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ABSTRACT 

The basic pr inc ip les  of the  atomic hydrogen rrlaser wi l l  
be described. Since a hydrogen maser emits a highly 
s t a b l e  radio frequency s i g n a l ,  i t  can be used not only 
f o r  accurate atomic measurements b u t  a l so  in o ther  
f i e l d s ,  such as navigation and radio astronomy where 
a  highly s t a b l e  clock i s  required.  Results of hydro- 
gen maser nieasurenlents a re  given. 

INTRODUCTION 

The atoniic hydrogen maser depetids on hyperfine t r a n s i t i o n s  of atomic 
hydrogen in i t s  e l ec t ron ic  ground s t a t e .  

The energy l e v e l s  of atornic hydrogen in i t s  e l ec t ron ic  ground s t a t e  a r e  
shown in Fig. 1 .  In weak magnetic f i e l d s  the higher energy F = i s t a t e s  
correspond t o  the  e lec t ron a n d  proton s p i n s  being pa ra l l e l  while the  
spins a r e  a n t i p a r a l l e l  in the F = 0 s t a t e .  With the hydrogen maser the  
t r a n s i t i o n s  between the various hyperfine energy l eve l s  of F i g .  1 have  
been studied under various condi t ions .  

The Hydrogen Maser 

The atomic hydrogen niaser was f i r s t  dcvelopea a t  harvard University by 
Kleppner, Goldenberg, and Ranisey [I-41.  A schematic diagram of the  
hydrogen maser i s  shown in Fig. 2 .  Since nrdinary hydrogen t h a t  comes 
in a s torage  tank i s  molecular nydrogen (Hz) r a the r  than atomic hydro- 
gen ( H ) ,  i t  i s  f i r s t  necessary t o  convert the  i~iolecuiar hydrogen t o  the 
ato~mic form. This i s  done by admitting the :iiolecti'lar hydrogen i n t o  a 
sniall quartz or  Pyrex b u l b  which fnr~ns the a to rn i c  hydrogen source. 
This bulb i s  surrounded by a coi l  of wire which i s  exci ted with a  s tan-  
dard radio-frequency o s c i l l a t o r  such a s  i s  used iv a strlall radio br-oad- 
casing s t a t i o n .  The o s c i l l a t i n g  f i e l d  f r - ~ I I I  t h i s  coi l  e s t ab l i shes  a  gas 
discharge in the bulb s i l r~ i l a r  t o  t h e  f ami l i a r  gas discharge in a  neon 
adver t i s ing  sign.  I n  t h i s  g d s  d i s c h a r g e  t h e  !iolecules of hydrogen a re  
broken u p  i n to  a t o m ,  and rliost of w h a t  elilerges frol~i a small hole in the  
source b u l  b i  s a  tomi c hydroyen. 

The atoms of hydrogen elnerge in to  a vacuum r e g i o ~  which i s  exhausted t o  
a low pressure ( l e s s  t h a n  lo-,:, P o r r ) .  I n  such a low-pressure region 
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L = O ,  s . .  r ,  1 - i  a a 

AW = 9.4 x 10-18 erg = 5.9 x 10-6 e~ 

AW 
V, = 7 - 1420405 7518 M c / s  

F i g .  1 .  Atomic hydrogen hyperfine s t ruc tu re  showing the dependence of 
the energy levels  on the strength of an external magnetic f i e l d .  The 
heavy arrow indicates  t h e  t r an s i t i on  o rd inar i ly  used in s t ab le  atomic 
hydrogen o s c i l l a t o r s .  
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F i g .  2 .  Sche r~ ia t i c  d raw ing  o f  atorr l ic hydrogen maser 

