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ABSTRACT 

This  paper  p r e s e n t s  t h e  d e s i g n  f o r  a s p a c e - q u a l i f i a b l e  hydrogen 
maser op t imized  t o  f i t  i n t o  t h e  Naval Research L a b o r a t o r y ' s  
NTS-3 s p a c e c r a f t .  The d e s i g n  i s  d e r i v e d  from o u r  e x p e r i e n c e  
w i t h  a n  advanced development model (ADM) developed f o r  and 
d e l i v e r e d  t o  the Naval Research Labora to ry  (NRL) .  The NTS-3 
s a t e l l i t e  is  a  technology s a t e l l i t e  b u i l t  as p a r t  of  t h e  Navy 
s u p p o r t  f o r  the NAVSTAR/Global P o s i t i o n i n g  System 

INTRODUCTION 

The e x c e l l e n t  performance and s u p e r i o r  s t a b i l i t y  of  t h e  a tomic  hydrogen 
maser a r e  w e l l  known. However, t h e  s i z e s  and ~ ~ e i g t i t s  of t y p i c a l  mase rs  
des igned f o r  ground-based a p p l i c a t i o n s  a r e  n o t  s u i t a b l e  f o r  spaceborne 
a p p l i c a t i o n s .  I n  p a s t  maser d e s i g n s  a  long  hydrogen-beam d r i f t  space  
was c o n s i d e r e d  e s s e n t i a l  f o r  e f f e c t i v e  s t a t e  s e l e c t i o n ,  and l a r g e  s p u t -  
t e r  i o n  pumps were employed t o  m a i n t a i n  t h e  h i g h  vacuum n e c e s s a r y  f o r  
maser o p e r a t i o n .  For spaceborne a p p l i c a t i o n s  t h e  maser  must be  s m a l l e r  
and l i g h t e r  t h a n  p a s t  d e s i g n s  and o p e r a t e  w i t h  a minimum of o p e r a t o r  
i n t e r v e n t i o n .  

S p a c e c r a f t  C o n s t r a i n t s  

The spaceborne maser must i n t e r f a c e  w i t h  t h e  NTS-3 s p a c e c r a f t ,  which 
w i l l  be  b u i l t  by t h e  Naval Research Labora to ry  (NRL) f o r  l aunch  i n  
1981. The s p a c e c r a f t  c o n s t r a i n t s  shown i n  F i g u r e  1, i n c l u d e  a  15  i n .  
(38 c m )  maximum a l l o w a b l e  d i a m e t e r  and a maximum l e n g t h  o f  30 i n .  
(78 cm). The maser must weigh l e s s  than 100 Ib and consume Less t h a n  
100 W from t h e  s p a c e c r a f t  power bus .  T h e  o p e r a t i o n a l  t empera tu re  r a n g e  
w i l l  be 20°C i 1 0 ° C  and a n  o p e r a t i n g  l i f e  g r e a t e r  t h a n  5 y r  i s  r e q u i r e d .  
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T E N T A T I V E  NTS-3 INTERFACE SPECIFICATIONS 

CENTER SUPPORT TUBE MOUNT/PANEL 

TUBE REFERENCE TEMPERATURE 20° c * IOOC 

OUTER SURFACE BLACK 

COMPARTMENT M A X I M U M S ,  

MASER DIAMETER 15 in. (38 cm) 

MASER LENGTH 30 in. (78 cm) 

PRIMARY POWER SOURCE 2 7 V  t 7 V d c  

T T & C  INTERFACE (S IMILAR TO NTS-2) 

OUTPUT FREQUENCY 6 MHz 

F i g u r e  I. T e n t a t i v e  NTS-3lhydrogen maser i n t e r f a c e  l a y o u t .  

Systern D e s c r i p t i o n  

A b l o c k  diagram of our  advanced development model maser (ADM) i s  shown 
i n  F i g u r e  2 and a photograph of t h e  p h y s i c s  u n i t  i s  shown i n  F i g u r e  3 .  
IJe a n t i c i p a t e  t h e  spaceborne d e s i g n  w i l l  be q u i t e  s i m i l a r  t o  t h e  ADM 
u n i t s .  The spncebornc d e s i g n  I s  shown i n  c r o s s  s e c t i o n  i n  F i g u r e  4 
and a d e t a i l e d  d e s c r i p t i o n  of  each  subsystem f o l l o w s ,  

Hydrogen F l o w  

A s p a c e - q u a l i f i e d  h igh-pressure  hydrogen s t o r a g e  and c o n t r o l  subsystem 
has been s e l e c t e d  f o r  t h e  space  maser t o  e n s u r e  r e l i a b i l i t y  and t o  
minimize development c o s t s .  A 10-yr supp ly  of  hydrogen g a s  i s  s t o r e d  
a t  1500 p s i  i n  a small l i g h t w e i g h t  p r e s s u r e  v e s s e l  and t h e  subsystem 
i s  a c t i v a t e d ,  on command, by a  h igh-pressure  s o l e n o i d  valve. A s t r a i n  
gauge s e n s o r  measures  t h e  t a n k  p r e s s u r e  f o r  t e l - e m e t e r i n g ,  and a  space- 
q u a l i f i e d  mechan ica l  p r e s s u r e  r e g u l a t o r  r e d u c e s  t h e  hydrogen p r e s s u r e  
e n t e r i n g  t h e  p a l l a d i u m  v a l v e  assembly t o  10 p s i .  The hydrogen p r e s -  
s u r e  between t h e  pa l l ad ium v a l v e  and t h e  mechan ica l  r e g u l a t o r  i s  a l s o  
measured and t e l e m e t e r e d .  

The pa l l ad ium v a l v e  assembly shown i n  F i g a r e  5 i s  used t o  r e d u c e  and 
r e g u l a t e  t h e  hydrogen p r e s s u r e  i n  t h e  d i s s o c i a t o r - t o  50 rnTorr '1%. 
I n c o r p o r a t e d  i n t o  t h e  p a l l a d i u m  v a l v e  assembly are  a t empera tu rc -  
s t e b i l i z e d  t h e r m i s t o r  b r i d g e  t o  measure d i s s o c i a t o r  p r e s s u r e ,  and two 
redundant  pa l l ad ium v a l v e s  which d i f f u s e  hydrogen when h e a t e d  by a n  
e l e c t r i c  c u r r e n t  f romthe  hydrogen f l o w  c o n t r o l  s e r v o .  The d i s s o c i a t o r  
p r e s s u r e  i s  t e l e m e t e r e d  and one of t h e  p a r a l l e l  p a l l a d i u m  v a l v e s  





