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INTRODUCTION

The principal elements of a NASA field operable hydrogen mascr are shown in
Figurc 1. This paper will not dwell on the details of NASA hydrogen mascrs,
this has been discussed elsewherc, 1,2,3,4 Instead, this paper will discuss the
design principles involved ih two important aspects of NASA hydrogen masers:
the elongated microwave cavity and storage bulb and the use of automatic flux
tuning.

ELONGATED DESIGN

The elongated design has many advantages. Cavity and bulb elongation tends to
reduce magnetic inhomogeneity effects, improves operating parameters, and
increase the microwave cavity's mechanical stability. The reduction of inhomo-
geneity effects is caused by the stretching out along the longitudinal direction of
both the cavity field lines and the storage bulb. The principal advantages of the
elongated design for improved operating parameters comes from the increased
bulb volumec and the increased filling factor, n'.

An clongated 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 are focussed into the storage bulb because the larger bulb volumec allows
the use of a bulb collimator with a larger entrance aperture to achieve the same
bulb escape time.

The filling factor, n', is an important params=ter in determining maser per-
formance. © Figure 2 shows the optimum n' as a function of cavity elongation
for various storage bulb shapes. The storage bulb shapes arc shown in Tigure
3. TFor a rounded cylindrical bulb in a two to one cavity, optimum »' is 0,511,
This represents a 32° improvement over a spherical bulb in &4 one to one cavity
which has an optimum 1’ of 0,387, Noticc also that even for a one to oue cavity,
the rounded cylindrical bulb yiclds an optimum 7n" of 0.461 which is 19% better
than that of a spherical bulb.

To aid others ip making their own n' calculations, the authors have collected
some of the equations and results of their o' caleulations in the Appendix to this
paper,




The clongated cavity offers another advantage besides improved n': reduced
sensitivity to end plate motion. Figure 4 shows the sensitivity of the frequency
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 MHz/inch, a factor of ten smaller than the
30 MHz/inch sensitivity of a one to one cavity. Reduced end plate sensitivity is
important because mechanical instability problems such as creep at joints, dif-
ferential expansion effects, and ambient pressure sensitivity effect the cavity
frequency through end plate motion.

AUTOMATIC FLUX TUNING

Automatic Flux Tuning or autotuning is used to keep the microwave cavity in a
hydrogen maser tuned while the maser is operating, When the {lux of atoms in
a hydrogen maser is changed, thc maser's output frequency will change in pro-
portion to the mistuning of the microwave cavity.® An autotuner utilizes this
change as an error signal in a servo loop to keep the cavity tuned. There are
two types of autotuner, a proportional type which utilizes the magnitude of the
frequency change, and a sign averager type which only utilizes the sign of the
frequency change. The sign averager type is used in the NP masers and has
becn discussed in a previous paper. 4 present NASA masers use the propor-
tional type. The present discussion will be limited to this type.

The block diagram of a proportional autotuncr 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 frequency against a reference oscillator.
The control register output in a proportional antotuner is:

2(R-1) n,
AN = ——m— oy 4 =
r(R+1) r

where R is the tuning factor, 5 y is the average mager fractional frequency off-
set, r is the resolution of the register, and n, is the measurement noise. The
control register outputs AN every 7, seconds. In a well designed system, most
of 7, is spent measuring the difference in frequency, typically 80% of 7, with
the rest of the time used to allow the maser to stabilize after the change in flux.
This is important because amplitude to 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 AN to keep large noise
transients from detuning the maser. The measurement noise, n,, comes from
the reference oscillator and the maser itself. Since only differences in fre-
quency are measured, only changes over the tims 7, will affect n;.
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The output of the control register is summed in a digital integrator, which for
times long comparcd with 7, produces an output given by:

1
AN dL

This output controls a tuning register which controls the cavity frequency. The
tuning register output chunges the average maser frequency by:

Yo T -5N

Since the maser frequency changes with time, a novise term, n,, is added to Yo
to give the maser output:

T Ve + Ny
Putting these cqualions together, we obtuin 4 loop equation which in differential
form is:

where G, the loop guin is:

C - _JS(R -1
' I‘T(_)(R + 1)

The reciprocal of the loop gain for this first order loop is the loop time constant:
1= G2 (3)

One can solve these equations [or the different noise processes associated with
n, and n; to obtuin the rms [ractional {requency fluctuations of the maser output
(y? Y112, No matter what noise processes effect the mascr and the reference
oscillator, n; is effectively a white noise process because of the way the control
register operales. Also, if data from both high to low and low to high flux is
uscd, reference drift will not enter into n,. In analyzing n, processes, onc
need only consider long term processes since the Toop tinm constant is usually
such that only long term noise processcs arc aflected by the servo loop. The
scrvo loop turns long term non-stationary noise processes into stationary proc-
esses, so (y?) /2 exists for these processes. Table 1 lists (y2) /2 for n, noise,
n, drift, n, random walk of frequency noise, and n, flicker of frequcncy llO].SL.