t h e  atoms w i l l  t r a v e l  i n  s t r a i g h t  l i n e s  u n l e s s  a c t e d  upon by a  f o r c e .  In  
p a r t i c u l a r ,  some o f  t h e  atoms w i l l  go s t r a i g h t  t h r o u g h  t h e  s t a t e  s e l e c -  
t o r  magnet, as shown i n  F i g .  2 .  The s t a t e  s e l e c t o r  magnet has s i x  p o l e s ,  
h a l f  on w h i c h  a r e  n o r t h  poles and h a l f  s o u t h  p o l e s ,  a r r a n g e d  as shown 
s c h e m a t i c a l l y  i n  t h e  c r o s s  s e c t i o n  i n  t h e  upper  p o r t i o n  o f  F i g .  2. By 
symmetry, t h e  magne t i c  f i e l d  must  be z e r o  on t h e  e x a c t  c e n t r a l  a x i s  o f  
t h e  magnet, On t h e  o t h e r  hand, if t h e  atorn goes s l i g h t l y  o f f  t h e  c e n t r a l  
a x i s ,  t h e  magne t i c  f i e l d  w i  11 rapid1.y i n c r e a s e .  Consequent ly ,  t h e n  
energy  o f  t h e  atom w i l l  change when i t  i s  o f f  a x i s .  I f  t h e  atoll1 i s  i n  
t h e  F = 0 s t a t e ,  i t s  magne t i c  energy  w i l l  decrease as t h e  atom g e t s  
f a r t h e r  o f f  t h e  a x i s  a s  can he seen f r o m  F i g .  1 .  S i n c e  atoms p r e f e r  t o  
go i n  t h e  d i r e c t i o n  where t h e  energy  i s  l o w e r ,  an atom o f  hydrogen i n  t h e  
F = 0 s t a t e  wh ich  i s  o f f  t h e  c e n t r a l  a x i s  w i l l  be s u b j e c t  t o  a f o r c e  
p u l l i n g  i t  s t i l l  f a r t h e r  o f f  t h e  c e n t r a l  a x i s .  The re fo re ,  such atoms 
w i l l  be defocused by t h e  s t a t e  s e l e c t o r  magnet. On t h e  o t h e r  hand, t h e  
e n e r g i e s  o f  t h e  MF = + 1 and 0 s t a t e s  f o r  atoms w i t h  F = 1 i n c r e a s e  as 
t h e  atom g e t s  f a r t h e r  o f f  t h e  a x i s .  Consequent ly ,  t h e  f o r c e  on i t  
pushes i t  back toward  t h e  a x i s ;  i . e , ,  i t  i s  focused.  The d imens ions  o f  
t h e  magnet a r e  s e l e c t e d  i n  such a  f a s h i o n  t h a t  t h e  F = 1  atoms a r e  
focused  on a sniall h o l e  i n  a 6 - i n . - d i a m  T e f l o n - c o a t e d  qua r t z  s t o r a g e  
b u l b .  



As a r e s u l t  of the  above focusing ac t ion  on the  F = 1 s t a t e  and the  de- 
focusing ac t ion  on t h e  F = 0 s t a t e ,  the quar tz  bulb i s  dominantly f i l -  
led  with atoms in the higher-energy F = 1 s t a t e .  The bulb i s  a l s o  sur -  
rounded by a microwave cav i ty  tuned t o  the  1420-MHz frequency, charac- 
t e r i s t i c  of atomic hydrogen. Since the atoms in  the bulb a r e  dominantly 
in the  higher-energy s t a t e ,  t h i s  arrangement s a t i s f i e s  a l l  t he  requi re-  
ments f o r  maser ampl i f ica t ions .  Indeed, such a device can be used a s  
an ampl i f ie r .  Moreover, i f  t he  ampl i f ica t ion  i s  s u f f i c i e n t  i t  can a l s o  
be a  self-running o s c i l l a t o r .  I t  i s  easy t o  see  how o s c i l l a t i o n  can be 
es tabl i shed in such a device. If  t h e r e  i s  a weak noise s ignal  present  
a t  t he  appropr ia te  1420-MHz frequency, s t imulated emission wi l l  exceed 
absorpt ion and the o r ig ina l  s ignal  wi l l  be amplified t o  a l a r g e r  one 
which wi l l  be f u r t h e r  amplif ied.  The signal  wil l  thus g e t  bigger and 
bigger u p  t o  the  point  where most o f  the  energy being brought i n t o  the 
bulb by the  atoms in the  higher-energy s t a t e  i s  absorbed. A t  t h i s  con- 
d i t i o n  an equil ibr ium s t eady-s t a t e  o s c i l l a t i o n  wi l l  be e s t ab l i shed .  
Although the  power in  the  o s c i l l a t i o n  i s  q u i t e  weak -- about 10- l2  W --  
t he  o s c i l l a t i o n  i s  highly s t a b l e  and i s  concentrated in  an unprecedent- 
l y  narrow frequency band. Consequently the  s ignal  can e a s i l y  be seen 
desp i t e  i t s  low t o t a l  power. Ordinar i ly  the  atoms a r e  s tored  in the  
bulb f o r  about one-third of a second, during which time each atom makes 
over 10,000 c o l l i s i o n s  with the  wall of the  containing vesse l .  