F i g u r e  3 .  HYMNS I11 advanced development model physics unit. 
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F i g u r e  4 .  Engineering development model layout. 



o p e r a t e s  t h e  system when s e l e c t e d  hy command. Meta l  t u b i n g  i s  t o  be  
used between t h e  p r e s s u r e  t a n k  and t h e  d i s s o c i a t o r  i n p u t  p o r t .  For 
d i a g n o s t i c  purposes ,  t h e  hydrogen f low c o n t r o l  s e r v o  can be  programmed I 

I 

th rough  256 p r c s s u r e  l e v e l s .  I 

l i o l e c u l a r  hydrogen (H2) a t  t h e  r e g u l a t e d  50 mTorr p r e s s u r e  i s  d i s s o c i -  
a t e d  i n t o  atromic hydrogen ( H )  i n  a n  rf d i s c h a r g e .  T h i s  d i s c h a r g e  i s  
i g n i t e d ,  on command, and s u s t a i n e d  w i t h  5 W of 150 MHz power s u p p l i e d  
by t h e  d i s s o c i a t o r  d r i v e r .  Both t h e  absorbed and r e f l e c t e d  d i s s o c i a t o r  
power l e v e l s  a r e  measured and t e l e tne te red .  The d i s s o c i a t o r  shown i n  
F i g u r e s  6 and 7 h a s  a  metal-ceramic enve lope  f o r  t h e r m a l  and mechanical  
s t r e n g t h  and e n c l o s e s  a 2-in.  diam. pyrex  bulb  t o  c o n f i n e  t h e  hydrogen 
atoms. 

TEMPERATURE CONTROLLED 

HYDROGEN INLET 

Pol-Ag ALLOY TUBES 

HYDROGEN OUTLET 
OPEN AND REFERENCE 
THERMISTORS FOR 
LOW PRESSURE MEASUREMENT 

F i g u r e  5 .  I n t e g r a t e d  Pd-Ag r e g u l a t o r  and t h e r m i s t o r  p r e s s u r e  sensor. 
E l e c t r i c a l  c o n n e c t i o n s  a r e  made t h r o u g h  vacuum t i g h t  ceramic  

f e e d t h r o u g h  t e r m i n a l s .  



\SILASTIC '~10~ LINER 
PADS 

F i g u r e  6 .  P roposed  hydrogen d i s s o c i a t o r  d e s i g n  u t i l i z i n g  a me ta l -  
c e r a m i c  vacuum envelope w i t h  a sphe r i ca l  S i O  2 l i n e r .  

F i g u r e  7 .  
L a b o r a t o r y  p r o t o t y p e  of  
hydrogen d i s s o c i a t o r .  



S t a t e  S e l e c t o r  

A f t e r  l e a v i n g  t h e  d i s s o c i a t o r ,  t h e  a tomic hydrogen i s  d i r e c t e d  i n  a 
beam a l o n g  t h e  hcxapole  magnet by an  a r r a y  of close-packed g l a s s  c o l l i -  
mat ing t u b e s  2 mm l o n g  by 50 micrometers  i n  d iamete r .  The s t r o n g l y  
inhomogeneous magnet ic  f i e l d  o f  t h e  hexapole  magnet p r o v i d e s  a  s e l e c t i o n  
f u n c t i o n ,  c a u s i n g  t h e  atoms i n  t h e  upper two h y p e r f i n e  l e v e l s  (I? = 1, 
MF = 0, +1) t o  move toward i t s  a x i s  i n  a  f o c u s i n g  a c t i o n  w h i l e  t h e  H 
atoms i n  t h e  lower two h y p e r f i n e  l e v e l s  (F = I, MF = -1, and F = 0 ,  
ElF = 0)  move r a d i a l l y  outward and a r e  defocused.  

S t o r a g e  Bulb 

The focused beam of H atoms (predominant ly  i n  t h e  upper  two h y p e r f i n e  
l e v e l s )  emerges from t h e  'nexapole and i s  d i r e c t e d  i n t o  t h e  a p e r t u r e  t u b e  
of a  6- in .  di-arneter Tef lon-coated q u a r t z  s t o r a g e  bu lb  s i t u a t e d  i n  a 
microwave c a v i t y  t h a t  i s  tuned t o  t h e  1420 MHz h y p e r f i n e  f requency  of 
hydrogen. Due t o  t h e  h i g h  d e g r e e  of e l a s t i c i t y  i n  t h e  c o l l i s i o n s  
between t h e  hydrogen atoms and t h e  Tef lon  w a l l s ,  t h e  atoms a r e  conf ined  
f o r  up t o  1 s e c  wi thou t  d e e x c i t a t i o n  t o  t h e  lower h y p e r f i n e  s t a t e s  o r  
r ecombina t ion .  The resonance  l i n e w i d t h  of t h e  b u l b  has been measured 
t o  b e  0.65 H z .  

Cavi ty  

The microwave c a v i t y  o p e r a t e s  i n  t h e  TE mode. One d i s t i n g u i s h i n g  011 
f e a t u r e  of t h e  c a v i t y  d e s i g n  shown i n  F l g u r e  8 i s  t h e  u s e  o f  a  squashed 
geometry w i t h  a d iamete r  t o  l e n g t h  r a t i o  of 1 .6 .  T h e  o v e r a l l  h e i g h t  i s  
3.5 i n .  l e s s  t h a n  t y p i c a l  d e s i g n s  which u s e  r a t i o s  e q u a l  o r  g r e a t e r  t h a n  
1 . 0 .  

A s o l e n o i d  w i t h  second-order c o r r e c t i o n  produces  a d c  magnet ic  f i e l d  
t h a t  d e f i n e s  a q u a n t i z a t i o n  a x i s  f o r  t h e  s u b l e v e l s  so t h a t  t h e  F = I, 
h l  = 0  s t a t e s  a r e  coupled t o  t h e  microwave f i e l d  i n  t h e  c a v i t y .  When 
tEe s t imula ted-emiss ion  g a i n  of t h e  a tomic  t r a n s i t i o n  i s  s u f f i c i e n t  to 
overcome t h e  s t o r a g e  b u l b  and c a v i t y  w a l l  l o s s e s ,  t h e  sys tem can  s e l f -  
o s c i l l a t e .   o or d i a g n o s t i c  purposes ,  t h e  magnet ic  f i e l d  c o n t r o l  i s  com- 
mandable i n  256 f i e l d  inc rements  between 10 UG and 30 mG.) 

