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Recent progress in compact hydrogen maser atomic frequency
standards or clocks is reviewed. After a brief description of the
principle of a hydrogen maser, the techniques employed to realize
high-performance compact hydrogen masers are discussed. Two
approaches in compact hydrogen maser design are presented. 1)
Active or atomic resonance sustained maser oscillation. The design
employs cavity Q enhancement to overcome the intrinsic higher
losses in a compact cavity. The versatility of the cavity design
enabled masers of various sizes to be realized. The complete pack-
age for the smallest oscillating compact maser measures 17.8 X
30.5 X 43.2 cm, weighs 19.5 kg, and has a measured stability of
4.14 x 107" for an averaging time T = 400 s, with a 7~ " depen-
dence for 1 < 10° s. 2) Passive maser. The design employs the
atomic resonance as a narrow-bandpass amplifier. Using a dielec-
tric loaded cavity, a package size of 26.7 x 66 X 45.5 cm, weighing
30 kg, with a stability of 1.0-3.0 X 1072 7°"2 for 1 < 7 < 10° s, has
been attained. Compact masers of both designs have demon-
strated frequency drift rates of 1 x 107" per day or less.

I. INTRODUCTION

In this paper, a review of recent progress in compact
hydrogen maser atomic frequency standards or clocks is
given. The objective and challenge of compact maser devel-
opment is a device in a compact package without unac-
ceptably large sacrifice in the stability performance char-
acteristics of a hydrogen maser. An indication of the
progress in this endeavor is provided by a Q-enhanced sub-
compact hydrogen maser oscillator, CHYMNS-111b, devel-
oped at Hughes Research Laboratories. The physics unit of
the maser measures only 15.5 cm square by 37 cm long and
weighs 10.2 kg. Compared to a full-size hydrogen maser,
these parameters represent approximately 16-fold reduc-
tions in size and 30-fold in weight. The complete maser is
housed in a rack-mountable package 17.8 x 30.5 x 43.2cm,
which is about the size of a high-performance commercial
cesium-beam frequency standard. With a measured sta-
bility of 4.14 x 10~ for an averaging time 7 = 400 s, and
varying as 7" for 7 < 10° s, the maser is more stable than
the commercial cesium standard by at least a factor of 4.

The unsurpassed short-term stability performance of the
hydrogen maser has been employed in critical timing appli-
cations. Hydrogen masers provide timing reference for the
Deep Space Network of the National Astronautics and Space
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Administration (NASA) [1]. At the U.S. Naval Observatory
in Washington, DC, which maintains standard time for the
Department of Defense and, indeed, for the United States
(this responsibility is coshared with NIST, formerly NBS),
ahydrogen maser is acritical link in a state-of-the-art timing
reference system employing a trapped mercury ion device
[2]. A hydrogen maser is the device of choice as the precise
timing reference for very long baseline interferometry
(VLBI) investigations [3]. However, the bulkiness of the con-
ventional maser is a distinct drawback in some system con-
siderations. A compact and portable device would be very
attractive to applications that need the stability and accu-
racy characteristics, but which cannot tolerate the size and
weight of a conventional hydrogen maser.

Development of the compact hydrogen maser has been
supported by the U.S. Naval Research Laboratory [4]. The
program is a response to the need for an extremely stable
satellite-borne atomic clock for the space-based radio nav-
igation system, the Navstar Global Positioning System (GPS),
which is being developed by the Department of Defense
[5]. The space segment of GPS will contain 21 atomic clocks
carrying satellites in six orbital planes plus three in-orbit
spares. When fully operational in the 1990s, at least four
satellites will be visible at any point on the surface of the
earth at any time. The system determines position by trian-
gulation, using the time of arrival of radio signals from three
different satellites. (A fourth satellite signal will provide time
synchronization if the receiver does not have an adequate
timing reference of its own.) Time and distance are related
by the speed of light, and a timing error of 1 ns translates
into a position error of 0.3 m (approximately 1 ft) for an
orthogonal set of satellites. A number of factors (such as
clock stability, uncertainties in satellite ephemeris, iono-
spheric propagational delays, geometrical dilution of pre-
cision) contribute to the precision of a satellite-based nav-
igation system. The clock is nevertheless a critical com-
ponent of the system. A good clock will have proportionally
small contribution to the system error budget. Thus if the
clock contribution to the position error is to be kept to
within a desirable value of 1.5 m [4], then the clocks have
to be maintained to within 5 ns. The required clock stability
should be better than 6 x 10~ over a 24-h period [6]. This
stability requirement is difficult for spaceborne cesium and
rubidium clocks to meet [7]. Operationally, poor clock sta-
bility requires constant tracking and frequent updates to
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maintain system accuracy. By the same token, the higher
stability of a maser clock means that the required system
update is much less frequent. In addition to operational
economics, the better clock will provide margins for poten-
tial upgrade of system performance. Even in the current
developmental stage, GPS has demonstrated a significant
impact on precise time transfer and synchronization of
remotely located clocks [8). Using GPS, time transfer has
been demonstrated to be more precise [9] and more eco-
nomical than traveling clocks, and the technique is also
more universally applicable. The contribution of GPS in this
area is bound to grow in importance in parallel with the
growth in the application of precise time and time interval
in science, technology, and industry. Technological
advances will demand ever more precise time and fre-
quency reference standards for calibration and measure-
ments. Some well-known applications of precise time are
in high-volume data transmission, in secured communi-
cation using time division muitiplexing, and in the oper-
ation of modern telephone and broadcast television net-
works. Precise time has also been successfully exploited in
such diverse areas as surveying for offshore exploration and
drilling {10] and in power utilities for locating faults in trans-
mission lines [11].

