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ABSTRACT 

We d e s c r i b e  t h e  c o n s t r u c t i o n  and d i s c u s s  t h e  p r o p e r -  

t i e s  o f  a  TElll-mode hydrogen maser r e s o n a n t  c a v i t y  

t h a t  has ach ieved  maser o s c i l  l a t i o n .  The T E I I 1  -mode 

c a v i t y  i s  abou t  h a l f  t h e  s i z e  o f  t r a d i t i o n a l  niaser 

c a v i t i e s  and conibines t h e  e l e c t r o m a g n e t i c  r e s o n a t o r  

and t h e  hydrogen s t o r a g e  r e g i o n  i n  a  s i n g l e  s t r u c t u r e .  

The measured l i n e  Q of t h e  o p e r a t i o n a l  c a v i t y  i s  
8 

Q = 8.5 x 10 , and t h e  p r o b a b i l  i t y  f o r  hydrogen-atom 
2, 

r e l a x a t i o n  on t h e  T e f l o n - c o a t e d  w a l l s  i s  a p p r o x i m a t e l y  

5 x 1 0 - ~ / i m ~ a c t .  We a l s o  d i s c u s s  a p o s s i b l e  m o d i f i -  

c a t i o n  t o  t h e  c a v i t y  t h a t  would i n c r e a s e  t h e  magnet ic  

f i l l i n g  f a c t o r .  

INTRODUCTION 

The minimum s i z e  o f  a  hydrogen maser i s  de te rm ined  by t h e  s i z e  o f  

i t s  e l e c t r o m a g n e t i c  r e s o n a n t  c a v i t y ,  wh ich  must  have a  resonance 

f r e q u e n c y  o f  1420 MHz. T y p i c a l  TEOll-mode r e s o n a t o r s  t r a d i t i o n a l l y  

used i n  masers a r e  a p p r o x i m a t e l y  28 cni l o n g  and 28 cm i n  d i a m e t e r .  The 

c a v i t y ,  i n  t u r n ,  i s  sur rounded by a  vacuum envelope,  tempera tu re -  

c o n t r o l  1  i n g  ovens, t he rma l  i n s u l a t i o n ,  and s e v e r a l  1  aye rs  o f  magnet ic  

s h i e l d s .  A l o w e r  s i z e  1  i m i t  f o r  TEOll -mode hydrogen masers appears  t o  

be r e p r e s e n t e d  by  t h e  maser t h a t  f l e w  i n  t h e  probe r o c k e t  o f  t h e  r e c e n t  
1 g r a v i t a t i o n a l  r e d s h i f t  expe r imen t  ; t h i s  maser was 0.6 cm l o n g  and 0.5 m  

i n  d i a m e t e r  and weighed 40 kg.  



We have i n v e s t i g a t e d  t h e  p o s s i b i l i t y  o f  us i ng  d i f f e r e n t  types o f  

c a v i t i e s  t o  reduce t h e  s i z e  o f  hydrogen masers.' I n  p a r t i c u l a r ,  we have 

shown t h a t  a new t ype  o f  c a v i t y ,  t h e  c y l i n d r i c a l  TEll l-mode resonato r ,  

i s  capable o f  s u s t a i n i n g  maser o s c i l l a t i o n ,  and we have cons t ruc ted  and 

s u c c e s s f u l l y  operated such a  c a v i t y  i n  a  maser. 

The TElll-mode c a v i t y ,  which i s  compared w i t h  t h e  TEOll-mode c a v i t y  

i n  F igu re  1, i s  r ough l y  h a l f  t h e  l e n g t h  and d iameter  o f  t he  TE,,] V I reso-  

na to r .  It i s  d i v i d e d  i n t o  two equal s to rage  volumes by a  Tef lon-coated 

septum, w i t h  h a l f  t h e  hydrogen beam e n t e r i n g  each volume. A separate 

s to rage  b u l b  i s  n o t  used; r a t h e r ,  t h e  i n s i d e  w a l l s  o f  t h e  resona to r  a re  

coated w i t h  T e f l o n  and, t oge the r  w i t h  t h e  Tef lon septum, c o n s t i t u t e  t h e  

hydrogen-conf i n i n g  surface. Thus, t h e  resonato r  and "bu lb "  a r e  a  s i n g l e  

s t r u c t u r e .  