Cavi ty  Thermal C o n t r o l  

For s t r u c t u r a l  and the rmal  i n t e g r i t y ,  a  l i g h t w e i g h t  c a v i t y  w i t h  a Q i n  
e x c e s s  of 70,000 i s  f a b r i c a t e d  from b e r y l l i u m  o r  q u a r t z  and f requency  
s t a b i l i z e d  w i t h i n  1 Hz by b o t h  t h e  envelope t h e r m a l - c o n t r o l  s e r v o  and 
t h e  cav i ty - tun ing  c o n t r o l .  The envelope t h e r m a l - c o n t r o l  s e r v o  w i t h  i t s  
a s s o c i a t e d  t h e r m i s t o r  and h e a t e r s  m a i n t a i n s  t h e  c a v i t y  t empera tu re  t o  
w i t h i n  a  few m i l l i d e g r e e s  o f  40°C; t h e  loop  e r r o r  s i g n a l  i s  t e l e m e t e r e d .  
F igure  9 shows i n t e r c h a n g e a b l e  q u a r t z  and b e r y l l i u m  c a v i t y  w a l l s  t h a t  
a r e  now h e i n g  s t u d i e d  f o r  s t r e n g t h  and s t a b i l i t y .  



c y l i n d r i c a l  c a v i t y  normal ly  used i n  l a b o r a t o r y  
masers.  

F i g u r e  9 .  I n t e r c h a n g e a b l e  b e r y l l i u m  ( l e f t )  and q u a r t z  c a v i t i e s  f o r  
HYMNS I11 testbed maser. 
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Cavi ty  V a r a c t o r  Tuning 

Cavi ty  t u n i n g  i s  accomplished by b i a s i n g  a  t u n i n g  v a r a c t o r  made of 
nonmagnetic m a t e r i a l s  and l o c a t e d  i n  t h e  c a v i t y .  The v a r a c t o r  w i l l  
t u n e  t h e  maser through a 50 kHz range .  The v a r a c t o r  t u n i n g  i s  con- 
t r o l l e d  by onboard l o g i c  o r  by ground command. Commandable dc o f f s e t s  
i n  t h e  c o n t r o l  loop  a l l o w  t h e  c l o c k  system t o  b e  compensated f o r  long- 
term d r i f t  of  t h e  thermal  sensor  and p o s s i b l e  mechanical  de tun ing  of 
t h e  c a v i t y  d u r i n g  l aunch .  

Rece iver  Subsystem 

The 1 , 4 2 0 , 4 0 5 , 7 5 1 . ~ ~ ~ ~  Hz maser s i g n a l  i s  a m p l i f i e d  by s p a c e - q u a l i f i e d ,  
low-noise,  t e m p e r a t u r e - s t a b i l i z e d  microwave a m p l i f i e r  and down-converted 
i n  a  s e r i e s  of low n o i s e  mixers  t o  5751.xxx Hz. The phase  of a n o t h e r  
5751.xxx Hz s i g n a l ,  s y n t h e s i z e d  from t h e  r e c e i v e r ' s  5 MHz VCXO, i s  
compared t o  t he  downconverted maser s i g n a l ,  and a phase e r r o r  s i g n a l  
with a loop  bandwidth of 0 .1  t o  10 IIz i s  d e r i v e d  t o  l o c k  t h e  f requency  
of t h e  VCXO t o  t h e  a tomic t r a n s i t i o n .  The r e c e i v e r  s y n t h e s i z e r  deve l -  
oped f o r  t h e  ADM i s  programmable o v e r  a  2 Hz r a n g e ,  w i t h  each s t e p  
e q u i v a l e n t  t o  abou t  1 p a r t  i n  1014 of t h e  maser f requency .  T h i s  con- 
t r o l  e n a b l e s  t h e  c lock  t o  b e  c o r r e c t e d  f o r  g r a v i t a t i o n a l  red s h i f t  and 
o t h e r  s y s t e m a t i c  e r r o r s  i n  t h e  GPS. 

Zeeman Genera to r  

For d i a g n o s t i c  purposes  a  Zeeman g e n e r a t o r  and beam s h u t t e r  have been 
i n c o r p o r a t e d  i n t o  t h e  A1)M maser d e s i g n  t o  d e t e c t  long-term maser Ere- 
quency p u l l i n g  by magnet ic  inhomogene i t i e s  and c a v i t y  t u n i n g  e r r o r s .  
I f  r e q u i r e d ,  a  degauss ing  c i r c u i t  can be  a c t i v a t e d  on command t o  remove 
magnetic anoinalies i n  t h e  magnet ic  s h i e l d  assembly.  

Beam Modulation 

A beam s h u t t e r  w i t h  a  smal l  mechanical  i r i s  i s  l o c a t e d  i n  t h e  hydrogen 
beam n e a r  t h e  hexapole  magnet, and on command can  r e d u c e  t h e  hydrogen 
beam f l u x  by 50%. I f  t h e  maser c a v i t y  f requency  is  tuned p r e c i s e l y  t o  
t h e  spin-exchange-tuned f requency ,  t h e  maser f requency  should t h e n  be  
independent o f  t h e  i n t e n s i t y  of t h e  hydrogen beam f l u x  ( i . e . ,  beam- 
s h u t t e r  p o s i t i o n ) .  Using t h e  beam s h u t t e r ,  long-term f requency-pu l l ing  
s t a t i s t i c s  by beam-flux modulat ion can be accumulated by comparing t h e  
maser f r e q u e n c y  w i t h  a n o t h e r  onboard c l o c k  o r  by c l o c k  comparison on 
t h e  ground. 

Vacuum Flaint enance 

The s p e n t  hydrogen atoms emerging f r o m t h e  s t o r a g e  b u l b  a r e  s e : l e c t i v e l y  
pumped by a n  ambient- temperature  s o r p t i o n  g e t t e r  pump. A s m a l l  i o n  
pump i s  a l s o  used t o  pump hydrogen and o t h e r  contaminant  g a s e s  w h i l e  



s e r v i n g  s i m u l t a n e o u s l y  a s  a  high-vacuum gauge. W e  have  conducted  
e x t e n s i v e  l i f e  t e s t i n g  o f  t h e  g e t t e r  m a t e r i a l  and f i n d  i t  shou ld  b e  
s u f f i c i e n t  t o  pump t h e  hydrogen supp ly  of t h e  maser when combined w i t h  
a  s m a l l  i o n  pump t o  scavange i m p u r i t i e s .  The ion-pump v o l t a g e  and c u r -  
r e n t  w i l l  b e  t e l e m e t e r e d .  A s p a c e - q u a l i f i e d ,  squ ib -ac tua ted  vacuum 
v e n t  v a l v e  may be i n c o r p o r a t e d  i n t o  t h e  maser and on command v e n t  t h e  
maser t o  s p a c e  t o  p r o v i d e  a d d i t i o n a l  l i f e  a f t e r  t h e  i o n  pump and g e t t e r  
pump a r e  exhaus ted .  The d a t a  i n  F i g u r e  10 i n d i c a t e  v e n t i n g  i s  f e a s i b - l e  
w i t h i n  t h e  f i r s t  y e a r  i n  o r b i t .  I f  s u c c e s s f u l ,  t h e  v e n t  t o  s p a c e  would 
a l l o w  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  pump we igh t  of  f u t u r e  mase r s  and 
p romises  g r e a t l y  i n c r e a s e d  o p e r a t i o n a l  l i f e  f o r  t h e  hydrogen maser 
c l o c k  sys tem i n  space .  