A n  e l e c t r i c a l  coupling loop i s  in se r t ed  i n t o  the  cavi ty  so t h a t  some of 
the  microwaves ' osci  11 a to ry  power can be coup1 ed o u t  f o r  observat ion.  
The signal  t h a t  emerges from such a maser proves t o  be unprecedentedly 
s t a b l e .  This highly s t a b l e  s ignal  provides the  bas is  f o r  the experi-  
ments which wi l l  be described in the  l a t t e r  port ion o f  the present  re-  
por t .  

A photograph of a hydrogen maser i s  shown in  Fig. 3, The e n t i r e  device 
i s  about 4 f t .  t a l l .  The v e r t i c a l  cy l inders  a r e  vacuum pumps, and the  
l a rge  cyl inder  with a  horizontal  a x i s  i s  the  tuned microwave cav i ty .  
Ins ide  t h a t  cy l inder  i s  t h e  Teflon-coated quar tz  bulb containing atomic 
hydrogen dominantly in the high-energy F = 1 hyperfine s t a t e .  In nor- 
mal use the  microwave cav i ty  i s  f u r t h e r  surrounded by th ree  successive 
concent r ic  l aye r s  of molypermalloy, which s h i e l d s  the  apparatus from 
t h e  magnetic dis turbances in the  room. 

A photograph of  the s ix-pole  focusing magnet used in t h e  hydrogen maser 
i s  shown in F i g .  4 .  The s i x  Alnico magnets a r e  shown in the  photograph. 
The 'poles of the  magnets a l t e r n a t e  success ive ly  n o r t h  and south.  The 
atomic beam goes along the a x i s  of the cy l inde r .  

The unprecedentedly high s t a b i l i t y  o f  the maser microwave o s c i l l a t i o n  
a r i s e s  from a combination of four  des i r ab le  f e a t u r e s ,  a l l  of which 
con t r ibu te  t o  increased s t a b i l i t y .  These f a c t o r s  include:  





Fig. 4. Photograph of s ix  pole focusing magnet 

( a )  The atoms reside in the storage bot t le  for a much longer period of 
time than the atoms remain in a normal molecular beam apparatus. Con- 
sequently the character is t ic  resonance l ine  i s  much narrower and the 
output signal i s  more s table ,  since the peak of a narrow l ine  can be 
much more accurately located than the peak of a broad l ine .  The narrow- 
ing of the l ine  i s  just  that  to be expected from the Heisenberg Uncer- 
tainty Principle. According to th i s  principle, a longer observation 
time makes possible a narrower resonance and consequently a more s table  
frequency. The narrowness of the resonance also diminishes the pulling 
of the maser frequency by any mistuning o f  the microwave cavity; in 
addition the cavity can be accurately tuned by adjusting i t s  tuning to  
be such that  the output frequency i s  independent of the intensity of 
the beam of hydrogen atoms [3,51. I t  has been shown by Crampton [51 
that  t h i s  method of cavity tuning eliminates the effect  of a spin ex- 
change frequency s h i f t  except for  a small measurable s h i f t  of a few 
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par t s  in 10" due t o  the  change iv hyperfi ne frequency during the  time 
o f  the  c o l l i s i o n  [51. 

