
Victor 8. Rcinhardt, Harry E. Pe ters ,  Lawrence A. Birnbaum 
~ ~ ~ ~ / ~ o d d a i - d  Space J'light Center, Greenbelt, Maryland 20771 

The p r i ~ c i p a l  elements of a fiAS.4 field operable hydrogen maser  are  shown in 

this has been chscussed elsesvlierc. l' " * Instead, this paper will cliscuss the 
design principles illvolved in two important aspects of ~ ~ A S L I  l~ydrogen masers:  
the elongated microwave cavity and storage bulb and the use 01 automatic: flux 
tuning. 

ELONGATEL) DESIGN 

The elongakd design has many advantages. Cavity and bulb elongation tcnds to 
reduce magnetic inhomogeneity effects, iniprovcs operaling paranzeters, and 
increase the microwave cavity's mechanical s th i l i ty .  The rcduction oS ird~omo- 
geneity effects is causccl bj: the stretching out ;dong thc longitudinal direction of 
both the cavity field lines and thc storage bulb. The principal advantages of lhe 
elongated design for imprwred 0peratin.g parameters  conlcs from the increased 
bulb volurnc and the increased filling factor,  v'. 

An clongatcd storage bulb has a larger  volume than a spherical storage bulb with 
the same wall collision rate. This increases the efficiency with which hydrogen 
atoms a re  focussed into the storagc bulb because the la rger  bulb volurnc allows 
the use of a bulb collimator with a la rger  e~i t rancc  apcrlure to achieve the same 
bulb escape time. 

The filling fitctor , r l ' ,  is an important param.;. ter  in determini~ig illrtscr pcr- 
formwce.  5 Figure 2 shows the optimum q' as a function of caviQ elongation 
for various storage bulb sht:~pes. The storage bulb shapes arc shown in Figure 
3.  For  a roulided cylindrical bulb in a two to m e  cavity, optim-1111 is U. 511. 

This represents a 32(% improvement over a spherical bulb in a one to one cavity 
which has an optimum of 0.387. Noticc also that even for  a one to one cavity, 
the rounded cylil~clrical bulb yicltls an optinlum T~~ ,,>f 0.461 which is 19'2: bcttcr 
than that of a spherical bulb. 

To aid others i n  maliing thcir omm r)' calculations, the ~iuthors have collected 
some of the equations uicl  rcsults o lheir ri' calculatio~ls i n  the Appendix to tllis 
paper . 
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The elongated cavity offers another advantage besides improved q': reduced 
sensitivity to end plate motion. Figure 4 shows the sensitivity of the frequencj 
of a TE,, cavity at  1 .42 GHz to changes in cavity length. The length sensitiv-. 
ity of a two to one cavity is about 3 ~ ~ z / i n c h ,  a factor of ten smaller than the 
3 0 ~11z/ inch sensitivity of a one to one cavity. Reduced end plate sensitivity is 
important because m~:chanical instability problem,; such a s  creep a t  joints, d i f -  
ferential expansion effects, md ambient pressure sensitivity effect the cavity 
frequency through end plate motion. 

AUTOMATIC FLUX TUNING 

Automatic Flux Tulzing o r  autotuning is used to keep the microwave cavity in a 
hydrogen maser tuned while the rnaser is operating. When the flux of atoms in 
a hydrogen maser is changed, thc maser 's  outpul frequency will change in pro-- 
portion to the mistuning of the microwave cavity. 5 An autotuner utilizes this 
change as  an e r r o r  signal in a servo loop to keep the cavity tuned. There a re  
two types of autotuner, a proportional type which utilizes the magnitude of thc 
frequency change, and a sign averager type which only utilizes the sign of the 
frequency change. The sign averager type is used in  the NJ? masers  and has 
bccn discussed in a previous paper. Present NAS.4 masers  use the propor- 
tional type. The present discussion will be limited to this type. 

The bloclr diagram 01 a proportional autotuner is shown in Figure 5, The con- 
trol register continuously steps the hydrogen maser between high and low flux 
and measures the change in maser lrequency against a reference oscillator. 
The control register output in a proportional autotuner is: 

where R is the tuning factor, y is the average maser fractional frequency off-" 
set, r is the resolution 01 the register,  and n3 is the measurement noise. The 
control registcr outputs A N  evcry r0 seconds. In a well designed system, most 
of rn  is spent measuring the difference in  Srcquency, typically 80'& of ro , with 
the res t  of the time used to allow the maser to stabilize after the change in flux, 
This is important because amplitude lo phase conversion in  the maser receiver 
can lead to apparent frequency shifts while the maser  amplitude is still settling. 
In a practical system, it is useful to limit the size of A N  to keep large noise 
transients from detuning the maser. Thc measurement noise, n3,  comes from 
the reference oscillator a d  the maser itself. Since only differences i n  fre- 
quency a r e  measured, only changes over the time r,, will aSlect n3. 



