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Blade Blade Gap

(b) Blade Layer angle, # chord chord
Shord (deg) (cm)  (cm)

1 175.59 8250 3.18

2 17099 8230 6.48

3 166.00 82.19 10.06

4 160.52 81.36 13.97

5 154.56 80.52 18.20

6 148.15 79.38 22.66

Gap 7 140.98 77.80 27.56
chord 8 133.07 75.72  32.87
9 124.16  72.95 38.66

10 114.27 69.34 44.81
1" 103.32 64.74 51.21
12 90.77 58.75 57.99
13 75.86 50.75 65.13
14 57.10 39.45 7252
15 2996 21.34 79.56

Figure 6—(a) Photograph of the proton modulator wheel, and
(b) mechanical layout and parameters of the proton range modu-
lator wheel. (©1987, |IEEE).10

The initial results show that electrodeless resonators
(BVA-AT) have a lower radiation susceptibility than AT
resonators with adhered electrodes, and show the need
for further investigations of the materials and physical
properties (piezoelectric effect) of alpha quartz-crystal
resonators in the development of optimum radiation-
hardened spaceflight oscillators.
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Figure 7—Frequency shifts in AT and electrodeless BVA-AT
quartz-crystal resonators as a function of accumulated dose for
a 0.1-rad/min simulated low earth orbit proton radiation en-
vironment.

HYDROGEN MASERS

Many applications require and benefit from the per-
formance of the hydrogen maser. NASA’s very-long-
baseline interferometry project uses hydrogen masers for
measurements of tectonic-plate movements, measure-
ments of global distances, and experiments to verify fun-
damental concepts of relativity. The radio-astronomy
community uses hydrogen masers as stable local oscil-
lators in receivers. '3

The 14 hydrogen masers developed by APL for NASA
are all active masers.'* This means that the maser can
be considered an oscillator that receives its energy from
an atomic transition in the 2 S,, ground state of the
hydrogen atom. The hydrogen-maser signal at a wave-
length of 21 cm (a frequency of 1.4 GHz) is generated
by the transition between the F = 1, my = 0 and the
F = 0, mz = 0 hyperfine states. The quantum number
my identifies a Zeeman sublevel.

In practice, an atomic hydrogen beam emerges from
an RF dissociator, after which a magnetic- state selector
focuses hydrogen atoms in the F = 1, my = 0 and
F = 0, mg = 0 quantum states onto a Teflon-coated
quartz storage bulb (Fig. 8). The bulb is located sym-
metrically within a microwave cavity that is resonant at
1.4 GHz in the transverse electric mode (TE;;). The
quartz storage bulb is coated with Teflon to minimize
atomic perturbations caused by wall collisions and to in-
crease the storage time of the hydrogen atoms within
the microwave cavity. The frequency stability and ac-
curacy of the hydrogen maser are credited largely to this
relatively long storage time (approximately 1 s). By ap-
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Figure 8—Simplified diagram of the hydrogen maser.

plying a small DC magnetic field (80 nT) parallel to the
microwave magnetic-field component of the TE,;
mode, the atomic transitions from the F = 1, mp = 0
and the F = 0, m; = 0 states can be detected using a
small loop antenna. If the number of hydrogen atoms
entering the quartz storage bulb exceeds 10'? atoms/s,
and if the microwave cavity is tuned to the hyperfine
transition frequency, maser oscillations occur, due to the
atomic transitions, resulting in the generation of a nar-
rowband signal (1.4 GHz + 0.7 Hz).

The ultimate frequency stability of the hydrogen maser
is directly related to the various sources perturbing the
hyperfine transition’s resonance line width. These
sources, also known as relaxation processes, include wall
relaxations, spin-exchange interactions, bulb escape, and
magnetic-inhomogeneity relaxations. Each of these
mechanisms can perturb the population of the energy
levels and affect the coherence in the ensemble of oscil-
lating hydrogen atoms, degrading the stability and ac-
curacy of the maser. Noise sources such as thermal noise,
white-frequency fluctuations, and random walk can de-
grade the frequency stability of the maser even further.

HYDROGEN-MASER RELAXATION
PROCESS AND NOISE SOURCES

Controlling relaxation processes could lead to signifi-
cant improvements in the frequency stability of future
hydrogen masers. APL’s Space Department has begun
work to gain a better understanding of some of those
relaxation processes and to develop practical, realizable
improvements for the hydrogen maser, leading ultimately
to a more stable maser. In the next section, some of the
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relaxation processes are discussed in some detail, together
with the proposed improvements that will be incorpo-
rated in future masers.