( b )  The atom i s  r e l a t i v e l y  f r e e  and unperturbed w h i l e  r ad ia t ing ,  u n -  
l i k e  a n  ato~ri in a  resonance experiment using l i q u i d s ,  s o l i d s ,  or gases 
a t  r e l a t i v e l y  high pressure.  Consequen-tly, a l l  atoms will  have the  same 
c h a r a c t e r i s t i c  frequency, and the resultan?. resonance will  not be broad- 
ened a s  i t  w o u l d  be i f  i t  consist.ed of a sdperposi t ion of a number of 
resonance a t  s l i g h t l y  d i f f e r e n t  frequencies.  Unfortunately the  atoms 
of hydrogen a r e  n o t  t c t a l l y  'I-ee, s ince  they inus? coll  idf a t  in t e rva l s  
with the Teflon-coated wall n f  the st,oragc h u l k .  This produces a  s h i f t  
in the  maser frequency o f  about 2 par ts  i n  1 u::. This co r rec t ion ,  how-  
ever ,  can be experimentally deternii ned by observj ng the frequency of 
the  o u t p u t  with bulbs of two d i f f e r e n t  s i zes  a n d  then by ext rapola t ing  
t o  a bulb of i n f i n i t e  diameter as  discussed l a t e r  in g rea te r  d e t a i l .  

( c )  A f u r t h e r  advantage of the  hydrogen rrlaser i s  t h a t  the  f i r s t - o r d e r  
Doppler s h i f t  i s  g rea t ly  reduced. With the  very-narrow-line charac ter -  
i s t i c  of the  atorrlic hydrogen maser,  the  re levant  quant i ty  f o r  the 
Doppler s h i f t  i s  the  r a t i o  of  he average veloci ty of the  hydrogen atorri 
t o  the  ve loci ty  of l i g h t .  S i n c e  the  hydrogen atarrls en te r  the storage 
bulb through a srriall hole, a n d  then s tay  i e  the  s torage b u l b  f o r  about 
1 sec.  before f ina l  1 y cmergi r!g f r - * o m  the sanie hole, the  average veloci ty  
i s  zero,  o r  c lose  t o  zero. Consequently the  f i r s t - o r d e r  Doppler s h i f t  
i s  completely negl ig ib le .  There i s  a  small second order Doppler s h i f t  
due  t o  the  r e l a t i v i s t i c  s l o w i n g  down of any moving clock or  o s c i l l a t o r .  
Since the  second-order Doppler s h i f t  depends upon the  ve loc i ty  squared, 
i t  i s  n o t  averaged t o  zero while the  atom i s  in the  bulb. O n  the  other  
hand, the  second-order Doppler s h i f t  i s  a correc t ion  t h a t  can be ex- 
a c t l y  ca lcula ted  i f  the  teniperature and hence the  mean square ve loci ty  
of the  atom i s  accura te ly  known. 

( d )  A f ina l  advantage t h a t  cont r ibutes  t o  the high precision of the 
atomic hydrogen rnasei- i s  the 1 ow-noi se  c h a r a c t e r i s t i c  of rriaser amp1 i - 
f i c a t i o n .  Since the  arripl i fy ing elei~lerit - i s  an i so la ted  sinipl e atotn, 
there  i s  l i t t l e  opportunity f o r  any extra noise t o  develop beyond the  
theore t i ca l  niinirr~urrl noise. As a r e s u l t ,  the maser i s  a  very-low-noise 
ampl i f i e r ,  and the  o s c i l l a t i o n  will  be riiuch Illore s t a b l e  s ince  the  f r e -  
quency i s  l e s s  l i k e l y  t o  d r i f t  t o  a nearby noise peak. 