In the remainder of the paper we first briefly describe the
principle of the hydrogen maser. The approaches to reduc-
ing the size and weight of the device and their effect on the
performance of a compact maser are discussed. Two spe-
cific compact maser designs and their characteristics are
reviewed. One design, the Q-enhanced maser oscillator,
employs a hydrogen resonance to sustain oscillation in a
microwave cavity whose quality factor is enhanced elec-
tronically. The other design, the passive maser, uses the
atomic resonance as a narrow bandpass amplifier. A brief
discussion on the state-of-the-art development in atomic
frequency standards is given in the concluding section.

Il. PRINCIPLE OF THE ATOMIC HYDROGEN MASER

The atomic hydrogen maser was invented in 1960 by D.
Kleppner and N. F. Ramsey. It is an atomic beam storage
device whose stability and accuracy as a reference fre-
quency standard or atomic clock is well known, and the
theory and techniques of the device have been described
in detail [12], [13]. For the sake of completeness, we give
here a brief description of the device. Our discussion will
emphasize the effect of size reduction on the performance
of the maser.

The maser operatesonthe (F=1,m; =0 > F=0,m; =
0) field-independent hyperfine transition in the ground-
state hydrogen atom at 1.42 GHz. A schematic diagram of
the device is shown in Fig. 1. Hydrogen atoms, created by
an RF discharge, are formed into a beam. After passing
through a state selector magnet, atoms in the upper maser
transition level are deflected into the Teflon-coated storage
bulb located in a low-loss TEy;; mode resonant microwave
cavity. The atoms are stimulated to radiate by the axial com-
ponent of the cavity microwave magnetic field. If the power
radiated by the atoms is sufficient to overcome the losses
in the cavity, then a sustained maser oscillation is obtained.
Since the confined radiating atom has near zero net veloc-
ity, there is negligible linear Doppler effect. The long inter-
action time between the radiating atom and the coherent
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Fig. 1. Schematic of hydrogen maser.

cavity electromagnetic field produces a resonant signal of
very high spectral purity. For a conventional maser with a
17-cm-diameter storage bulb, the atomic resonant line-
width is typically about 0.7 Hz, or an atomic line Q of 2 x
10°. The maser oscillation signal is processed in a coherent
heterodyne receiver and is used to phase-lock a voltage-
controlled crystal oscillator (VCXO), which provides the
system output.

Infree space, the atomic transition frequency isinvariant.
However, several physical processes perturb the atoms in
amaser. The most significant ones are summarized in Table
1. The operational offsets shown are for the indicated per-

Table 1 Perturbations to Maser Oscillation Frequency

Perturbation Equation Offset
1+ (T = T,
Wall collision b, = w——%—“’ 5% 107"
Cavity and spin- b, = el — @) — Q. 0*
exchange pulling ¢ Q,
Magnetic field dwy = 2.75 x 10° H 1.2 x 107"
-3kT B
Second-order Doppler dup =5 5w -43 x 107"

*Cavity spin-exchange tuned and no higher order effects.

turbations in a subcompact maser with a storage bulb of
diameter D = 5 cm operating at a temperature T = 313 K
and an applied magnetic field H, = 250 uG. A consequence
of confining the restless atoms is that they will collide with
the container wall, and the collisions perturb the atomic
energy levels. The phase shift in the atomic wave function
for each wall collision, and hence the wall collision fre-
quency shift coefficient W, depends on the wall-coating
material and is also a function of the surface condition,
including temperature. The temperature effect is measured
with respect to a reference temperature T, and is charac-
terized by a coefficient ay. Precise measurement of the wall
collision induced frequency shift is complicated by the
necessity to change surfaces or storage bulbs for compar-
ison [14]. The estimated wall shift shown in Table 1is for a
storage bulb coated with FEP-120 Teflon, which is the most
commonly used coating material. The atom will maintain
its quantum state for approximately 10° bounces against a
properly coated surface. Since the relaxation is propor-
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tional to the rate of collision with the wall, it is more severe
in a compact maser with a small storage bulb. In the
CHYMNS-IIIb subcompact maser with a 5-cm-diameter
storage bulb, an atomicline Qof 7 x 10® has been observed.
Compared to the line Q for a full-size maser, this is in
approximate linear proportion to the diameter of the stor-
age bulb. Although the estimated wall collision frequency
shiftis also higher, it is expected to be constant in time and
should have little effect on the stability of the maser. To
appreciate the effectiveness of the storage technique in
reducing the maser resonant linewidth, consider a cesium-
beam frequency standard. The atomic resonant linewidth
is proportional to the inverse of the transit time through the
Ramsey cavity [15]. Thus even for the heavy cesium atoms
with relatively low thermal velocities (about 12 times slower
than hydrogen atoms at the same temperature), to obtain
a fractional linewidth comparable to that obtained in a
CHYMNS-IIT subcompact hydrogen maser will require a
beam tube 6 m long.