CONCLUSIONS 

Through a s y s t e m a t i c  a n a l y s i s  and d e s i g n  program encompassing a l l  p h a s e s  
of  hydrogen maser t echno logy ,  we have d e s i g n e d  and t e s t e d  a  compact 
hydrogen maser c o m p a t i b l e  w i t h  t h e  c o n s t r a i n t s  imposed by t h e  NTS s e r i e s  
s p a c e c r a f t .  Without s a c r i f i c i n g  performance o r  o p e r a t i o n a l  l i f e ,  a 
s i g n i f i c a n t  r e d u c t i o n  i n  s i z e  was accompl ished by a n a l y t i c a l .  and e x p e r i -  
men ta l  o p t i m i z a t i o n  of t h e  hydrogen beam o p t i c s  and microwave i n t e r a c -  
t i o n  assembly.  A s  i n  o u r  t r ave l ing-wave  t u b e  d e v i c e s ,  t h e  maser has 
been b u i l t  i n  modular  form t o  f a c i l i t a t e  component i n t e r c h a n g e  and 
s t a n d a r d i z a t i o n .  Dur ing t h e  c o u r s e  of  t h e  t echno logy  program we have 
a l s o  developed m u l t i p l e  vendor  and in-house s o u r c e s  t o  s u p p l y  c r i t i c a l  
components i n c l u d i n g  q u a r t z  c a v i t i e s ,  magne t i c  s h i e l d s ,  q u a r t z  s t o r a g e  
b u l b s ,  and nonmagnetic v a r a c t o r s  t o  a s s u r e  a n  o r d e r l y  p r o g r e s s i o n  i n t o  
t h e  s p a c e  hardware  phase  of  t h e  program. 
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ABSTRACT 

The o p e r a t i o n a l  c h a r a c t e r i s t i c s  a r e  d e s c r i b e d  of  a n  advanced 
development model of a spaceborne hydrogen maser developed 
f o r  t h e  Naval  Research Labora to ry  f o r  p o s s i b l e  u s e  i n  t h e i r  
NTS-3 s p a c e c r a f t .  The NTS-3 i s  a technology s a t e l l i t e  
b u i l t  as p a r t  of  t h e  Navy's s u p p o r t  f o r  t h e  NAVSTAR/Global 
P o s i t i o n i n g  System. S i z e  r e d u c t i o n  i s  shown t o  n o t  neces-  
s a r l y  degrade  maser performance.  

INTRODUCTION 

T h i s  paper  d e s c r i b e s  our  e x p e r i e n c e s  i n  deve lop ing  and o p e r a t i n g  an 
advanced development model (ADM) hydrogen maser t e s t b e d  f o r  t h e  Naval 
Research Labora to ry  (NRL). The d e s i g n  of  a s p a c e - q u a l i f i a b l e  v e r s i o n  
based  on t h e s e  e x p e r i e n c e s  h a s  been d e s c r i b e d  i n  a companion paper  and 
w i l l  n o t  b e  r e p e a t e d  h e r e .  

The advanced development model maser,  shown i n  F i g u r e  1 and termed 
"HYMNS 111" (Hydrogen Maser f r*r  N a v i g a t i o n a l  S a t e l l i t e s ,  I I I r d  v e r s i o n )  
was del ivered- to  t h e  NFL in October 1977  and was immediate ly  o p e r a t i o n a l .  
P r i o r  t o  d e l i v e r y ,  some weeks of o p e r a t i n g  e x p e r i e n c e  were ob ta ined  a t  
Hughes Research L a b o r a t o r i e s  on t h e  completed maser ,  and p r i o r  t o  t h i s ,  
c o n s i d e r a b l e  o p e r a t i n g  e x p e r i e n c e  was o b t a i n e d  w i t h  an e a r l i e r  v e r s i o n ,  
HYMNS 11, and a  demountable t e s t b e d ,  HYMNS I. S e p a r a t e  t e s t s  were a l s o  
made on v a r i o u s  subsystems a s  w e l l .  For  convenience  and ease of r e f e r -  
ence ,  t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of HYMNS I11 a r e  d e s c r i b e d  under  
t h e  head ings  of  i t s  major subsystems.  

Vacuum System and Pumps 

For t h i s  p r o t o t y p e  spaceborne maser,  no p a r t i c u l a r  a t t e m p t  was made 
t o  f a b r i c a t e  a  comple te ly  s e a l e d ,  a l l - m e t a l l i c  system. S e v e r a l  v i t o n  
O-rings a s  w e l l  a s  an indium w i r e  s e a l  and copper g a s k e t s  were employed. 
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F i g u r e  I. HYMNS I11 advanced development model t e s t b e d  maser. 



