l a t ing   compac t  
masers ,  CHYMNS-I and 11,5 wi th   va ry ing   deg ree  of suc-  
c e s s .  The g e t t e r  pumps w e r e   a c t i v a t e d   i n   s i t u   a f t e r  
h igh   vacuum  had   been   es tab l i shed   in   the   maser   us ing   an  

F igure  6 .  Photograph   of  a 100  gram ZirCOniUm- e x t e r n a l  pump. I m m e d i a t e l y   a f t e r   g e t t e r   a c t i v a t i o n ,  
g r a p h i t e   g e t t e r   s a m p l e   a f t e r  pumping the   background  pressure   was   a t  i t s  lowes t   po in t   and  
about  5000 T o r r - l i t e r s   o f   r o s e   g r a d u a l l y   i n  time, a s   i n d i c a t e d   b y   a n   i n c r e a s e   i n  
hydrogen.  
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t h e   i o n  pump c u r r e n t .  We f i r s t   a t t e m p t e d   t o   e x p l a i n  
t h i s   b e h a v i o r  as b e i n g   d u e   t o   d e g r a d a t i o n   i n   t h e  
pumping   speed   of   the   ge t te r  pump. S ince  CHYMNS-I and 
I1 employed   v i ton   O- r ings   and   had   no t   been   baked   t o  
h i g h   t e m p e r a t u r e s ,   t h e   d e g r a d a t i o n   c o u l d   p r e s u m a b l y   b e  
a c c e l e r a t e d .  However, t h i s   d o e s   n o t   e x p l a i n   t h e  ob- 
s e r v e d   i n s t a b i l i t y   i n   t h e   i o n  pump, w h i c h   o c c u r r e d   i n  
3- t o  6-month i n t e r v a l s ,   a n d   t h e   t e c h n i q u e  we employed 
to   r e juvena te   t he   sys t em.   Fo r   example ,  when i o n  pump 
i n s t a b i l i t y  O C C U K S ,  t he   sys t em  can   be   b rough t   back   t o  
n o r m a l   s t a b l e   o p e r a t i o n   w i t h o u t   t h e   u s e   o f  an e x t e r n a l  
pump. The p r o c e d u r e   c o n s i s t s   o f   o p e r a t i n g   t h e   i o n  
pump power   supply   in   the  s t a r t  mode a n d   l e t t i n g  a 
c o n t r o l l e d  amount   o f   hydrogen   in to   the  maser t o   c a u s e  a 
thermal  run-away i n   t h e   i o n  pump. The hydrogen  supply 
is t h e n   s h u t   o f f   w h i l e   t h e   i o n  pump undergoes a s e l f  
bake   ou t .  The h igh   t empera tu re  w i l l  force  most  of t h e  
hydrogen  absorbed i n   t h e   e l e c t r o d e s   o f   t h e   i o n  pump t o  
be   re leased .   Thus ,   the   sys tem  pressure   would  rise. In  
a few  hours ,   the   background  pressure   would   begin   to  
f a l l ,  and i n  due   cour se ,   t he   i on  pump would  begin t o  
f u n c t i o n ,   l e a d i n g   t o  a s t a b l e   o p e r a t i n g   h i g h  vacuum 
again .   This   would   be   good  for   another  3- t o  6-month 
cyc le .   No te   t ha t   w i thou t   ano the r  pump t o   e v a c u a t e   t h e  
gas   r e l eased   f rom  the   ho t   i on  pump, t h e   i o n  pump could  
n o t  s ta r t  t o   f u n c t i o n .   T h u s ,   t h e   g e t t e r  pump must s t i l l  
be   func t ion ing   t o   abso rb   t he   hydrogen   and   r educe   t he  
b a c k g r o u n d   p r e s s u r e   t o   e n a b l e   t h e   i o n  pump t o   f u n c t i o n  
aga in .   Th i s   t echn ique   had   been   success fu l ly   r epea ted .  

