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I ~ntxcduc t ion 

Experiments using hydrogen masers in rocket prohcs and earth- 

orbiting satellites have motivated the desiqn oE small, light-weight, 

rugged masers. Masers now in l&ratory use typically weigh 275 ky 
3 

(600 lb) and occupy 0.6 m3 (20 ft ) or mre. Smaller masers, weighjng 

41 kg (89 lb), have been built for a rccket-borne gravitational red- 

shift -riment.' These may he the forerunners of still smaller 

space masers that will utilize new t~chnolqy and novel cavity designs. 

Traditional masers use a cylindrical TEOl1-modc resonant cavity 

in which is mounted a spherical or ellipsoidal fused-quartrz bulb 

Fig. 1 . Thc bulb conf i.ncs the hydrogen atoms to a rcqion in which 

thc longitudinal component of the oscillatinq mxpetic field is uniform 

in phase and direction. Its intcrior surface is coated with Teflon to 

reduce interactions bctween the hydroyen atoms and the bulb wall. A 

typical TEOll maser cavity, resonant at the hydrogen hyperfine 

frequency fhfs = 1420.405 MHz, is approximately 28 an (11 inches) in 

diameter and 25.4 an (10 inches) long. Thc cavity dimensions detcr- 

mine the minimum size, and hciice weiqht, of the surrounding vacuum 

tank and magnetic shields. In order to make mascrs smaller, lighter, 

and more rugged, it is desir&Sc to rducc the size of the cdvityandtc, 

eliminate the separate quartz bulb. These chanqes w u l d  have sc~reral 

added benefits. Thc smaller size m u l d  &crease the power required 





by the tenprature control circuits, improve them1 control of the 

cavity by reducing temperature qradients, and permit the use of 

optimally shaped magnetic sbelds in a smaller space. Eliminating 

the bulb would increase the cavity Q and decrease the maser's sensi- 

tivity to tempsrature changes by rmving dielectric material from 

within the resonator. 

2 , 3  We have proposed two general designs for small bulbless maser 

cavities, and have constructed examples for tcsts. The first desiqr-1 

cmploys a cylindrical TE 011 or spherical TE 101 cavity with thick 

dielectric walls (Fig. 2). The walls, which are coated on the outside 

with silver to form the electrmgnetic resonator and on the inside 

with Teflon to form the atomconfining boundary, load the cavity, 

making it smaller than an unloaded cavity resonant at the s m  

frequency. At the saw time they form a bulb that is integral with 

the cavity, creating a rugged, monolithic structure. 

The second props& type of small maser cavity (Fiq. 3) uses an 

unloaded resonator supporting either the rectanqular TTlO1 or the 

cylindrical TElll mode. A thin septum divides the cavity into tw, 

regions of oppositely directed oscillating magnetic field, and splits 

the entering hydrogen beam so that half of thc atcxns go into each 

region. The interior surfaces of the cavity are coatcd with Teflon, 

and the septum is made of sheet Teflon or of thin Teflon-coated 

material. 

Not all cavity-bulb structures can supprt self-oscillation. 

The power radiated by the incominq hydroqen atoms must exceed the 

losses in the cavity. This places a lower limit on the cavity Q, 

and also on the strength of the oscillating mynetic field stimulatinq 

the atoms. In the next section wc describe a ncw oscillation criter- 

ion that takes into account the field distribution in the cavity, the 

geometry of i4ie atm-confining region, and the conductivity of the 
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cavity walls. In succeeding sections we use this measure to  evaluate 

the feasibility of the proposed small maser cavities. 

I1 Maser Oscillation Criterion 

4 It has been shown that the following inequality must be satis- 

fied if a single-bulb maser is to sustain oscillation: 

Here = Bokr magneton 
- v = average relative velocity of hydrogen atoms in bulb r 

0 = hydrogen-hydrogen spin-flip crossection 

Q = loaded Q of cavity 

Itot = total  H atom flux entering bulb 

I = flux of H at- entering bulb in F = 1, M = 0 state 
F 

v = volume of bulb 
b 

V = v o l m  of cavity 
C 

< > = average over bulb v o l m  b 
< > = average over cavity volume 

C 
H H" oscillating magnetic field in cavity 

z !  
yt = total  density-independent hydrogen relaxation 

rate (excludes spin-exchange relaxation) 

yR = rate of loss of hydrogen a t m  frm bulb 

The notation of Eg. 1 differs fran that of Ref. 4 to emphasize that 

yk does not equal the gecanetrical escape ratey of atoms frm the 
b 

bulb. Implicit in the quantity q is the hydrogen atan density in the 

bulb, which is determined by the balance between the rate at which H- 

atoms enter the bulb and the total rate at which they are lost. The 

loss mechanisms include escape through the bulb's aperture, rerombina- 

tion on the bulb's wall to form hydrogen molecules, and adsorption on 



or chemical c d i n a t i o n  with the w a l l .  Escape and r e c h i n a t i o n  are 

the daninant l o s s  mechcznims contributing to  yR , and it has been 
5 shown wrperimntally that t o  a good approximation 