The radiating atoms and the microwave cavity form a pair
of coupled oscillators. The drift in one will pull the fre-
quency of the other in proportion to the ratio of their res-
onant linewidths. Indeed, the dominant limitation on the
long-term stability of the maser had been due to drift in the
cavity resonant frequency. The classical cavity design relied
on thermal mechanical means to minimize the drift in the
resonant frequency of the cavity. The techniques employed
to reduce the size of the maser cavity also increased its sen-
sitivity to temperature variations. This and the wall collision
broadened maser resonant linewidth make an improved
technique for controlling the cavity frequency a critical
design requirement for a compact maser. Thus, as we will
see, every compact hydrogen maser has an electronic cavity
stabilization servo system. This feature, born out of neces-
sity, has enabled the compact masers to have long-term sta-
bility as good as or better than that of a full-size maser of
the conventional design. Of course, the long-term stability
of the full-size maser can be improved by incorporating an
electronic cavity stabilization system [16].

The relation between the maser oscillation frequency and
the cavity frequency is significantly different from that
between a pair of classical coupled oscillators. In the latter
case, the shift in the atomic resonant frequency éw, due to
an offset dw. = w, — wy in the cavity frequency is

by = 2 5. ()

Q,
where Q.and Q, are cavity and atomic line Q, respectively.
In the hydrogen maser, the major relaxation processes that
broaden the resonant linewidth are 1) escape of the atom
from storage with a time constant reflecting the geometry
of the design; 2) collisions of the radiating atoms with the
wall of the storage bulb; 3) transitions induced by motion
through magnetic field gradients; and 4) interatomic col-
lisions. Collisions between hydrogen atoms occur at a rate
proportional to the atomic density and produce two sig-
nificant effects. The collision may be strong enough to flip
the electron spin of the radiating atom. This process short-
ens the radiative lifetime of the atom, producing a
broadened resonant linewidth. For a weak collision, mul-
tiple collisions will be needed to cumulatively produce a
spin flip. However, the wave function of the radiating atom
will suffer a phase shift for each collision. The periodic
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occurrences of such collisions result in a frequency shift.
These so-called spin-exchange collisions lead to a maser
tuning equation which is different from Eq. (1) and, to first
order, can be written as [17]

_ Qbw. — a/Q,
Q.
where a is ageometric constant for a given maser. Equation

(2) shows that the cavity pulling and the spin-exchange shift
will compensate each other if the cavity is offset by

Sy, (2)

OWese = (%g.

This spin-exchange tuned cavity frequency is significant in
that it makes the maser self-calibrating since the offsets due
to the cavity pulling and the spin-exchange collisions com-
pensate each other, giving a null offset. Note that for the
spin-exchange tuned cavity frequency, the maser oscilla-
tion frequency is independent of the atomic linewidth, and
hence of flux variations. Consequently the stability of the
maser also improves. Moreover, the spin-exchange tuned
condition can be determined in situ. The maser resonant
linewidth is easily modulated by changing the interatomic
collision rate obtained by varying the hydrogen flux. By
measuring the maser oscillation frequency at two different
flux levels as a function of the cavity frequency, the spin-
exchange tuned cavity frequency is obtained by interpo-
lation. The cavity frequency is typically adjusted via the bias
voltage of a reactance tuner. Thus an independent mea-
surement or calibration of the cavity is not necessary.

Equation (2) is a good approximation when higher order
effects such as magnetic gradient shift [18] and hyperfine
phase delay during atomic collisions [19] are neglected.
These higher order effects introduce offsets which can be
determined experimentally for a given maser to meet accu-
racy requirements. The effect on the stability of the maser
is expected to be small.