For the  above four reasons the hydrogen maser frequency should be very 
s t a b l e .  This predict ion has been confirriled experii~iental ly a n d  t h e  
s t a b i l i t y ,  a s  measured by the  A 1  Ian variance,  i s  about 2 x 1 0 - ' ' .  For 
many experinients s t a b i l i t y  i s  a l l  t h a t  i s  required f o r  the desired 
measurements. On the o ther  hand, often the  observer wishes t o  k n o w  the 
absolute r a t e  of the  o s c i l l a t i o n  in terms of t h o s e  of a t o t a l l y  f r e e  
hydrogen atom. I n  such cases the correc t ion  f o r  the  w a l l  s h i f t  must 
be k n o w n .  This correc t ion  can be deterniined by rr~aking measurements 
with storage bulbs of two d i f f e r e n t  s i z e s ,  the  necessi ty f o r  making the  
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cor rec t ion  usual ly degrades t h e  accuracy and a f u r t h e r  degradation of 
the  accuracy of absolu te  measurements come from the  necess i ty  of mea- 
suring the  cesium hyperf ine s t r u c t u r e  a s  the standard of time. The wall 
s h i f t  co r rec t ion  can,  however, be made more r e l i a b l y  i f  a  s i n g l e  s to rage  
bulb i s  used whose shape can be deformed t o  change t h e  r a t i o  of t h e  
su r face  area  t o  the volume, a s  discussed f u r t h e r  in  sec t ion .  

Large Storage Box Hydrogen Maser 

In t h e  previous discussion i t  has been mentioned t h a t  t h e  pr inc ipa l  
source of uncer ta in ty  in  t h e  hydrogen maser measurements a r i s e s  from 
the  necess i ty  of making a wall s h i f t  co r rec t ion  f o r  t he  e f f e c t  of t h e  
wall upon t h e  hydrogen atom when the  atom i s  in  t h e  v i c i n i t y  of t h e  
wal l .  Although t h i s  co r rec t ion  can be made by ex t r apo la t ing  r e s u l t s  on 
masers with a d i f f e r e n t  s i zed  s to rage  bulbs,  t he  uncer ta in ty  in  t h e  
determination of the wall co r rec t ion  remains the  pr inc ipa l  source of 
uncer ta in ty  i n  many of t h e  maser measurements. Z i  tzewi t z  [ I  1,121 and 
Vessot [I31 a r e  undertaking experiments t o  reduce t h i s  uncer ta in ty  by 
f inding  a  wall-coat ing material  t h a t  i s  supe r io r  t o  Teflon. So f a r ,  
however, Teflon remains the bes t  wall-coat ing substance.  

An a l t e r n a t i v e  means of reducing t h e  e f f e c t  of t h e  wall s h i f t  has been 
accomplished by Uzgir is  [I01 in  our labora tory .  He has cons t ruc ted  a  
maser with a  s torage  box t h a t  i s  ten times l a r g e r  in  diameter than the  
normal 6-in.-diam. s to rage  bulb. Since the  atom wi l l  s t r i k e  t h e  wall 
only one-tenth a s  f requent ly  i n  such a  s to rage  box, t he  wall s h i f t  wi l l  
be ten times less .  In add i t ion ,  a longer t o t a l  s torage  time can be 
arranged,  which makes the  resonances even sharper .  

A schematic diagram of t h e  l a r g e  s to rage  box hydrogen maser i s  shown in  
Fig. 5. The arrangement of t h i s  maser i s  necessa r i ly  d i f f e r e n t  from 
t h a t  of previous hydrogen masers and  a  number of new p r inc ip l e s  invol-  
ved. In p a r t i c u l a r  t h e  c a v i t y  can no longer surround t h e  e n t i r e  s t o r -  
age box, s ince  the wavelength of the r ad ia t ion  i s  small compared t o  t h e  
diameter of t h e  s to rage  box. However, an equal ly  narrow resonance i s  
obtained i f  t he  cav i ty  i n  which t h e  maser o s c i l l a t i o n  occurs surrounds 
only a  port ion of the s to rage  box, provided t h e  atoms make a number of 
t r a n s i t s  between t h e  small s to rage  box and the l a rge  box before f i n a l l y  
e x i t i n g  through the ent rance  cav i ty  of the l a r g e  box. Since t h e  atoms 
a r e  i n  the region of t he  cav i ty  only f o r  a  very s h o r t  period of t ime,  
i t  i s  necessary t o  have a higher leve l  of e x c i t a t i o n  than would occur 
from simple spontaneous maser o s c i l l a t i o n .  As a r e s u l t  two c a v i t i e s  
a r e  used, each surrounding a small port ion of t h e  s to rage  box and about 
80 dB of ampl i f i e r  gain i s  provided between t h e  two c a v i t i e s .  In t h i s  
manner t h e  atoms a r e  placed in  a  superradiant  s t a t e  by the in t ense  
o s c i l l a t i o n s  i n  t h e  high-level dr iv ing  cav i ty  and a r e  thereby a b l e  t o  
produce spontaneous maser o s c i l l a t i o n  in  the low-level c a v i t y ,  which i n  
turn i s  amplif ied t o  the  high-level d r iv ing  cav i ty .  