The quant i t i es  i n  square brackets i n  Fq. 1 depend urpn prowr t i c s  

of the hydrogen atom; for a cavity temperature of 50 C ,  t h e i r  values 
4 

give 

The t y p  of s t a t e  selector used j.n prcscnt hydroqen masers focuses 

in to  the cavity equal numbers of atoms i n  the s t a t e s  F = 1, % = 1 and 

F = 1, % = 0 ,  making 

Combining Qs. 2 ,  3, and 4 with Eq. 1 yivcs the following criterion 
6 

for maser osc i l la t ion :  

s : Q?I - :> 5.9 x lol (5) 

where 

ri' is  cal led the bulb f i l l i n g  factor .  The osc i l l a t ion  c r i te r ion  for 

a s e p t m  cavity is  the same as F,. 5, but the  f i l l i n q  factor i.s 

defined by 



where Vb is the v o l m  of a single bulb region (equal to half of the 

cavity volume) and < is an average over one bulb region. W e  
'b 

emphasize that it i s  t h e  q u a n t i t y  S ,  and n o t  t h e  c a v i t y  Q or: 

t h e  f i l l i n g  f a c t o r  a l o n e ,  t h a t  d e t e r m i n e  s t h e  a b i l i t y o f  a 

g i v e n  c a v i t y a n d  b u l b  t o  s u 7 p o r t m a s e r  o s c i l l a t i o n .  

Because the munt of power coupled from the cavity is not h a w n  

a pr ior i ,  we define - 

where & i s  the unloaded cavity Q. So and S are related by 

where B is the cavi ty 's  external coupling factor. 

I11 Dielectric-loaded Cavities 

Cylindrical Cavity 

A cylindrical loaded cavity, which resembles conventional maser 

cavit ies  and which would be sirrrple t o  fabricate and tune, is shown in  

Fig. 2. Graphs of So a s  a function of cavity dimentions axe shown i n  

Fig. 4. The graphs indicate tha t  for a d ie lec t r ic  loss  tangent 6 = 

6 x the threshold condition on S cannot be sa t i s f ied  by any 

cylindrical cavity of practical shape. W e  have calculated the maximum 

prmiss ib le  loss tangent f c r  a quartz cylindrical cavity with R / b  = 

2.4, a/b= 0.5 ( a -  3.95~11, b =  7.00cm, and R =  1 8 . 9 5 m ) ,  assuming 

the mst favorable conditions found in practice: fi = 0.1, and 

actual Q equal to 70% of the theoretically calculated Q. With an 





ideal silver coating, the cavity would require S < 1.2 x I well 
- 

below the loss tangent of currently available fused silica. 6 I 7 

It is unlikely, therefore, that a material could k~ found that 

muld allow a cylindrical loaded cavity to support maser oscillation. 

Spherical Cavity 

So for the spherical TE dielectric-loaded. mscr cavity is 101 
shown in Fig. 5 as a function of cavity radius for three values of 

loss tangent. If 6 = 3.25 x for a silver-coated cavity 19 on 

in di.mter satisfies the oscillation criterion. However, a maser 

with fi > 0 and Q < QthCOr will not oscillate. Such a spherical maser 
2 

cavity,witha= 6.4 cm, b =  9.83 cm, has k e n b u i l t .  It hasnot 

oprated successfully as an active oscillator, although it has been 

used in a maser with external gain to enhance the Q.' We have 

measured the cavity's unloaded Q and calculated its filling factor, 
3 obtaining $ = 17.2 x 10 and q' = 0.3450. These values give 

So = 5.92 x lo3! barely dmve threshold for an isolated cavity. (Fran 

these data we deduce that the loss tangent ofthe quartz is fi = 

3.1 x Assuming B = 0.1 and Q = 0.7 theor ' wc find that B .: - 
1.0 x lov5 for oscillation, a factor of three less than the actual 

loss tangent. (If the caupling factor increases to fi = 0.15 and 

and the cavity Q decreases to Q = 0.6 Q theor ' Fq. 5 cannot be 

satisfied for any value of 6.) 