r y p i c n l  resiclunl .  p r e s s u r e  i n  tllc. maser was about  3 x l o m 7  T o r r .  A 
Slar ian  Hi.-Q i o n  pump w i t h  a r a t e d  speed  of 30 l i . t e r / s e c  f o r  I-lydrogen 
a n d  w e i g h i n g  a b o u t  20 1 b  was s e l e c t e d  e a r l y  i n  t-he program f o r  i t s  
cornpac t n e s s  and r e l a t i v e l y  sn in l l  s t r a y  magne t i c  f i e l d .  With a n  opc ra -  
t i o n a l  hydrogen through-put  of  a b o u t  0.05 u - l i t e r / s e c ,  t h e  pump d i s s k -  
p a t e s  o n l y  a b o u t  7 W of e l e c t r i c a l  power, t h u s  e l i m i n a t i n g  t h e  need f o r  
c o o l i n g  w a t e r .  N i t 1 1  a  c l a imed  8000 ' S o r r - l i t e r  hydrogen c a p a c i t y ,  t h e  
Hi-Q pump would h a v e  a n  c s t i r r ~ a t e d  1'Lfe o f  7 . 6  y r .  U n f o r t u n a t e l y ,  t h e  
pump r e q u i r e s  a 7 . 5  kV c p e r a t i n g  v o l t a g e  which is  co t l s ide red  u n d e s i r -  
ab1.e f o r  u s e  i n  s p a c e .  L a b o r a t o r y  l i f e  t e s t s  a t  o n l y  s l i g h t l y  a c c e l e r -  
a ted  hydrogen f l o w  r a t e s  a l s o  i n d i c a t e d  t h a t  p rema tu re  pump f a i l u r e  is 
l i k e l y  t o  occu r  due to s h o r t  c i r c u i t s  caused  by d e t a c h e d  f l a k e s  of  
hydrogen- sa tu ra t - ed  c a t h o d e  m a t e r i a l .  A s  a  r e s u l t ,  a l t e r n a t i v e  vacuum 
pumps were  c o n s i d e r e d  ; a c t  ive-metal .  c l lcmica l  g e t t e r  pumps were  e v a l u -  
a t e d  i n  s e v e r a l  life t e s t s  and were  found t o  be s a t i s f a c t o r y  f o r  b o t h  
t h e  ADll and t h e  p roposed  spaceborne  d e s i g n .  A s  a resu1.l: of  t h e s e  
t e s t s ,  n SAES g e t t e r  c a r t r i d g e  pump was added t o  t h e  HYMNS I11 maser .  
A f t e r  a n  i n i t i . 3 1  a c t i v a t i o n  a t  h i g h  t e rnpe ra tu rc ,  t h i s  z i r con ium-  
aluminum a l l o y  c a r t r i d g e  pumps hydrogen a t  room t e m p e r a t u r e  w i t h  no 
power consumpt ion .  T t s  s p e c i f i e d  e n d - o f - l i f e  c a p a c i t y  o f  a b o u t  20,000 
T o r r - l i t e r  h a s  been  confirmed by a c c e l e r a t e d  l i f e  t e s t s  g i v i n g  i t  a n  
e s t i m a t e d  L i f e  o f  a b o u t  12 .7  y r .  unde r  normal maser  o p e r a t i o n  w i t h n u t  
a n  i o n  pump. The s i n g u l a r  d i s a d v a n t a g e  o f  t h e  s o r p t i o n  pump i s  t h a t  a t  
room t e m p e r a t u r e  i t s  pumping speed  f o r  g a s e s  o t h e r  t h a n  hydrogen  i.s 
v e r y  s m a l l .  Thus a s1nal.1 supp lemen ta ry  i o n  pump w i l l ,  be  r e q u i r e d  t o  
s cavenge  i-mpuri . t ies ,  F o r  t h i s  r e a s o n  t h e  V a r i a n  Hi-(I pump was r e t a i n e d  
on HYPINS 111. Even i f  r h e  e f f i c i e n c y  o f  t h e  beam o p t i c a l .  s y s t e m  were  
t o  r ema in  a t  t h e  l e v e l  den lons t r a t cd  i.n HYTlNS T T T ,  we can  c o n f i d e n t l y  
p r o j e c t  a t o t a l .  pump subsys t em we igh ing  no  more t h a n  20 Lb and consuming 
l e s s  t h a n  3 W f o r  a spaceborne  m a s e r  w i t h  a f i v e - y e a r  d e s i g n  l i f e .  

Magnet ic  F i e l d  and S h i e l d i n g  

HYMNS I11 employs f o u r  l a y e r s  o f  Mu-80 c y l i n d r i c a l  magne t i c  s h i e l d s  w i t h  
domed end c a p s .  Dur ing  t h e  development  p r o c e s s  we e v a l u a t e d  s h i e l d s  
f a b r i c a t e d  from t h r e e  d i f  f c r e n t  m a t e r i a l s  (mo lype rma l loys ,  hypernom and 
Mu-80) f rom t h r e e  different s u p p l i e r s .  A s  f a r  a s  c a n  be judged from 
t h e  maser  pe r fo rmance ,  we have no r e a s o n  t o  p r e f e r  one  o v e r  t h e  o t h e r s .  
The r e s p o n s e  t o  degauss i r lg  i s  a l s o  v e r y  s i m i l a r  f o r  t h e  t h r e e  m a t e r i a l s .  

To g e n e r a t e  t h e  small q u a n t i z a t i o n  f i e l d  r e q u i r e d  t o  o p e r a t e  HYMNS 111, 
a s o l e n o i d  w i t h  a second-order  c o r r e c t i o n  i s  employed. S i n c e  t h e  c u r -  
r e n t  t h r o u g h  t h e  c o r r e c t i o n  c o i l  i s  a c o n s t a n t  f r a c t i o n  of t h a t  i n  t h e  
main c o i l ,  no  s e p a r a t e  o p t i m i z a t i o n  was r e q u i r e d .  The homogenei ty  o f  
t h e  m a g n e t i c  f i e l d  a v e r a g e d  o v e r  t h c  mase r  s t o r a g e  b u l b  i s  s u c h  t h a t  
s t r o n g  maser  o s c i l l a t i o n  was o b t a i n e d  a t  a p p l i e d  m a g n e t i c  f i e l d s  a s  
low a s  50 11G. I n  f a c t ,  s t e a d y  maser  o s c i l l a t i o n  w a s  obse rved  a t  a p p l i e d  



f i e l d s  a s  ],ow a s  20 UG, a t  which p o i n t  r e s i d u a l  f i e l d s  from t h e  s h i e l d s  
and s t r a y  f i e l d s  from t h e  a c  h e a t e r s  of  t h e  t e m p e r a t u r e  c o n t r o l  sys tem 
i n t r o d u c e  s i g n i f i c a n t  p e r t u r b a t i o n s .  

Thermal C o n t r o l  System 

,Tempera tu re -con t ro l  r e s i s t i v e  h e a t e r  wind ings  i n  HYMNS I11 employ a l t e r -  
n a t i n g  c u r r e n t s .  S ince  p e r f e c t  b i f i l a r  windings  a r e  d i f f i c u l t  t o  o b t a i n ,  
p e r t u r b a t i o n s  t o  t h e  maser o s c i l l a t i o n  f requency  caused by magnet ic  
f i e l d  f l u c t u a t i o n s  a r i s i n g  from d i r e c t - c u r r e n t  h e a t e r  c u r r e n t  v a r i a t i o n s  
a r e  s u b s t a n t i a l l y  reduced by u s i n g  a c .  T h i s  makes a s i g n i f i c a n t  c o n t r i -  
b u t i o n  t o  t h e  e x c e l l e n t  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  maser a t  v e r y  
low a p p l i e d  magnet ic  f i e l d s .  Four s e p a r a t e  h e a t e r s  and c o n t r o l  c i r c u i t s  
a r e  employed. G l a s s  bead t h e r m i s t o r s  w i t h  nominal  r e s i s t a n c e  of 50 kQ 
a t  25°C a r e  used a s  s e n s o r s .  