Inhomogeneities in the applied magnetic field parallel
to the microwave magnetic-field component can affect
the coherence in the maser and can produce relaxations
among the atom population, if it were not for the fact
that that effect has been made negligible in APL’s maser.
By designing a set of moly-permalloy magnetic shields,
a parallel DC magnetic-shielding factor greater than
100,000 has been achieved, resulting in only a very small
fraction of atoms emitting microwave radiation associat-
ed with (undesirable) Am; = =1 transitions. The DC
magnetic susceptibility of the maser is now 2 x 1071
over the £5.0 X 10~° T range. Therefore, the stability
of the magnetic field is not a limitation on the frequency
stability of the maser.

Wall relaxations in hydrogen masers originate from
a perturbation of the hydrogen atom’s wave function
when the atoms collide with the quartz storage-bulb wall.
This phenomenon may affect the population density of
energy levels and the coherence in the maser. Intensive
investigations have shown that coating the quartz storage
bulb with FEP-120 Teflon results in one of the smallest
reported wall shifts. The procedure of coating the quartz
bulb with Teflon has been significantly improved. Lately,
studies have concentrated on the hardness of the Teflon
layer, which apparently can be increased by irradiating
the Teflon-coated quartz with 1.25-MeV gamma radia-
tion (10 krad) from a cobalt-60 source. Initial experi-
ments with Teflon-coated quartz slides have revealed that
irradiation of the Teflon surface yields stronger homo-
polymer bonds.

The Q, of the atomic line of the hydrogen maser is
defined as

Efi - 7rfo
Af (’Yb =+ Yw ot ’Ym)

O ®)

where Afis the full-width at half-amplitude of the atomic
resonance line, +y, is the bulb escape rate, v,, is the wall
relaxation constant, and v,, is the magnetic-susceptibil-
ity relaxation constant. By reducing those relaxation
constants, a narrower atomic resonance line will result.
Thus, the frequency stability of the maser can be im-
proved by reducing the relaxation rates. The impact of
the relaxation processes on the frequency stability of the
hydrogen maser can be characterized by the two-sample
(Allan) variance in the time domain ¢, where 7 is the time
during which the frequency is measured. The contribu-
tions of those noise sources bounds the Allan Variance,
a(7), of the hydrogen maser in the so-called short-term
(1 < 7 < 1000 s) and long-term (7 > 1000 s) regions.

Thermal noise, oy,, in a hydrogen maser is generated
in the microwave cavity and receiver (Fig. 9). It has been
shown that this noise can be expressed as'

kT 1"
] : (6)

on(r) = [W

217



Suter — Advances in Piezoelectric Quartz-Crystal Oscillators, Hydrogen Masers, and Superconducting Frequency Standards

X-band superconducting
cavity with high-T,
superconducting film

X-band Power  plated on dielectric
oscillator splitter
Directional
coupler
Mixer P’l]w_?tse Done
St amplifier

X-band power
output

Figure 9—Simplified functional block diagram of a low-phase-
noise superconducting oscillator.

where k is Boltzmann’s constant, 7 is the temperature
of the maser cavity, P, is the power output of the
hyperfine maser transition, and Q, is the line Q of the
atomic resonance line. The signal-to-noise ratio can be
improved by increasing P,. That requires that the state-
selection process, in which an inhomogeneous magnetic
field develops a force that deflects hydrogen atoms into
two groups according to the direction of electron spin
(parallel or antiparallel), be done more efficiently. This
will be done in the next series of masers by using a hex-
apole-permanent-magnet state selector that focuses
atoms in the F =1, mgp =0 and F =0, mp =0
states, producing an improved population inversion in
the storage bulb.! The signal-to-noise ratio in the ma-
ser can also be improved by decreasing the escape rate
and increasing the confinement time of hydrogen atoms
in the storage bulb, which, by Eq. 5, will cause the line
QO to increase.