Wal l  and  Gas C o l l i s i o n s  
I 

Z i t z e w i t z  and Rarnsey [11 ,121 have s t i r d i e d  t h e  T e f l o n  w a l l  s h i f t s  a t  d i f -  
f e r e n t  t e m p e r a t u r e s  w i t h  t h e  r e s u l t s  shown i n  F i g .  6 .  One i n t e r e s t i n g  
r e s u l t  was t h e  o b s e r v a t i o n  t h a t  a t  a b o u t  80°C t h e  w a l l  s h i f t  passes  
f r o m  p o s i t i v e  t o  n e g a t i v e  v a l u e s  and consequent1.y v a n i s h e s  a t  t h e  c r o s s -  
i n g  t e m p e r a t u r e .  T h i s  f e a t u r e  i s  of  v a l u e  i n  niaser e x p e r i m e n t s  t h a t  
a r e  l i m i t e d  b y  t h e  w a l l  s h i f t .  Z i t z e w i t z  [11,121 a l s o  f o u n d  t h a t  t h e  
a b r u p t  changes w i t h  t e m p e r a t u r e  i n  t h e  s l o p e  o f  t h e  w a l l  s h i f t  c u r v e  i n  
F i g .  6 a r e  c o r r e l a t e d  t o  k n o w n  phase changes i n  T e f l o n ,  

U n t i l  r e c e n t l y  a l l  f r e q u e n c y  s h i f t s  due t o  w a l l  c o l l i s i o n s  were  measured 
b y  e x t r a p o l a t i o n  w i t h  t h e  use  c f  T e f l o n - c a o t e d  s t o r a g e  b u l b s  o f  d i f -  
f e r e n t  d i a m e t e r s .  However, Z - i t z e w i t z ,  U z g i r j s ,  a n d  Fiamsey I111  showed 
t h a t  t h e  a c c u r a c y  o f  t h i s  e x t r a p o l a t i o n  was reduced  b y  t h e  d i f f e r e n c e s  
i n  t h e  w a l l  c o a t i n g s  on t h e  d i f f e r e n t  b u l b s .  B r e n n e r  1141 p o i n t e d  o u t  

s t o r a g e  b u l b  whose vo lume c o u l d  be a1 t e r k d  w h i l e  k e e p i n g  t h e  same s u r -  
f a c e .  T h i s  t e c h n i q u e  was f u r t h e r  deve loped  b y  Debe l y  [ I 5 1  who used a 
s t o r a g e  c y l i n d e r ,  one o f  whose ends was a t h i n  c o n i c a l  s h e e t  o f  T e f l o n  
w h i c h  c o u l d  be i n  e i t h e r  of  t h e  t w o  p o s i t i o n s  shown i n  F i g .  7 .  W i t h  
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F i g .  6. Experimental phase s h i f t  per c o l l i s i o n  versus t e m p e r a t u r e  



F i g .  7. Deformable  b u l b  H maser [151.  The c o n i c a l  s u r f a c e  can be i n  
t h e  p o s i t i o n s  i n d i c a t e d  by t h e  f u l l  o r  dashed l i n e s .  

t h i s  de fo rmab le  b u l b  t e c h n i q u e  t h e  w a l l - s h i f t  measurements a r e  a l l  made 
on t h e  same s u r f a c e .  