Atomic Hydrogen Source and Beam O p t i c s  

Atomic hydrogen i s  o b t a i n e d  by r f  d i s c h a r g e  i n  a 2-in. diam pyrex  bu lb .  
Delays  i n  m a t e r i a l  d e l i v e r y  p reven ted  t h e  i n c o r p o r a t i o n  of a  n o v e l  
meta l -ceramic  d i s s o c i a t o r  i n  t h e  d e l i v e r e d  HYMNS 111 maser.  However, a 
p r o t o t y p e  meta l -ceramic  d i s s o c i a t o r  had been bench- tes ted  s e p a r a t e l y  
and was found t o  b e  a t  l e a s t  as e f f i c i e n t  i n  hydrogen atom p r o d u c t i o n .  
The meta l -ceramic  s t r u c t u r e  p r o v i d e s  s i g n i f i c a n t l y  improved mechan ica l  
s t r e n g t h  and e l i m i n a t e s  any p o s s i b i l i t y  of b reakage  i n  t h e  f e e d  l i n e s  
s u p p l y i n g  hydrogen. D i s s o c i a t o r  p r e s s u r e  r e g u l a t i o n  i s  o b t a i n e d  by  a 
t h e r m a l l y  r e g u l a t e d  p a l l a d i u m - s i l v e r  a l l o y  v a l v e  i n  t h e  form of a t h i n -  
w a l l  t u b i n g  which formed p a r t  o f  t h e  e l e c t r i c a l  c i r c u i t .  T y p i c a l  power 
consumpti.on t o  h e a t  t h i s  v a l v e  was abou t  0 .5  W w i t h  a  c o n t r o l  c o n s t a n t o f  
abou t  30 s e c .  The r f  power s u p p l y  u t i l i z e d  a l i n e a r  power a m p l i f i e r  
d r i v e n  by a c r y s t a l - c o n t r o l l e d  o s c i l l a t o r  a t  a b o u t  150 MHz. For normal 
maser o p e r a t i o n ,  a  s u s t a i n i n g  r f  power o f  abou t  3 t o  5 W i s  s u f f i c i e n t .  
It i s  n e c e s s a r y  t o  momentari ly r a i s e  t h e  r f  l e v e l  t o  a b o u t  10 W t o  
i g n i t e  t h e  d i s c h a r g e .  The low s u s t a i n i n g  d r i v e  l e v e l  i s  d e s i r a b l e  t o  
extend t h e  l i f e  of t h e  d i s s o c i a t o r .  Moreover, h i g h e r  r f  l e v e l s  do n o t  
g i v e  c o r r e s p o n d i n g l y  h i g h e r  atom p r o d u c t i o n ,  as  proved by a c t u a l  mea- 
surement u s i n g  the rmal  wi re -b r idge  d e t e c t o r s  and o p t i c a l  photometers  i n  
a  s e p a r a t e  t e s t - s t a n d  e v a l u a t i o n  of  d i s s o c i a t o r  performance.  

A hexapole  magnet: (FTS model J31-2) i s  used f o r  s t a t e  s e l e c t i o n .  S ince  
t h e  s p a c i n g  between t h e  hexapo le  magnet and t h e  s t o r a g e  b u l b  a p e r t u r e  
i s  on ly  8 i n . ,  a  beam s t o p  i s  n e c e s s a r y  t o  b l o c k  t h e  u n s e l e c t e d  atoms 
t r a v l i n g  a l o n g  t h e  a x i s  o f  t h e  magnet. However, t h e  e f f i c i e n c y  of t h e  
system is  such t h a t  under  normal o p e r a t i o n  c o n d i t i o n s ,  a t o t a l  hydrogen 
th roughput  of l e s s  t h a n  0.05 m i c r o n - l i t e r l s e c  i s  s u f f i c i e n t .  

For spin-exchange t u n i n g ,  t h e  f l u x  i s  modulated by a n  e l e c t r i c a l l y  oper-  
a t e d  beam s h u t t e r  w i t h  a  beam a t t e n u a t i o n  of a b o u t  50% r a t h e r  than by 
changing t h e  f low o r  r f  d r i v e  t o  t h e  d i s s o c i a t o r  bu lb .  S i n c e  t h e  



s h u t t e r  o p e r a t e s  independen t ly  of t h e  d i s s o c i a t o r ,  t h e  r e s p o n s e  i s  
e s s e n t i a l l y  i n s t a n t a n e o u s .  More impor tan t ,  t h e  d i s s o c i a t o r  o p e r a t i n g  
p a r a m e t e r s  r emain  c o n s t a n t ,  and t h e  chances  f o r  i r r e v e r s i b l e  damage t o  
t h e  d i s s o c i a t o r  by p r e s s u r e  o r  d r i v e  modula t ion a r e  g r e a t l y  reduced.  

Microwave C a v i t y  

The TEol l  microwave c a v i t y  i s  f a b r i c a t e d  from a precision-machined 
s a t i n - f u s e d  s i l i c a  c y l i n d e r  w i t h  aluminum end p l a t e s .  The i n s i d e  
d imens ions  a r e  1 2  i n .  diam by 7 . 4  i n .  long ,  g i v i n g  a l e n g t h  r e d u c t i o n  
of  about  3.5 i n .  compared t o  t h e  r i g h t  c y l i n d r i c a l  c a v i t y .  It i s  
equipped w i t h  a l i n e a r  v a r a c t o r  t u n i n g  loop  and a  s i n g l e  50 R o u t p u t  
c o u p l i n g  l i n e .  A h igh-conduc t iv i ty  s i l v e r  c o a t i n g  g i v e s  t h e  c a v i t y  a 
measured loaded  Q of  65,000 w i t h  a  c o u p l i n g  c o e f f i c i e n t  of 0.21. T h i s  
i s  about  98% of t h e  t h e o r e t i c a l  maximum. The r e s o n a n t  f r equency  of t h e  
c a v i t y  when loaded  w i t h  t h e  6-in. maser s t o r a g e  b u l b  h a s  a measured 
t e m p e r a t u r e  c o e f f i c i e n t  of 1 .3  k ~ z / " C .  