We conclude that practical dielectric-loaded mser cavities 

cannot bc made using currently available materials and conventional 

state selectors. 
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IV Septum Cavities 

Rectangular Septum Cavity 

The dksions of a rectangular TE cavity resonant at f are 101 hfs  
shown in Fig. 6. So for this cavity is given in Fig. 7 as a function 

of cavity shape. &cause the fields i n  this resonator are independ- 

ent of the y coordinate, Qo and So increase with b. The fillingfac- 

tor 11' improves as the  cavity is made thinner (that is, as a/d 

decreases), but as shown in Fig. 6, d i-ncreases rapidly as a becomes 

smaller. A cavity approximately 19 x 19 x 13 cm (d/a = 0.7, b/d = 1) 

has So = 13 x 10'. and is expect& to support oscillation. Its 

relatively large size (23 an diagonal), however, is conparable with 

that of traditional cavities, while its rectangxlar shape makes diffi- 

cult the production of a d.c. magnetic field that is uniform through- 

out  its volume. 

Cylindrical Septum Cavity 

S for the cylindrical septum cavity is shown in Fig. 8. 
0 

A convenieult cavity size from the s t a n d p i n t  of efficient use of space 

and miminun surafce-to-volume ratio is R/D-~. S for a cavity 
-, 0 

with R/D = 1.25 is 13.2 x 10'. With B = 0.2 and Q = 0.7 Q theor ' 
this gives S actual = 7.7 x lo3, 23% b e  t he  threshold value. 

Fig. 9 is a photograph of a prototype septum cavity now being 

completed . For convenience of construction it is made of copper 

rather than low-expansion ceramic or qlass. The rf output loop and 

the diode tuning lmp will bc covered with Teflon-coated quartz hoods, 

and the entire inner surface of t.he cavity will be coated with Teflon. 

The two halves will clamp the Teflon septum in place. 



F i g .  6 Dimensions of TELOI R e c t a n y u l a r  Septum Maser 
Cav i ty  
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Fig. 8 So f o r  TElll C y l i n d r i c a l  Septum Maser C a v i t y  
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Fig. 9 T e s t  Model of C y l i n d r i c a l  Septum Maser C a v i t y  
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V Maser for Space Applications 

A conceptual design of a space maser is shown in Fig. 10. It is 

based on a cyl indr ical  TELLl septum resonator, and uses cylindrical 

mgnetic shields w i t h  rounded endcaps. W e  have measured the shielding 

AH - of such a shield, made of .036 a n  ( .014 inches) factor Sm = mt 

mlypxmi l loy  and found tha t  Sm axial  = 1 1 4 ,  37% greater than the 

axial shielding factor of a flat-ended shield of similar dimensicns. 

The hydrogen source is a canis ter  of l i t h i u m - a l a n h u m  hydride 

(LiA1H4) whose output is regulated and purified by a heated 

palladium-silver diaphragm. Spent hydrqen is removed by three 

sorption p r p s ,  while any residual gases are trapped by a mall 

ion p q .  Photdetectors m n i t o r  the l i gh t  emitted by hydroqen 

atcnns and rmlecules in  the r.f. source discharge, permitting remote 

m c a s u r m t  of conditions in the discharge. (Many of t h e s e  techniques 

have been developed for  existing probe-rocket masers.) Power 

c o n s q t i o n  is estirrated a t  less  than 25 watts. The m s e r  is  58 cm 

(23 inches) long and 3 2 cm (12.5 inches) i n  d i m t e r  , with an 

estimated weight of 23 kg (50 lb) . 
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QUESTION AND ANSWER PERIOD 

DR. REDER: 

D r .  Reder ,  F o r t  Monmouth. 

Wouldn't  t h e  septum i n t r o d u c e  v i b r a t i o n  s e n s i t i v i t y ?  

DR.  MATTISON: 

I d o n ' t  b e l i e v e  i t  s h o u l d .  I t  would v i b r a t e  t o  a  s m a l l  
e x t e n t ,  b u t  i t  w o u l d n ' t  change t h e  f requency  of t h e  c a v i t y  
t o  any g r e a t  e x t e n t .  

DR.  REDER: 

I must s a y  t h e  p r o g r e s s  i n  t h i s  f i e l d  is tremendous.  Two 
y e a r s  ago w e  t a l k e d  about  a  walk-in maser .  

MR. WARD: 

Sam Ward, Je t  P r o p u l s i o n  Lab. 

What f u n c t i o n  do t h o s e  r o l l e r  b e a r i n g s  have?  

DR. MATTISON 

O h ,  t h a t  i s  a l s o  a means  of i s o l a t i n g  t h e  c a v i t y  from any 
motion of t h e  base s u p p o r t .  I n  o t h e r  words,  t h e  b a s e  can 
f l e x  and t h o s e  r o l l e r s  t a k e  up any motion w i t h o u t  c a u s i n g  
f l e x u r e  of t h e  c a v i t y  b a s e  p l a t e  i t s e l f  which would change 
t h e  f requency  of t h e  c a v i t y .  