Other perturbations on the maser frequency include the
following. 1) Second-order Doppler shift due to changes in
the atomic velocity caused by temperature variations. The
light mass m of the hydrogen atom imposes a temperature
stability requirement of 0.07 K to hold the second-order
Doppler effect induced frequency variation within 1 X
107", 2) Magnetic field dependence of the atomic energy
levels and relaxation due to the motion of radiating atoms
through magnetic field gradients. 3) In addition to the spin-
exchange collisions between hydrogen atoms discussed,
collisions with background gases may also be significant
depending on the composition of the residual gases. To
minimize collisional relaxation, an ultrahigh vacuum (on
the order of 107 torr) is a necessity for maser operation.
Designs for environmental controls to eliminate or mini-
mize the effect of various perturbations are critical require-
ments in the engineering for a stable maser frequency out-
put.

I1l.  Maser Size REDUCTION

The dominant size constraint of the atomic hydrogen
maser arises from the requirement of a TEy; mode high-Q
cavity resonating at the 1.42 GHz (21-cm-wavelength) maser
transition frequency to sustain maser oscillation. The first
step in an attempt to reduce the size of the maser is select-
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ing a compact cavity design. One technique employs metal
electrodes placed inside a cylindrical cavity as loading
structures [20], [21]. A 7.5-cm right cylindrical electrode
loaded cavity resonating at 1.42 GHz is shown in Fig. 2. The

Fig. 2. 7.5-cm right cylindrical, electrode-loaded 1.42-GHz
resonant cavity.

electrodes are attached to the quartz storage bulb by low-
loss epoxy. The dimensions of the inductive electrodes and
the capacitive gaps between them are selected to give the
desired cavity resonant frequency. In addition to a reason-
ably high Q and a good filling factor, the design allows the
flexibility of trading off the desired degree of compactness
for cavity performance parameters. Indeed, compact ma-
sers have been constructed using cavities of this basic
design with diameters of 15, 11, and 7.5 cm, respectively
[22]. A thermally and mechanically more stable cavity for a
prototype spaceborne compact maser was fabricated by
plating silver film electrodes directly on the storage bulb
[23]. Sincelosses in the cavity are dominated by the resistive
losses in the electrodes, the ability to fabricate high-con-
ductivity films is a critical requirement.

An alternate approach to reducing the size of the cavity
is loading the cavity with materials of high dielectric con-
stants and low-loss tangents. Single crystalline sapphire [24]
and electrical ceramic [25] have been employed success-
fully. The axial portion of acylinder of the dielectricis bored
out to provide space for the storage bulb. The dielectric
cylinder is either contained in an outer metal cylinder or
silver plated on the outer wall to confine the electromag-
netic field. Such cavities tend to be rather heavy due to the
mass of the dielectric. They also have relatively high tem-
perature coefficients dictated by that of the dielectric. Fur-
thermore, the dimensions of the resultant cavity are deter-
mined by the properties of the dielectric, and the design
does not provide flexibility in size reduction as does the
electrode loading approach.

The dimensions of the vacuum vessel and the magnetic
shields are constrained by the cavity design. Maser mag-
netic shield design and performance have been studied by
Gubser et al. [26). Another maser component that contrib-
utes significantly to the size and weight of the device is the
vacuum pump. The continuous hydrogen flow and the
ultrahigh vacuum needed for maser operation impose a
pump capacity requirement proportional to the hydrogen
consumption rate and the design life of the device. Until
recently, the sputtering ion pump has been used ¥xclu-
sively on hydrogen masers because it is clean and operates
without mechanical vibrations. However, it is also respon-
sible for agood fraction of maser operational problems [27].

WANG: MASER ATOMIC CLOCKS

An alternative is to use a combination system consisting of
a zirconium graphite getter and a small ion pump. Appli-
cation of getter pumping to long-term operation of hydro-
gen masers has been studied by workers at NRL [28] and
Hughes [29]. The getter offers compactness, large pumping
speed, and capacity for hydrogen. Furthermore, after initial
activation, it does not consume any power during opera-
tion. The small ion pump (pumping speed: 2 I/s), which is
throttled to prolong pump life and improve reliability, is
used to pump the small amount of nongetterable contam-
inants. A clean system design, including metal seals to min-
imize outgassing and permeation of atmospheric gases and
high-vacuum processing practice, is essential for a getter-
pumped maser vacuum system.

For storage of a molecular hydrogen supply, mischmetal
[29] and uranium [25] hydrides have replaced the conven-
tional pressure vessel and mechanical regulator. Further-
more, the sorption and desorption process of the hydride
storage technique automatically purifies the hydrogen sup-
ply. Indeed, the hydrides have contributed to improved
reliability and the small size and weight of the compact
hydrogen masers. Finally, although not a dominant factor,
the state selector magnet design has also seen significant
reduction in size and weight [30]. The improvement arises
from using the stronger rare-earth magnets rather than the
Alnico V magnets in earlier designs.