To p reven t  t h e  long-term d r i f t  i n  t h e  c a v i t y  r e s o n a n t  f r equency  from 
l i m i t i n g  t h e  maser s t a b i l i t y  performance,  a n  e l e c t r o n i c  c a v i t y  f requency  
moni to r ing  and c o n t r o l  system was des igned.  The sys tem o p e r a t e d  by 
c o h e r e n t l y  d e t e c t i n g  switched t e s t  s i g n a l s  a t  f r e q u e n c i e s  symniet r ica l ly  
s i t u a t e d  w i t h  r e s p e c t  t o  t h e  spin-exchange-tuned c a v i t y  f requency ,  and 
o f f s e t  f rom i t  by about  h a l f  t h e  c a v i t y  r e s o n a n t  wid th .  The e r r o r  
v o l t a g e  t h u s  d e r i v e d  i s  used t o  b i a s  t h e  v a r a c t o r  t u n i n g  loop.  A pro- 
t o t y p e  t u n i n g  sys tem was t e s t e d  on t h e  HYMNS I1 maser,  however, t h e  u s e  
of a  s i n g l e - l i n e  c a v i t y  coup l ing  sys tem r e s u l t e d  i n  poor  s i g n a l - t o -  
n o i s e  r a t i o  and t h e  sys tem h a s  n o t  been implemented on HYMNS 111. I n  
t h e  f u t u r e ,  by u s i n g  a  two-port c a v i t y  c o u p l i n g  system, we expec t  s i g -  
n i f i c a n t  improvement i n  s i g n a l - t o - n o i s e ,  and t h e  sys tem should  prove t o  
be a  v a l u a b l e  d i a g n o s t i c  t o o l  i n  a d d i t i o n  t o  t h e  e l e c t r o n i c a l l y  s t a b i l -  
i z i n g  t h e  c a v i t y  r e s o n a n t  f r equency .  

Plaser S t o r a g e  Bulb 

The s t o r a g e  bu lb  i s  a 6-in.  diam blown f u s e d  q u a r t z  s p h e r e .  It i s  
coa ted  w i t h  FEP-120 t e f l o n  by s t a n d a r d  t e c h n i q u e s .  Although t h e  s p h e r i -  
ca l  b u l b  geometry was s e l e c t e d  f o r  e a s e  of  f a b r i c a t i o n ,  t h e  f i l l i n g  
f a c t o r  i n  t h e  D/L = 1.6  microwave c a v i t y  i s  v e r y  n e a r l y  t h e  same a s  
t h e  o p t i m a l  v a l u e  of 0.37 f o r  a n  e l l i p s o i d a l  bulb .  The g e o m e t r i c a l  
s t o r a g e  t ime  i s  des igned t o  be  1 .25 s e c .  Although no s y s t e m a t i c  mea- 
surement and a n a l y s i s  of  l i n e w i d t h  c o n t r i b u t i o n s  have been made y e t ,  
t h e  f u l l  maser t r a n s i t i o n  l i n e w i d t h  under normal o p e r a t i n g  c o n d i t i o n s  

9 was measured a s  0.75 Hz, co r respond ing  t o  a  l i n e  Q of 1.9 x 10 , T h i s  
v a l u e  compares v e r y  f a v o r a b l y  w i t h  those  f o r  f u l l - s i z e  l a b o r a t o r y  
masers .  



Maser Receiver  

The t r i p l e - c o n v e r s i o n  maser r e c e i v e r  p rov ides  s t a n d a r d  o u t p u t s  a t  5 and 
1 0  MHz, phase-locked t o  t h e  maser. T t  i s  equipped w i t h  a s y n t h s i z e r  a t  
5751.xxxx Hz and i s  a d j u s t a b l e  i n  s t e p s  of 1 p a r t  i n  1014 of t h e  maser 
f requency .  For tun ing  and d i a g n o s t i c  purposes ,  t h e  r e c e i v e r  can b e  
opera ted  open-loop wi th  an  e x t e r n a l  5 MlIz r e f e r e n c e  s i g n a l .  Down- 
conver ted 5.75 kHz maser s i g n a l  as w e l l  a s  low-frequency b e a t  n o t e s  a r e  
a v a i l a b l e  f o r  measurements by a c o u n t e r .  

Spin-Exchange Tuning and S t a b i l i t y  Pleasurement 

The automated o p e r a r i n g  f e a t u r e s  of HYMNS TI1 r e p r e s e n t  a  s i g n i f i c a n t  
advance i n  maser des ign .  The p rocedures  g e n e r a l l y  encounte red  i n  maser 
o p e r a t i o n s  can be c a r r i e d  o u t  s imply by d e p r e s s i n g  a p p r o p r i a t e  c o n t r o l  
b u t t o n s .  An o p e r a t o r  w i t h  d e t a i l e d  knowledge of maser t h e o r y  i s  n o t  
r e q u i r e d  t o  c a r r y  out  what used t o  be a l o n g ,  t e d i o u s  and i n t r i c a t e  
spin-exchange t u n i n g  p r o c e s s .  Tn f a c t ,  when t h e  spin-exchange t u n i n g  
program i s  execu ted ,  t h e  p r o c e s s  c o n t i n u e s  a u t o m a t i c a l l y  u n t i l  s p e c i f i e d  
p r e c i s i o n  i s  ach ieved ,  o r  i t  can be  t e rmina ted  a t  any t i m e  d e s i r e d .  A s  
mentioned e a r l i e r ,  s i n c e  a  beam s h u t t e r  i s  employed f o r  f l u x  niodulation,  
l o n g  w a i t i n g  p e r i o d s  f o r  t h e  d i s s o c i a t o r  t o  s t a b i l i z e  a r e  unnecessa ry ,  
and a s i g n i f i c a n t  s a v i n g s  i n  tune-up t ime  i s  ob ta ined .  