Noise processes are not fully described by (y?)!/2; from the equation of motion,
onc must obtain the autocorrelation function or the spectral density from which
the Allan variance can be derived. Table 1 also lists the Allan Variance, ay(T),
for each process. Notice that the autotuner converts both n; noise and n; fre-
quency random walk noise into random telegraph noise whose Allan Variance is:

03,(7') = (y2) h (G7)

where

2r+ 4T —e72T -3

7.2

h(T) =

1
Figure 6 shows a plot of h(r)2. Notice that forr > 1:

2
o

P

1 = — —_——
(7 3 T T

which looks like random walk of frequency noise, and for 7 > 1:
2 3

h g;_;
(7) T T2

which looks like random walk of phase noise. Also notice that h(r) is quite flat
over several orders of magnitude in the intermediate range of 7. This may ex-
plain flicker like behavior of some frequency standards due to slow random tele-
graph modulation of the frequency. Finally, notice that the autotuner converts
flicker of frequency noise into flicker of phase noise when 7 > G,

Table 1

Autotuner Noise Properties

2(R-1) 2T

2 = 2 2
o 2(Umaser + Urcf)

1. n, noise:




Table 1 (Continucd)

2 . 2 are the apr . - + ; —
where o, .. and 07, arc the appropriate two sample Allan Variance

for total sample time 27,

ol(r) = G NGT)
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Y = DT
D = free drift rate

n; frequency random walk:

. 3T
y2iz = 0W<—;-)

free U_v ()
(v h(Crm)

N
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. = angular cut off frequency of autotuncr mixer

op = free U} (7)

forr <€ T:
Cr}“,(’/’) = 0p(7)

forr &= T:

(If- T G T
= ——= == | —==-In2+31n (———-)
dr(ln 2y 7= L 2 0




Let us define optimum performance for any n; process as minimizing:
2 2
&y >”1 + &,
For each n, process, these (y%é{ft are listed in Table 2. Using these values,

Figure 7 shows the stability of NASA hydrogen masers calculated for various
reference oscillators.

Table 2

Optimum Performance

1. n, drift:

2 - 2\1/3
opt 2 16(R - 1)?

0.2 T (R+ 1)2)1/3
T — r 0
Pt \I6(R - 1)2 D2

2. n, frequency random walk:

0, 0,(37,) (R+ 1!/
(yz%{_ﬁ = ( r Og(379) ( )>

2R-D)

= 2T
Topt PETR)

3. n; frequency flicker:

2.71/2
ERTER .O_f In(1 + wy)
Y opt T T In2

a2 2
T > 30r(R+ D=7, In 2
OPT 4R - 1)? o} In(1 + w?)
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APPENDIX

FPILLING TACTOR FACTS

The filling factor »’ is given hy:-

. \d? ”Iéiulb -

AURKIEE S EbY

I cavify

For a TE cavity of length d and radius a:%
(311 C (=}

At the hypertine frequency:

3339142360 cm




For centered cylindrical bulbs of radius p and length ¢:

16 Ui (801 g) (%)sz (2%)
()

n =

Lgl w v + §/g?
v = 0.2548]
6 = 017129

At optimum 7' for cylindrical bulbs:
= 0.450

= 0.7423

2 AR
12 (sol 2{-) = 0.33856

0.133675
v+ 6/g?

!

nopt

1

N pi(8=9) = 0.5246

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

z=0G7

n' will scale as:

) ~ v+6/4 g =2
7 (g) (7+5/g2>n g=2)

For clliptical bulbs, this is extremely useful since the scale change takes ellip-
tical bulbs into elliptical bulbs. TFigure 9 is a contour chart of o' for ellipsoidal
bulbs in a g = 2 cavity. The second digit of n' is printed on the chart, The first
digit can be inferred from the zeros on the graph which are filled in to emphasize
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the changes in the first digit. Tor example, the optimum ellipsoid bulb in this
chart has ' = 0.46. The horizontal scale is the scmi minor axis of the ellipsoid
divided by a from 0 on the left to 1 on thce right. The vertical scale is the major
axis of the ellipsc divided by d from 0 on the top to 1 on the bottom. Using the
scaling law and this chart, » can be dctermined to two digits for any ellipsoidal
bulb for any g.

For rounded cylindrical bulbs, optimum 7’ occurs as [ollows:

!

=5 n ¢/d B/
2 0,461 0.85 i, 20
3 0,498 0. 80 0,50
4 0.511 0,78 0,50

For a g - 2 cavity, Baker® has numerically determined the shape of the bulb
which optimizes ' . Ior this bulb, 5= 0.462.
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Figure 9. 7' for Ellipsoidal Bulbs With g = 2
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