IV. Q-ENHANCED CoMPACT HYDROGEN MASER OSCILLATOR

For sustained maser oscillation, the power radiated by
the atoms must be sufficient to overcome the losses in the
microwave cavity. This requirement cannot be met by arbi-
trarily increasing the atomic flux due to spin-exchange coi-
lision relaxation which is proportional to the flux. Indeed,
there is both a minimum and a maximum flux level beyond
which the maser will not oscillate. The power output P in
a maser oscillating at an angular frequency « can be
expressed in terms of acritical power P.and a threshold flux
I as [13]

P N (1= 3q)
LA <_) ya=3al_,
VA l

where

PR 17
" 4mugnQTE

Here / is the flux of atoms in the upper level of the maser
transition. The quality factor q is defined by

hov, T, 1 1,

V, is the volume of the storage bulb, & is Planck’s constant
divided by 2, g, is the magnetic moment of the atom, Q
is the effective cavity Q, o is the spin-exchange collision
cross section, v, is the relative velocity between colliding
atoms, T} is the time constant of the storage bulb, T, is the
total density-independent relaxation time, and /,is the total
atomic flux. The filling factor o’ provides a measure of the
coupling between the radiating atoms and the cavity elec-
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tromagnetic field and is defined by

R GATA 7
(HH VS

n

The atomic radiation is stimulated by the axial component
of the microwave magnetic field H,and (H,), is its average
over the storage bulb. (H*) is the square of the microwave
magnetic field averaged over the volume V. of the cavity
and is thus proportional to the energy stored in the cavity.

To meet the condition that both Pand / be positive quan-
tities, the quality factor g must be less than 0.172 [13]. This
condition for maser oscillation is due to spin-exchange col-
lisions. If we neglect spin-exchange collision relaxation (i.e.,
letting o = 0), the expression for the maser power output
can be rewritten as

P =—holl — Iy)

1
2
which shows the physical meaning of the threshold flux /,.

In a compact maser, the increased wall collision relax-
ation and the small n°Q product due to the low intrinsic Q
of the compact cavity make it difficult to satisfy the oscil-
lation condition g < 0.172. Nevertheless, there is a good
case for an oscillating compact maser. A maser oscillator
provides a superior signal-to-noise ratio, which is a pre-
requisite for good short-term stability. Since oscillation
occurs at the atomic resonant frequency where the atomic
medium provides the maximum gain, possible systematic
errors in high-precision line center determination due to
electronic circuits are greatly reduced [31]. Finally, assum-
ing that the cavity frequency is held constant, an oscillating
maser is expected to have better stability than a similar
maser operating as a narrow bandpass amplifier below the
threshold for oscillation [32]. The approach adopted by
workers at Hughes Research Laboratories is to enhance the
Qofanelectrode-loaded cavity by positive feedback. In this
case, in contrast to traditional maser designs where the cav-
ity is a relatively isolated component, the coupling network
is an essential part of the cavity resonant system. To over-
come the sensitivity of the Q-enhanced cavity frequency to

external perturbations, an electronic cavity stabilization
servo system is an integral part of the receiver design.

A schematic of Hughes’ Q-enhanced maser oscillator is
shown in Fig. 3. The signal processing electronics can be
divided into three parts. The Q-enhancement loop (con-
sisting of the microwave amplifier, a phase shifter, and an
attenuator) couples a portion of the amplified maser signal
back into the cavity. If the input and output cavity coupling
coefficients are 8, and 3,, and if there is no net transmission
phase shift in the feedback loop, the enhanced cavity Q,
Q., is [33]

) Q
T+ 8+ 6, — 2GVB36,

Q.

where Q is the unloaded Q of the cavity and G is the loop
amplitude gain which determines the degree of Qenhance-
ment. Typically, a subcompact maser employing a 7.5-cm-
diameter electrode loaded cavity requires an enhancement
factor of about 8, given a loaded cavity Q, of 40 000 or an
7'Q, product of 20 000.

A coherent heterodyne receiver processes the maser
oscillation signal to phase-lock a slave VCXO. This portion
of the receiver is similar to that for a conventional maser.
The VCXO provides the system output as well as reference
for the local oscillators of the receiver. The system output
frequency is adjustable by means of a high-resolution syn-
thesizer.

Animportant partofthe receiver is the cavity stabilization
servo system [34]. The system operates by alternately inject-
ing sideband test signals at the half-power response fre-
quencies of the cavity. The signals are generated by upcon-
verting the 20.4-MHz output of a square wave modulated
synthesizer with the 1.4-GHz local oscillator to alternately
generate the two sideband frequencies. After transmission
through the cavity and subsequent downconversion, the
rectified test signals are synchronously detected. Any in-
equality in the test signals is used to drive an integrator
whose output is used to bias a varactor reactance tuning
diode to force the transmitted sideband test signals to
equality. A feature of the cavity servo is that the cavity can
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Fig. 3. Schematic of Hughes Q-enhanced maser oscillator.
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be controlled at any desired frequency. This allows the
maser to operate at the spin-exchange tuned cavity fre-
quency where the maser output frequency is independent
of flux variations. Spin-exchange tuning improves maser
stability and also serves as an important diagnostic tool.