A s  no ted  ear l ie r ,  w e  have   no t   observed   any   ion  
pump i n s t a b i l i t i e s   i n   o u r   c l e a n   g e t t e r  pump development 
t e s t   s t a t i o n ,   a l t h o u g h   t h e   h y d r o g e n   t h r o u g h p u t  i s  a t  
l e a s t   a n   o r d e r   o f   m a g n i t u d e   h i g h e r   t h a n   i n   t h e  maser. 
The ma in   d i f f e rence  i s  t h e   a b s e n c e   o f   e l a s t o m e r s   i n   t h e  
g e t t e r  test  s t a t i o n   a n d   t h e   f a c t   t h a t  i t  has  been  baked 
o u t   a t   h i g h   t e m p e r a t u r e s   u n d e r   h i g h  vacuum c o n d i t i o n s .  
T h i s   s u g g e s t s   t h a t   e l a s t o m e r s  may b e   d e l e t e r i o u s   n o t  
o n l y   t o   g e t t e r  pump o p e r a t i o n   b u t   a l s o   t o   i o n  pumps as 
w e l l .  T h i s  i s  d u e   t o   t h e   f a c t   t h a t   h y d r o g e n  pumping i n  
i o n  pumps is p r e d o m i n a n t l y   b y   d i f f u s i o n   i n t o   t h e   c a t h -  
o d e   r a t h e r   t h a n  by  chemical  combination a t  the   anode ,  
such as o c c u r r e d   f o r   h e a v i e r   m o l e c u l a r   s p e c i e s .  (The 
l igh t   hydrogen   ions   p roduce   compara t ive ly  l i t t l e  sput -  
t e r ing . )   The re fo re ,   su r f ace   cond i t ions   and   pe rmeab i l -  
i t y   o f   t h e   c a t h o d e  are c r i t i c a l   f a c t o r s   i n   h y d r o g e n  
pumping.  The  former i s ,  o f   cou r se ,  a s e n s i t i v e   f u n c t i o n  
o f   gas   compos i t ion   i n   t he   sys t em.   Th i s   d i scuss ion  
p o i n t s   o u t   t h e   i m p o r t a n c e   o f   e l i m i n a t i n g ,   o r   a t  least 
min imiz ing   t he   p re sence   o f ,   e l a s tomers   f rom  the  maser 
vacuum  system.  Cleanliness  and  high  temperature  bake- 
o u t   c a p a b i l i t y  are c r i t i c a l   r e q u i r e m e n t s   o f   t h e  maser 
vacuum  system  design. 

Conclusion 

R e v e r s i b l e   i n t e r a c t i o n   o f   h y d r o g e n   w i t h  metals and 
a l l o y s   c a n   b e   e x p l o i t e d   t o   e f f e c t i v e l y   s o l v e   t h e   g a s  
handl ing   problems  in   hydrogen  masers. A p r o t o t y p e  of a 
maser hydrogen  source  employing  hydride  s torage  tech-  
n i q u e s   h a s   b e e n   s u c c e s s f u l l y   t e s t e d .   W i t h   r e g a r d   t o  
a p p l i c a t i o n   o f   g e t t e r  pumps i n   t h e  maser, s e v e r a l  
design  problems  such  as   powder   confinement   and  get ter  
p o i s o n i n g   r e m a i n   t o   b e   s o l v e d .   I f   s i z e   a n d   w e i g h t   a r e  
n o t  c r i t i c a l  cons idera t ions ,   z i rconium  a luminum  a l loy  
(ST-lOlI4 may be a more s u i t a b l e   g e t t e r .  The l a r g e  
s u r f a c e  area re su l t i ng   f rom  sp ray ing   t he   powdered   ge t -  
ter on a l a rge   mechan ica l   suppor t  makes t h e   g e t t e r  more 
r e s i s t a n t   t o   p o i s o n i n g .  Knowing t h e   d e s i g n   c r i t e r i a ,  
the  problems are no t   i n su rmoun tab le .  We b e l i e v e   t h a t  
g e t t e r  pumps w i l l  c o n t r i b u t e   t o   g r e a t l y   i m p r o v e d  re l ia-  
b i l i t y ,   a l o n g   w i t h  smaller s ize ,   lower   weight   and  power 
consumption i n   t h e  maser. 
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