R e i n h a r d t  1161 has adap ted  t h i s  de fo rmab le  b u l b  t e c h n i q u e  t o  t h e  l a r g e  
box hydrogen maser by u s i n g  t h e  c o n f i g u r a t i o n  shown i n  F i g .  8. An a l -  
t e r n a t i v e  t o  t h e  use o f  t h e  deformable  b u l b  t e c h n i q u e  has been suggested 
by Vessot  [13] who has proposed o p e r a t i n g  a hydrogen lnaser a t  t h e  tem- 
p e r a t u r e  where t h e  w a l l  s h i f t  van i shes  [ I 2 1  and u s i n g  t h e  de fo rmab le  
b u l b  t o  l o c a t e  t h a t  t e m p e r a t u r e  e x p e r i m e n t a l l y ,  i . e , ,  t o  o p e r a t e  a t  t h e  
t e m e p r a t u r e  f o r  wh ich  t h e  o u t p u t  f r e q u e n c i e s  a r e  t h e  same i n  t h e  two 
d i f f e r e n t  de forn iab l  e  b u l b  c o n f i g u r a t i o n s ,  P e t e r s  has used a v a r i a b l e  
volume maser i n  t h e  f o r m  o f  a be1 l o w s ,  

Bender [ I 8 1  f i r s t  p o i n t e d  o u t  t h a t  s p i n  exchange c o l l i s i o n s  o f  hyd ro -  
gen atoms m i g h t  p roduce a  s i g n i f i c a n t  f r equency  s h i f t  i n  t h e  hydrogen 
maser, b u t  Crarnpton [ I 9 1  n o t e d  t h a t  t h e  norrnal t u n i n g  t e c h n i q u e  w o u l d  
cance l  o u t  such an e f f e c t .  L a t e r  Crarnpton p o i n t e d  o u t  t h e  e x i s t e n c e  
o f  a s m a l l e r  a d d i t i o n a l  s p i n  exchange e f f e c t  t h a t  wou ld  n o t  be cance l  - 
l e d  by  t h e  normal  t u n i n g  method. T h i s  e f f e c t  was o m i t t e d  i n  e a r l i e r  
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Fig. 8. Large storage box H maser with deformable bulb for  measurement, 
of wall s h i f t  [161. 

theories due t o  the i r  neglect of the contribution o f  the hyperfine in- 
teraction during the time of the short duration of the col l is ion.  
Crampton developed a technique for  measuring the spin exchange effect .  
Crampton also pointed o u t  the existence of a small frequency s h i f t  due 
to  magnetic f i e ld  inhomogeneities; t h i s  small s h i f t  i s  often called the 
Crampton effect .  B o t h  of these effects  are so small they did no t  effect  
past measurements and they can be further reduced by suitable apparatus 
design. 

Applications 

The hydrogen maser has been used both for  precision measurements of the 
properties of the hydrogen atom and i t s  isotopes and as a highly stable 
clock when other quantit ies are measured. 

Some of the principal resul ts  of measurements of the properties of the 
hydrogen atom are given in Fig. 9 .  



ATOMIC 'H. 'D, and 3~ 

pp= 0.00152103221 ( 2 )  
Bohr mag ne tons 

pJ (H) /pJ (D) = 1~00000000722 ( 10) 

PJ ( H) /pJ (T) = 1.0000000 1 07 (20) 

Fig.  9 .  Some r e s u l t s  o f  maser- ~neasurements of atoriii c  hydrogen ( H )  , 
deuter ium ( D )  and t r i t i u m  ( T ) .  , . ,  i s  t h e  hyper f inc  s e p a r a t i o n  of t h e  
atom, p p  i s  the  magnetic nlonient of  the  proton and 1; i s  t h e  magnetic 
moment o f  the  i n d i c a t e d  atom. 

The hydrogen maser has been used e x t e n s i v e l y  as  a high s t a b i l i t y  c lock  
i n  long base l i n e  in terferolr le t ry  in  radio-astronomy. I t  has a l s o  been 
used i n  var ious  radio-astronomy t e s t s  of  t h e  theory of  r e l a t i v i t y .  
Vessot [211 has r e c e n t l y  used a hydrogeti tilaser i n  a h i g h  a l t i t u d e  rocke t  
t o  t e s t  t h e  equ iva lence  p r i n c i p l e  in  t h e  theory  o f  r e l a t i v i  t , y .  
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