The feedback compresses the thermal noise distributed
over the wider intrinsic response range of the cavity into
the narrower spectral response range of the Q-enhanced
cavity. The phase-perturbing effect of the noise power in
the cavity ultimately limits the stability of the maser. This
can be seen in the expression for the stability of the
Q-enhanced maser oscillator given by [33]

kT %
2Q§PT Qo

N =1 _gz}
26, <1+ﬁ‘+32 Qe>

where ¢() is the two-sample variance, or Allan variance,
Q, is the atomic line Q, k is Boltzmann’s contant, N is the
noise figure of the first amplifier, T'is the cavity and ampli-
fier temperature, and 7 is the measurement interval. The
first term shows the detrimental effect of the Q enhance-
ment where the variance is directly proportional to the
enhancement factor Q./Qy. The second term is the con-
tribution from the noise of the amplifier. Improvements in
both the intrinsic cavity Q and the amplifier noise figure
will lead to improved maser stability. Due to the quadratic
dependence of the maser power output on the flux, theory
predicts an optimal operating flux as well as an optimal Q..

Several oscillating compact and subcompact masers,
including an engineering model for space-borne applica-
tions, have been built at Hughes [35]. The masers were fab-
ricated in three progressively smaller sizes, each size being
determined mainly by the dimensions of the electrode-
loaded microwave cavity (Table 2). CHYMNS-I and -l are
proof-of-principle experimental masers. As the name
implies, the EDM (engineering development model) space
maser is a space-compatible design with telemetry interface
for complete control and monitoring of the maser opera-
tion. The maser has successfully passed shake and vibration
tests at the qualification level and is currently undergoing
thermal vacuum tests. CHYMNS-IIIb is a prototype man-
ually operated subcompact maser. CHYMNS-11i-1 employs
the same physics package as CHYMNS-IiIb, butis more user
friendly. Its microprocessor-controlled operation includes

oX(r) =

[(1 + B+ B)

+

Table 2 Characteristics of Oscillating Compact Hydrogen Masers

automatic startup, monitoring of operating parameters, and
an IEEE-488 computer interface. The volumes of the physics
units range from approximately 65.5 | (4000 in® for the
experimental maser CHYMNS-1t08.81(542in% for the newer
subcompact maser CHYMNS-III. The latter weighs 10.2 kg
(22.5Ib) and is probably the smallest hydrogen maser in the
world at the present time. The physics unit of a CHYMNS-
11l subcompact maser, with the outer cover removed, is
shown in Fig. 4. The small size of CHYMNS-I1l makes it prac-

Fig. 4. Physics unit of CHYMNS-lII subcompact hydrogen
maser (with outer cover removed).

tical to house the physics unitand the front-end microwave
electronics in a hermetically sealed isothermal enclosure.
Thermoelectric coolers are used for bidirectional temper-
ature control of this outer cover, assuring a stable operating
environment for the most sensitive components of the
maser over a wide range of ambient conditions. The masers
have comparable electronics-limited long-term stability
performance since they all employ the same basic elec-
tronic design. That characteristic makes the approximately
30% sacrifice in short-term stability for each threefold
reductioninthe volume of the device a very favorable trade-
off. However, further size reduction will bring diminishing
returns due to the lower Q of the smaller cavities, the higher
wall collision relaxation associated with smaller storage
bulbs, and the fact that the cavity will constitute a smaller
fraction of the total device volume.

A. Stability of Oscillating Compact Masers

The stability of the oscillating compact hydrogen masers
has been evaluated by comparing the masers against each

EDM
CHYMNS-| CHYMNS-II Space Maser CHYMNS-IlIb CHYMNS-II1-1
Cavity dimension 15.2 X 15.2 10.4 X 15.2 10.7 x 15.8 76 X 76 7.6 X 7.6
D x L (cm)
Physics unit volume (1) 65.5 22.1 28.5 8.8 8.8

System dimension (cm) Experimental Experimental

21.8 x 21.8 X 59.7
10.7 x 32.8 X 39.1

17.8 x 30.5 x 43.2

26.0 X 61.0 x 43.2

Weight (kg) 29.1 19.5 40.0
Power consumption (W) 64 63 100
Orheory” 1.9 x 107" 3.1 x10°" 3.1 x 107" 3.9 x 107" 39 x 107"
Omeasured™ 2.4 3.0 6.9 4.1 4.1