OSCILLATION CRITERION 

I n  a  hydrogen maser, hydrogen atoms a r e  con f ined  t o  a  r e g i o n  o f  

constant-phase RF magnetic f i e l d  w i t h i n  an e lec t romagnet i c  resonant  

c a v i t y .  To produce s e l f - o s c i l l a t i o n ,  t h e  f i e l d  amp l i tude  must be g rea t  

enough t o  s t i m u l a t e  emission f r om t h e  atoms a t  a r a t e  t h a t  overcomes t h e  

e l  e c t r i  ca l  1 osses i n t h e  c a v i  t y  . The necessary condi  t i  on f o r  o s c i  11 a- 

t i o n  thus i nvo l ves  bo th  t h e  resona to r  Q and t h e  geometr ica l  d i s t r i b u t i o n  

o f  RF f i e l d s  w i t h i n  t h e  hydrogen s to rage  volume. The o s c i l l a t i o n  

c r i t e r i o n  i s  g i ven  by 2 

where t h e  parameter 5 i s  t h e  p roduc t  o f  QL, t h e  loaded c a v i t y  Q, and q ' ,  

t h e  s to rage-bu lb  f i l l i n g  f a c t o r .  The f i l l i n g  f a c t o r  i s  de f i ned  by 



V b  i n z /  
n' = - - , , f o r  t h e  TEn.. -mode cav i  t v  

D 13 n' = - - 
\ I f o r  the TE, , , -mode c a v i t y  

where V b  = volume of  a s i n g l e  s t o r a g e  r eg ion ,  

Vc = t o t a l  c a v i t y  volume, 

O b  = average over  s t o r a g e  r e g i o n ,  

( = average  over  c a v i t y ,  and 
C 

H and HZ = RF magnetic f i e l d .  

I 
The va lue  of  QL depends on t h e  m a t e r i a l s  and c o n s t r u c t i o n  of t h e  

c a v i t y ,  a s  well as on i t s  s i z e ,  shape,  and e lec t romagne t ic  mode; rf , on 

the o t h e r  hand, i s  a f unc t i on  on ly  of  t h e  s to rage-bu lb  and c a v i t y  

F igure  2 shows SO, t h e  va lue  of S f o r  an uncoupled r e s o n a t o r ,  a s  a 

f unc t i on  of shape f o r  a s i l v e r - c o a t e d  TEl l l  -mode maser c a v i t y .  Such a 
c a v i t y  w i t h  a l eng th- to -d iamete r  r a t i o  L I D  = 1 .25  has a c a l c u l a t e d  f i l -  

l i n g  f a c t o r  of q' = 0.42. With a loaded Q of  24000, a t t a i n a b l e  i n  

p r a c t i c e ,  t h i s  g ive s  S = 10000, a lmos t  twice  t h e  t h r e sho ld  va lue ,  

i n d i c a t i n g  t h a t  the  c a v i t y  should suppor t  o s c i l l a t i o n .  

PROPERTIES OF THE TEIll-MODE MASER 

A p ro to type  TElll-mode c a v i t y ,  18 cm long and 1 6  cm i n  d iamete r ,  

i s  shown i n  Figure  3. For convenience of c o n s t r u c t i o n  i t  was made of 

OFHC c o m e r ,  r a t h e r  than of low-expansion ce ramic ,  and i s  d iv ided  i n t o  



f ou r  sec t i ons .  The d i v i s i o n  p a r a l l e l  t o  t h e  l o n g i t u d i n a l  c y l i n d e r  a x i s  

a l l ows  t h e  l e f t  and r i g h t  ha lves t o  clamp a  t h i n  T e f l o n  sheet t h a t  

separates t h e  two a  tom-conf i n i  ng reg ions ,  whi 1 e  t h e  d i v i s i o n  perpendicu-9 

l a r  t o  t h e  a x i s  permi ts  t h e  c a v i t y ' s  resonance f requency t o  be s e t  by 

machining t h e  c a v i t y  t o  t h e  proper  l eng th .  These d i v i d i n g  p lanes were 

chosen t o  c o i n c i d e  w i t h  ze ro -cu r ren t  l i n e s  o f  t h e  TElll mode so t h a t  

good e l e c t r i c a l  con tac t  between t h e  sec t i ons  i s  n o t  a  c r i t i c a l  r e q u i r e -  

ment. 

The c a v i t y  was mounted on a  m o d i f i e d  maser t h a t  con ta ins  a hydrogen 

source, magnet ic s h i e l d s  and so lenoids,  and thermal c o n t r o l s .  The 

resonance f requency was ad jus ted  d u r i n g  o p e r a t i o n b y  v a r y i n g t h e c a v i t y ' s  

temperature and by moving a  copper r o d  w i t h i n  a smal l  Tef lon-coated 

g lass  dome t h a t  extends i n t o  t h e  c a v i t y .  A s i m i l a r  dome houses t h e  RF 

p ickup  1  oop. 

The c h a r a c t e r i s t i c s  o f  t h e  TElll resona to r  a r e  g i ven  i n  Table 1. 

The unloaded c a v i t y  Q i s  q u i t e  c l o s e  t o  i t s  t h e o r e t i c a l l y  c a l c u l a t e d  

value, t h e  h i gh  va lue  p robab ly  be ing due t o  t h e  use o f  a s o l i d  copper 

c a v i t y  w i t h  1  cm w a l l s  and p roper  d i v i d i n g  planes, which combine t o  

p reven t  RF leakage. The measured QL, t oge the r  w i t h  t h e  c a l c u l a t e d  17' , 
g ives  a  va lue  f o r  t h e  o s c i l l a t i o n  parameter 5 t h a t  i s  1.9 t imes i t s  

t h resho ld  va l  ue, as p red i c ted .  The o s c i  1 l a t i  ng TEl -mode maser has an 

RF power ou tpu t  o f  

and a  measured 1  i n e  Q o f  



Table 1 . TE., , cavi tv  aarameters. 