Another form of noise affecting the short-term stabil-
ity of the hydrogen maser is additive phase noise, repre-
senting frequency fluctuations at the maser receiver in-
put. This form of noise may be expressed as'®

[ kTFB ]/ o
Oon = | —S=55=1| >
D 47r2f02T2P

where F and B are the noise figure and bandwidth of
the receiver, respectively. P is the power delivered to the
receiver, which is related to P, by

_ 5)

where (3 is the coefficient of coupling for the microwave
cavity. It is apparent from Eq. 7 that noise degradation
of the maser’s frequency stability is proportional to the
square root of the receiver’s noise figure and bandwidth.
Therefore, by reducing those two parameters, an im-
provement in stability could result.
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A further reduction of white-frequency noise could
be accomplished by increasing P, since this quantity is
related to the total power radiated by the hydrogen atoms
(P,) through Eq. 8. Furthermore, by increasing £,
more power can be extracted from the maser cavity, re-
sulting in increased frequency stability. An increase in
coupling also reduces the Q of the loaded microwave
cavity, since

Qo

—— 9
(1 +8) ©

=

where Q, is the unloaded-cavity quality factor. Such a
reduction in loaded Q could affect the long-term stability
of the hydrogen maser. Therefore, a study will be con-
ducted of the relationship between 3 and the maser’s
long-term stability.

The long-term stability of the hydrogen maser is also
affected by the susceptibility of the maser’s microwave
cavity to temperature variations. Variations in tempera-
ture cause the microwave cavity to change its size, result-
ing in a degradation of the frequency stability. Several
improvements have been made, which have lowered the
overall temperature coefficient of the maser to
2 x 107 °C~!. Those improvements involved the use
of quartz liners and mounting fixtures with low coeffi-
cients of thermal expansion.!” Further investigations are
planned into the use of all-quartz microwave cavities in
the hydrogen maser.

The physical mechanisms that define the short- and
long-term stability of the hydrogen maser are complex,
and important theoretical work still remains to be done.
Examination of the frequency stability of the hydrogen
maser as a function of fundamental parameters such as
noise figure, temperature, cavity, and atomic-line Q’s
can establish important physical characteristics of the
maser’s leading to improvements in its frequency sta-
bility.

SUPERCONDUCTING OSCILLATORS

The quartz- _rystal oscillators and hydrogen masers dis-
cussed so far all generate frequencies in the 5 to 100 MHz
range. If particular applications require frequencies
above 100 MHz, one commonly employs frequency mul-
tipliers to generate them. Unfortunately, frequency mul-
tiplication of any reference signal also magnifies noise.
The increased noise level F is related to the multiplica-
tion N by

F=21logN . (10)

For example, multiplying a 5-MHz reference signal to
10 GHz requires a frequency multiplier with N = 2000,
increasing F by 66 dB. Therefore, it is desirable that a
frequency reference be developed to operate at the high-
est practical frequency, yielding maximum phase-noise
performance. Several frequency standards with high fun-
damental frequencies have been developed.® The
phase-noise characteristics of those devices do not meet
future system specifications for radar systems. APL has

Johns Hopkins APL Technical Digest, Volume 9, Number 3 (1988)



Suter — Advances in Piezoelectric Quartz-Crystal Oscillators, Hydrogen Masers, and Superconducting Frequency Standards

begun developing a superconducting oscillator using the
latest advances in the field of high-temperature ceramic
superconductors. Previous superconducting oscillators
used niobium microwave cavities, which had the draw-
back that they needed to operate at temperatures near
1 K in order to yield cavity quality factors of order 10°.
Those oscillators could operate only for limited amounts
of time in complex batch-filled liquid-helium cryostats,
restricting their use to research laboratory applications.
The development of superconductors such as
YBa, Cu;0,_; with transition temperatures of approx-
imately 90 K has made it possible to explore the appli-
cations of those ceramic materials as oscillators (see the
article by Moorjani et al. elsewhere in this issue). The
major advantage for using the new alkali-earth super-
conductors as oscillators is their high temperature of
transition (greater than 90 K)—above the boiling point
of nitrogen—which will reduce the complexity of cryo-
genic systems. The design proposed involves an X-band
resonant cavity operating in a transverse electric mode,
coated with a superconductor with a high temperature
of transition (Fig. 9). A microwave signal generated by
a high-frequency reference oscillator is incident on the
microwave cavity, whose high Q (Q = 107) allows only
the signal from the reference source to pass. That signal
is then applied to a mixer, which produces an error signal
that is a measure of how far the fundamental frequency
of the reference oscillator is from the superconducting
cavity’s resonant frequency.'® The error signal is ap-
plied to the reference oscillator, so as to change its fre-
quency to the resonant frequency of the superconduct-
ing cavity. Such a method of controlling the frequency
of the reference oscillator is expected to yield single-
sideband phase noise that meets future radar require-
ments (Fig. 10).
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