*7 =400s.
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other as well as against a full-size hydrogen maser. A fre-
quency stability measurement system capable of testing
multiple standards simultaneously (with provisions for
evaluating short-, medium-, and long-term stability perfor-
mance) developed by workers at NRL has been used at
Hughes. A stability comparison of the subcompact maser
CHYMNS-IIIb versus CHYMNS-1 is shown in Fig. 5. The fit-
ted drift rate of several parts in 107" per day is generally
obtained in acomparison between two oscillating compact
masers in a relatively constant environment. Sudden tem-
perature and humidity changes have detrimental effects on
the stability of the masers. The effect of ambient variations
can be seen, in both the phase data and the root Allan
variance plot, in a comparison of the unpackaged experi-
mental compact masers CHYMNS-I versus CHYMNS-II
shown in Fig. 6. All these data were taken in normal lab-
oratory environment without any special environmental
controls. Theimportance of the operating environment can
be seen from the data shown in Fig. 7. The data were taken
during thermal vacuum tests of the EDM space maser [23].
The stability of the maser was monitored using the VLG11
P10 full-size maser as the reference. During the run, the
temperature of the baseplate (temperature profile shown
in insert) on which the maser was mounted was raised from
30t037°C.Nomeasurable frequency changewas observed.
In another experiment, a 10°C, 12-h-period sinusoidal tem-
perature modulation was applied to the baseplate. Again,
no correlated frequency variation due to the thermal mod-
ulation was observed. The low sensitivity of the maser to
temperature variations in a vacuum environment is aided
by the absence of humidity. Humidity variations have sig-
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nificant effects on the operation of electronic circuits. Since
all atomic clocks operate with very low level atomic reso-
nant signals and rely on electronic circuits for signal con-
ditioning, the consequent perturbation on the stability of
atomic clocks is getting increasing attention {36].
Long-term stability measurement of a hydrogen maser is
usually constrained by the lack of a superior standard, pref-
erably more than one to minimize ambiguities, for com-
parison. GPS is beginning to provide some relief. Time
transfer via GPS is a powerful tool for comparing remotely
located clocks. In the common-view technique [9], two
receivers, each phase-locked to one of the clocks to be com-
pared, track the transmission from a given satellite simul-
taneously. The satellite-borne clock is used as a transfer
standard. When one set of tracking data is subtracted from
the other, we obtain a comparison between the two
remotely located clocks. At a given location, the satellites
in the current developmental GPS configuration are visible
onlyforafew hours aday. This limits the common-view data
collectible each day. The fluctuations in the tracking data
for each sidereal day are significantly higher than the sub-
nanosecond fluctuations in acomparison between two local
maser clocks. However, over longer intervals, significant
systematic variations between the clocks can be deter-
mined. A comparison of CHYMNS-II located at Hughes
Research Laboratories in Malibu, CA, versus MC-USNO,
the master clock at the U.S. Naval Observatory in Wash-
ington, DC, via the GPS common-view technique is shown
in Fig. 8. The glitch near the middle of the plot was caused
by a building air-conditioning failure which lasted approx-
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imately 32 hours and caused the room temperature to drop
from a normal value of about 22°C to as low as 13°C. The
cavity servo system in the unpackaged CHYMNS-II exper-
imental maser was unable to compensate for this abnormal
temperature variation. The saturation of the servo integra-
tor produced a free-running condition, resulting in a rel-
atively large maser frequency shift. However, the maser fre-
quency recovered to about 1 x 10~ after the normal
ambient conditions were restored. After subtracting a con-
stant offset of 1.22 X 10~ (residue plot) and without any
smoothing, the 35-day tracking data showed a standard
phase deviation of 6.91 X 10~° s and a standard frequency
deviation for the daily tracking data of 9.95 x 10~ ". The
fitted drift rate of —8.55 x 10~ per day is consistent with
the local comparisons between oscillating compact masers.
Note that the standard frequency deviation for the daily
tracking data given is much higher than that for the indi-
vidual standards employed in the comparison, and the
number is also not a fair reflection of the capability of the
GPS common-view technique. As shown by Weiss and Allan
[37), signal processing incorporating statistical smoothing
and filtering of the tracking data is essential for obtaining
the most from the satellite-based time transfer technique.

B. Another Implementation of Q-Enhanced Maser

To minimize the sensitivity of the Q-enhanced cavity fre-
quency to external perturbations, Peters has employed a
transistor amplifier coupled directly to the cavity. No com-
ponentinvolved in cavity Q enhancement is located beyond
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Fig. 8. Comparison of CHYMNS-Hl versus MC-USNO via GPS common view.
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the immediate vicinity of the controlled environment of the
maser cavity [38]. The phase and gain parameters are
adjusted by varying the transistor bias voltage. Reducing
the number of components and the elimination of cavity
coupling transmission lines are desirable results of the
approach. However, to optimize the performance of a
Q-enhanced maser, it is necessary to be able to adjust the
gain and phase parameters independently. Notenough data
are available to demonstrate the effectiveness of this
approach.