Loaded Q :  QL = 27 x 10' 

Coup1 i ng parameter: = 0.1 2 

Unloaded Q :  Q, = 30 x 10 3 

I Calculated 

Unloaded 4: Q = 3 3 x 1 0 3  , C( ( IllttdS ) 
0 0 

b,[theo) = 0.9 

Fi 11 i ng  f a c to r :  q' = 0.419 

3 thresh 

The hydrogen-atom relaxation time was measured t o  be 0.34 sec ,  

w h i l e  the calculated geometrical l i f e t ime  i s  1 sec ,  giving a wa l l -  

col l  i sion relaxation r a t e  of 2 sec- ' .  Thi r corresponds t o  a re1 axation 

probabi 1 i ty  of approximately 5 x 1 o - ~ /  impact, which agrees with other 
I 

r e1  axation nieasurenients on F E P  Teflon. 3 

MODIFIED C A V I T Y  DESIGN 

In the T E l l l  resonator discussed above, the hydrogen atoms sample 

the  RF magnetic f i e l d  throughout the cav i ty ,  including near the ends, 

where t h e  f i e l d  i s  t ransverse ra ther  t h a n  longi tudinal .  If  the atoms were 

r e s t r i c t ed  t o  the center  region of the cav i ty ,  the f i l l i n g  factor  of the 

resonator could be increased and frequency i n s t a b i l i t i e s  caused by 

changes i n  the transverse RF a n d  DC magnetic-field c ~ r a d i e n t s ~  could be 

reduced. 



One method o f  c o n f i n i n g  t h e  hydrogen atoms t o  t h e  cen te r  i s  t o  f i l l  

t h e  ends o f  t h e  c a v i t y  w i t h  a  s o l i d  d i e l e c t r i c  m a t e r i a l  such as quar tz .  5 

A second method i s  t o  form t h e  ends of t h e  hydrogen s to rage  volume w i t h  

t ransverse  septa o f  t h i n ,  Te f lon-coa ted  quar tz ,  as shown schema t i ca l l y  i n  

F igure  4 .  Shor ten ing t h e  s to rage  r e g i o n  by t h e  l a t t e r  techn ique  

increases t h e  f i l l i n g  f a c t o r  by approx imate ly  15% f o r  a  s to rage  r e g i o n  

t h a t  i s  t h r e e - f o u r t h s  t h e  l e n g t h  o f  t h e  c a v i t y  ( F i g u r e  5 ) .  Both methods 

o f  shor ten ing  t he  s to rage  r e g i o n  have t h e  disadvantage t h a t  t h e  d i e l e c -  

t r i c  would decrease t h e  c a v i t y ' s  Q and inc rease  i t s  s e n s i t i v i t y  t o  

temperature change (a l t hough  t he  use o f  ve ry  t h i n  qua r t z  septa c o u l d  

min imize these e f f e c t s ) ,  and thus n e i t h e r  method i s  l i k e l y  t o  be p r a c t i -  

c a l  if employed s o l e l y  t o  inc rease  t h e  f i l l i n g  f a c t o r .  However, t h e  

second method may be u s e f u l  f o r  i n v e s t i g a t i n g ,  and p o s s i b l y  reduc ing,  

t h e  inhomogeneity f requency s h i f t s .  
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F I G U R E  CAPTIONS 

F i g .  1 - T E O l l  and T E l l l  maser c av i t i e s .  Section views a r e  drawn to  the  

same sca le ;  the actual ins ide  dimensions of typical  c av i t i e s  

a r e  TEO1 25-cm length x 29-cm diameter; TE1 19-cm 1 ength 

x 15-cm diameter. 
F i g .  2 - Osci  1 la t ion  parameter SO f o r  uncoupled TEl l  -mode maser cavi ty  

as a function o f  cavi ty  shape. 

Fig. 3 - Photograph of experimental T E l l  -mode cavi ty  on test-bed maser. 

Fig. 4 - Section view of TElll-mode maser cavi ty  with shortened hydrogen 

storage vol ume. 

Fig. 5 - Fi l l ing  fac to r  of TElll-mode cavi ty  with shortened storage 

vol ume . 
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Pig. 2-Oscillation parameter So for uncoupled TElil-mode maser  cavity as a 
function of cavity shape. 
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Fig. 3-Photograph of experimental TEill-mode cavity on test-bed maser. 
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Fig. 4-Section view of TElil-mode maser cavity with shortened hydrogen 
storage volume. 



Fig. 5-ITilling factor  of TE,,,-mocle c31~ils- wit11 sho~teaet l  storage voluinc. 