The system c o n t r o l l e r  i s  a  Hewlett-Packard Model 9825A programmable 
c a l c u l a t o r .  Programs f o r  f u n c t i o n s  such as i n i t i a l  s e t u p ,  s p i n -  
exchange t u n i n g ,  s t a b i l i t y  measurement, a d j u s t m e n t s  of a p p l i e d  magnet ic  
f i e l d ,  v a r a c t o r  b i a s  and r e c e i v e r  s y n t h e s i z e r ,  e t c .  a r e  s t o r e d  i n  t h e  
c a l c u l a t o r  memory and a r e  i n s t a n t l y  a c c e s s i b l e .  A s  a n  i l l u s t r a t i o n ,  a 
t y p i c a l  spin-exchange t u n i n g  r u n  i s  shown i n  F i g u r e  2. When t h e  pro- 
gram i s  c a l l e d ,  i n t e r a c t i v e  messages a r e  d i s p l a y e d .  A f t e r  t h e  d e s i r e d  
p r e c i s i o n  expressed by t h e  v a r a c t o r  b i a s  t o l e r a n c e ,  t h e  low-high f l u x  
p u l l i n g ,  and t h e  number of p e r i o d s  averaged and c o u n t e r  r e a d i n g s  t o  
produce a  f requency  sample a r e  s p e c i f i e d ,  t h e  program r u n s  a u t o m a t i c a l l y .  
The d a t a  were t aken  w i t h  a  VLG-10 maser a s  an  e x t e r n a l  r e f e r e n c e ,  and 
t h e  t u n i n g  p r o c e s s  was completed i n  l e s s  t h a n  35 min. The s p e c i f i e d  
5 x 10-3 V v a r a c t o r  b i a s  t o l e r a n c e  cor responds  t o  a p o s s i b l e  t u n i n g  
e r r o r  of 2 p a r t s  i n  1013, 

P r e l i m i n a r y  s t a b i l i t y  d a t a  t aken  by NRL which compares the  t e s t b e d  w i t h  
a  VLG-10 a r e  shown i n  F i g u r e  3 .  These d a t a ,  t a k e n  w i t h  t h e  e x p l o r a t o r y  
development model r e c e i v e r  can be  improved by a f a c t o r  o f  3 when t h e  
maser i s  used w i t h  our HYMNS I1 l a b o r a t o r y  breadboard receiver. We 
p l a n  t o  c o n t i n u e  re f inement  of t h e  r e c e i v e r  e l e c t r o n i c s  as  w e  proceed 
i n  our  technology s t u d i e s .  



START S P I N  EXCH T U N I N G  ENn SPIN EXCH TUNING 

AUTO T U N I N G  VARB : 5 . 4 3 7 8 9  
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l e 5  
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' F i g u r e  2. Frequency comparison o f  tlie Hughes t e s tbed  maser  and tlie 
SAO VLG-10 maser u s i n g  the XDM recei-ver i n  the  S p i n  
Exchange Tuning mode. Only t h e  f i n a l  1 0  d i g i t s  a r e  shown. 



CONCLUSIONS 

The o p e r a t i o n a l  c h a r a c t e r i s t i c s  of HYMNS 111 a l o n g  w i t h  e x t e n s i v e  l i f e -  
t e s t  d a t a  o b t a i n e d  d u r i n g  our technology program lead u s  t o  t h e  conclu- 
s i o n  t h a t  a  reduced s i z e ,  long- l ived  spaceborne maser can b e  space 
q u a l i f i e d  u s i n g  e x i s t i n g  technology.  W e  a l s o  conc lude  that t h e  maser 
can be made compat ib le  w i t h  t h e  s i z e ,  weight ,  and power c o n s t r a i n t s  
of t h e  NTS-3 s p a c e c r a f t  w i t h o u t  any s a c r i f i c e  i n  t h e  s u p e r i o r  s t a b i l i t y  
performance e x h i b i t e d  by l a b o r a t o r y  d e v i c e s .  

6908 - 1 

1 

H MASER STABILITY 

HYMNS Il l  
NRL 10/77 

AVERAGING TIME, sec 

F i g u r e  3 .  P r e l i m i n a r y  s t a b i l i t y  d a t a .  



QUESTIONS AND ANSWERS 

MR. WOLFGANG BAER,  Ford Aerospace: 

What i s  the f i na l  weight t ha t  you expect on the NTS-3 s a t e l l i t e ?  
Where do you expect weight and s ize  t o  go on the hydrogen maser 
designs? 

MR. WANG : 

I guess the weight and s i z e ,  as given i n  the previous t a l k ,  depends 
on the spacecraft .  Tentatively we are  shooting f o r  100 pounds and 
consuming l e s s  than 100 watts with a 15-inch diameter and l e s s  than 
30-inches long. B u t  t ha t  i s  very t en ta t ive .  Roger Easton or some 
people from NRL wil l  be able to  define those parameters be t t e r  f o r  
you. 

MR. BAER: 

Do you have any feel ing fo r  where you might go i n  terms of weight 
and s i z e  in the maser development? 

MR. WANG: 

I fee l  t ha t  we can probably reduce the length and diameter by 
another inch or two on t h i s  ac t ive  maser, b u t  probably not much 
more. The weight, o f  course, depends on the polymer you f i na l l y  
s e l ec t  as well as the magnetic sh ie ld .  Those a r e  the heaviest 
components. 

DR.  R O B E R T  VESSOT, Smithsonian Astrophysical Observatory: 

To give a l i t t l e  perspective on t h i s ,  the one we flew weighed 88 
pounds. I t  was 19-inches in diameter and about 24 inches t a l l .  
With a TE 111 cavi ty ,  allowing the same spacing between 4 layers o f  
magnetic sh ie lds ,  you could make a niaser fasten i n  a 12-inch dia- 
meter tube and be on the order o f ,  I t h i n k ,  20 inches in l e n g t h .  
The cavity i s  a valid concept because i t  does o s c i l l a t e  avd i t  wi 11 
work. 



I n  r e l a t i o n  t o  t h e  c a r t r i d g e ,  we found t h a t  we c o u l d  r u n  t h e  car- 
t r i d g e  well over  a yea r  and i t  d i d n ' t  s a t u r a t e  and i t  was a marve l -  
ous g e t t e r .  Bu t  we j u s t  needed a very ,  ve ry  small i o n  pump t o  t a k e  
care  of t h e  s t u f f  t h a t  w a s n ' t  hydrogen, as I t h i n k  you have a l s o  
seen. But  t he  f u n c t i o n  of t he  i o n  pump was a l s o  t o  t a k e  a p a r t  
n io lecu les t h a t  con ta ined  hydrogen as a d i s s o c i a t o r .  

I r e a l l y  t h i n k  t h e  f u t u r e  o f  hydrogen pumping f o r  t h e  maser i s  i n  
t h e  c a r t r i d g e .  I fee l  t h a t  we a re  c o n t r i b u t i n g  no ise  t o  our system 
by hav ing  a glow d ischarge.  Even i f  i t  i s  i n  t he  m i l l i a m p s ,  t h a t  
i s  j u s t  n o t  a wholesome t h i n g  t o  have, p l u s  t h e  f a c t  we have these 
monstrous magnets i n  t he  vac i ons ,  t he  weight ,  t h e  s h i e l d ,  and a l l  
t he  r e s t  o f  i t .  I r e a l l y  f e e l  t h a t  t h e  way t o  go i s  i n  t h e  c a r t r i d g e .  

MR. WOLF: 

I agree. 