V. Passivei COMPACT HYDROGEN MASER

An alternate approach to a compact hydrogen maser fre-
quency standard or clock is to use the stored hydrogen
atoms as a narrow-bandpass amplifier [24], [25]. A resonant
test signal synthesized from the slave VCXO is injected into
the cavity. The narrow resonant linewidth and excellent sig-
nal-to-noise ratio (SNR) of the maser provide very sensitive
frequency discrimination. The transmitted test signal is
detected for amplitude and phase deviations caused by
interaction with the stored atoms. The error signal is used
to regulate the slave VCXO, closing the frequency control
loop. The attractiveness of the approach is that there is no
oscillation condition to meet. Therefore a high-Q cavity is
not essential. Since cavity drift pulling of the maser output
frequency is proportional to the cavity Q, using alow-Q cav-
ity gives correspondingly low sensitivity to cavity drift. For
agiven cavity drift rate, the contribution of the cavity to the
long-term stability of the maser should be improved com-
pared to that in an oscillating maser. On the other hand,
if we consider the cavity as a filter of thermal noise, a low-
Q cavity will provide correspondingly low selectivity. Anal-
ysis has shown that using an oscillating maser provides bet-
ter short-term stability than operating the maser passively
by reducing its cavity Qto just below the threshold for oscil-
lation [32].

Passive compact hydrogen masers have been developed
by workers at NIST (formerly NBS) [25]. The cavity design
employs dielectric loading, thus the size of the cavity
remains the same through several iterations of the passive
compact masers. The cavity is fabricated from a 14.5-cm-OD
right circular cylinder of low-loss Al,O; ceramic. A 10.5-cm-
diameter by 13.6-cm-long bore down the axis of the cylinder
coated with FEP 120 Teflon forms an integral storage bulb.
The conducting envelope is formed by several layers of sil-
ver paint coating the outside of the cylinder. The unloaded
Q of the cavity lies between 5500 and 6700. The cavity also
forms part of the maser vacuum envelope, resulting in addi-
tional size reduction compared to the normal design. The
complete maser is contained in a rack-mountable package
measuring 26.7 X 66 X 45.5 cm and weighs 30 kg.

A schematic of the NBS passive maser is given in Fig. 9.
A dual-modulation scheme is employed to lock both the
system output VCXO (probe source) and the microwave
cavity to the hydrogen resonance. A synthesized local oscil-
lator is phase modulated at two frequencies, f;and f,, before
being injected into the microwave cavity containing the
state-selected hydrogen atoms. The transmitted signal is
envelope detected and processed in two synchronous
detectors referenced to the respective modulation fre-
quencies. fynominally corresponds to the half-power band-
width of the cavity. The error signal at f; is used to correct
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Fig. 9. Schematic of NBS passive maser.

the cavity frequency. f, nominally corresponds to the half-
linewidth of the atomic resonance. The error signal at f, is
used to correct the frequency of the VCXO. The cavity sta-
bilization technique controls the cavity at the atomic res-
onance frequency without using an additional frequency
synthesizer. The maser output will be sensitive to flux vari-
ations through spin exchange shift. A flux control feedback
is employed to reduce the effect of this perturbation.

The reported stability of the passive compact maser is
typically given by

ofn) =15 x10"2 772 15 <7< 10s.

Beyond one day, the stability is limited by environmental
factors such as temperature and humidity. The reported

drift rates, depending on the reference standard and the
data segments, vary from 2 + 5to 9 x 10~'¢ per day.

VI. CONCLUSIONS

The development of compact, transportable, high-per-
formance hydrogen masers has made significant progress
during the last several years. Superior stability performance
has been demonstrated in both the subcompact Q-en-
hanced maser oscillator and the passive compact hydrogen
masers. The stability performance can be expected to
improve from improved packaging to minimize environ-
mental sensitivity and technological advancement in low-
noise electronic components.

Material and technology advancement will impactthe way
we build masers. For example, it is conceivable that an elec-
trode-loaded compact cavity of sufficiently high Q can be
built using the new high-temperature superconductors.
This will alleviate the need for cavity Q enhancement and
reduce the effective noise temperature of the cavity. The
perfect flux exclusion of the superconducting cavity elim-
inates the need for the multilayer external magnetic shields
in the present designs, producing significant size and
weight savings. The efficiency of a recirculating state-
selected hydrogen atom source using superconducting
magnets has already been demonstrated [39]. All these may
be attained at liquid nitrogen temperatures or higher with-
out the complexity of liquid helium cryogenics.

High-performance standards can also be expected from
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technologies currently under development in various lab-
oratories. A trapped mercury ion standard is already oper-
ational [40]. An optically pumped cesium-beam standard
using laser radiation has been demonstrated [41]. Indeed,
the application of laser-atom interaction promises an array
of possibilities from population inversion by optical pump-
ing to cooling and trapping of neutral atoms as well as ions
to generate the desired extended interaction time between
the atomic speciesand the resonant radiation field for supe-
rior frequency standard applications.
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