Thc output ol' the uontl>ol ~t:gi:ister is sunuuecl in tl digital integrator, which for 
times long compnrcd nit11 T , ,  , procluoes tin outl~ut givcn by: 

Tlnis output controls a tuning rvg is  ter nvhich controls the c;tvit>r l'rcquency. The 
tuning register  output cllanges the average maser frecluency by: 

I Since the maser  frequellcy chxiiges with tixne , a noise term,  n ,  , is added to y ,, 

I Putting tllcsc cyualions together, \\,e obtain a loop erjut~tioll wllich in  cliiferential 

The reciprocal uof the loop g:un lor' this Sirst order  loop is the loop tirrlc constant: 

Onc can solve these eyutilions lor  thc clifierwnt noise processes associatud with 
ancl n 3  to obtain the r m s  l'racl;ion:zl Sl'cclucncy fluch~iitions of the nlttscr output 

n 1 7  I , ,  
( y- )  -. No m a t k r  what noise processes effect the nlascr L L I I ~  the reference 
oscillator, n, is effectivclj a n-litc noise process becauscr of thc: n . : ~  tllc control 
register  operates. Also, i f  data from both high to low ~ u l c l  low to high flw i s  
uscd, reference drif t  \\ill not cntcr into 11 ;. 111 ;u1:LLjzing 11, processes, onc 
need only coilsider long term processes since the loop time consta_llt is usually 
such that only long t e rm  noise processes a rc  ~~l ' lcctcd by the servo loop. The 
scrvo loop turns long term non-s tationarj- noise processes into stationary proc- 
e s ses ,  so  ( y ' ) ' i k ~ i s t s  f u r  these processes. Table 1 lisLs (JJ:)' / " f o b  n, noise, 
n,  drift ,  nl rzuidorn 1~:llli ol' frequency noise, and x l l  flicker of freyuerlcy ~loisc.  



one niust obtain the autocorrelation function or  the spectral density from which 
the Allan variance can be derived. Tcahlc 1 also lists the Allan Variance, uy(r), 
for each process. Notice that the autotuner converts both n3 noise and nl fre- 
quency random walk noise into random telegraph noise whose Allan Variance is: 

where 

1 
Figxre G shows a plot of h ( ~ ) 2 .  Notice that for. T >> 1: 

which looks like random walk of frequency noise, md for  T 9 1: 

which looks like random walk of phasc noise. Also notice that h(r) is quite flat 
over several orders of magnitude in the intermediate range ol r .  This may ex- 
plain flicker like behavior of some i'requency standards due to slow random tele - 
graph modulation of the frequency. Finally, notice that the autotuner converts 
fliclcer of frequency noise into flicker ol' phase noise when T G. 

Table 1 

Autotuner Noise Properties 



for T 7 



Let us define optin~urn performance for any nl process as minirniziug: 

For each nl  process, these (y2 )A$ are listed in Table 2. Using these values, 
Figure 7 shows thc stability of NASA hydrogen masers calculated for various 
refercncc oscillators, 

Table 2 

Optimum Performance 

/XI drift: 

2.  n,  frequency random walk: 

( y 2 ) 1 / 2  
= u, ~ ~ ( 3 7 ~ )  ( R  + 

o p t  2(R - 1) 

1 3 .  nl frequency flicker: 





For centered cylindrical bulbs of radius p and length V :  

At optimum Q' for cylirldrical bulbs: 

For any shape bulb, if one makes the scale change on both the bulb and the cav- 
ity (see Figure 8): 

q' ~ l l  scale as: 

For clliptical bulbs, this i s  extremely useful since the scdc  change takes ellip- 
tical bulbs into clliptical bulbs. Figure 9 i s  a contour chart of q' for el1ipsoid:il 
bulbs in a g = 2 cavity. Thc second digit of q' is printed on the chart. The first 
digit can be inferrcd from the zeros on the graph which are filled in  to emphasize 



the changes i n  thc f i r s t  i1igi:it. For  csample, the op t i rn~u~ l  ellipsoid bulb in this 
chart has r7' - 0.46. The horizontal tiscalc is the semi minor axis 01 the ellipsoid 
divided by a Srom O on the left to 1 on thc right. The velbtical scale is the major 
axis of llle ellipse clivided by d -txSom 0 on the lop to 1 on the bottom. Using the 
scaling lam. and this chart, i?' c:ul be clctermincd to two digits for  ;my ellipsoidal 
bulb for any g. 

For rounded cylindr.ic~~1 bulbs, opt i~uum .rl' occurs as l'nlluws : 

For a g - 2 cavit,y, 13aker6 has numcricallg- determinod the shape 01 the bulb 
which optimixes 77 ' . I*'or this l~u lk ,  77 '-- 0.462. 
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Figure 4. Length Sensitivity Versus Cavity 
Elongation for  a TEo , Cavity at 1.42 GHz 
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Figure 9. q' for Ellipsoidal Bulbs With g = 2 
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