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Final Report - NRL grant #N00014-89-K-2034

The College of William and Mary held a contract for the
period 15 July 1989 to 31 August 1991 under which a high Q maser
resonator was constructed and evaluated for use in a space based
experiment. A summary of the work is included below.

Superconducting Microwave Resonators
for Space Applications

The College of William and Mary has completed a program to
study high temperature superconducting microwave cavities for
space applications. The focus of this program was the design,
construction, testing and evaluation of an active compact
hydrogen maser resonator. The critical component that enables
this innovation is the development of a high Q, compact cavity
resonator. The success of this high Q maser resonator is
facilitated by using high transition temperature superconductors
(HTS) to reduce the microwave losses in the cavity. The use of
HTS in a compact cavity allows for a 98% reduction in maser
resonator volume with a cavity Q large enough for maser
oscillation. This will make hydrogen masers suitable for
applications where size and weight are critical, such as space
applications. Masers as frequency standards are needed in
spacecraft for on board timing, telemetry, basic science, and
navigation. The Global Positioning System (GPS) satellites would
benefit from having hydrogen masers on board because, due to the
excellent short term and medium term stability of active hydrogen
masers, they would require less frequent time corrections than
presently used clocks. This would in turn result in
significantly reduced GPS-user navigation error. The details of
the results can be found in the appendix, which consists of
recent publications most relevant to this report.

The principal property of HTS that is useful for the
hydrogen maser is its low surface resistance at microwave
frequencies and at temperatures that can be reached by compact
efficient refrigerators or radiant cooling. At the operating
frequency of 1420 Mhz, HTS materials, namely YBa2Cu307_, (YBCO),
suitable for forming large non-planar cavity structures have
surface resistances about one fifth of copper at 77 K. A compact
resonator made from copper has a cavity quality factor, Q,, lower
than that required to sustain oscillation [1,2,3], (The quality
factor Q, is the ratio of the stored energy to the power lost per
cycle). The use of HTS in a similar cavity increases Q. above
the threshold level required for maser oscillation.

The feasibility of an HTS cavity suitable for a hydrogen
maser has been demonstrated [4]. During this feasibility study,
a superconducting loop-gap resonator was constructed and analyzed
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[5]. The loop-gap resonator is a lumped element resonant
structure inside of a shield-can. The lumped element circuit is
formed by two half-cylinders, electrically isolated in the center
of the shield-can [1]. The completed cavity has a volume 2% of a
traditional warm maser cavity, but a Q, significantly above the
threshold needed for self oscillation. Furthermore, this cavity
has been space qualified and accepted as a test device in NRL's
High Temperature Superconducting Space Experiment.

The loop-gap resonator with copper electrodes measured at 77
K was found to have a quality factor of 11500. For this geometry
and an operating temperature of 77 K, the maser threshold quality
factor is about 14000. Using superconducting electrodes, we have
demonstrated a Qc greater than 31000. This is clearly high
enough to sustain self oscillation [3]. Such a conclusion is
further supported by the results of H. Wang at Hughes Research
Laboratory with their oscillating compact hydrogen maser using Q-
enhancement. The Q-enhancement is a feed-back loop that creates
an effective cavity Q that can be several times larger than the
non-enhanced Q. Hughes achieved oscillation with an enhanced Qc
that was between 20,000 and 30,00. The maser investigated
during this program has approxir.ately the same bulb size as the
Hughes maser which makes the comparison meaningful. However,
since Q-enhancement will increase feedback and amplify
instabilities in the oscillator, the superconducting maser will
be significantly more stable.

The superconducting loop-gap resonator electrodes are
fabricated from silver that is electrophoretically covered with
an YBCO thick film [6]. This deposition technique has also been
used to create a superconducting shield-can that would further
increase the Q, and could also serve as a magnetic shield (and dc
magnetic field source). Pure silver was found to be the least
reactive with the YBCO, however other substrate metals with
better structural properties have also been tested. Also
characterized were superconducting microwave and shield-can
components made with thick film YBCO on polycrystalline zirconia
substrates. However, after comparing the various thick film
techniques, electrophoresis on silver was most reproducible high
quality thick films.

The geometry of the resonator was optimized using numerical
modelling techniques. This analysis yielded the cavity design
that would minimize the level of thermal fluctuations in the
cavity that result in maser frequency fluctuations. The details
of the numerical analysis can be found in the appendix of this El
report. 0

During this program, the results from the superconducting
compact hydrogen maser resonator experiments have been the topic
of three publications (one in progress) and one doctoral
dissertation. The first paper on this topic, titled "A
Superconducting Hydrogen Maser Resonator Made From ;ode5
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Electrophoretic YBa2Cu3O_,8 " won the 1990 Alan Berman Annual
Research Publication Award given by the Naval Research
Laboratory. The successful conclusion of the investigation has
lead to three new proposals to further develop the compact maser
and other closely related HTS applications.
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Abstract cislon of the system significantly. The development of a
compact superconducting cavity hydrogen maser was

A compact loop-gap hydrogen maser resonator has therefore proposed by two of the authors (V. Folen and

been constructed by electrophoretic deposition of S. Wolf). They proposed to replace the very large TEO1
YBa 2 Cu 3 o 7 _8 (YBCO) onto silver. The resonator is tuned cavity (diameter = height = 27.6 cm) by a compact loop-

to operate at the hyperfine transition frequency of hydro- gap resonator similar to that originally suggested by
gen (1.42 GHz). This device is considered to be the first H. E. Peters 4 for a conventional compact maser and to
step towards a superconducting cavity for a compact fabricate this cavity from high Tc superconducting material.

hydrogen maser to be used in the Global Positioning On the basis of their proposal a collaboration between

System (GPS). The required miniaturization of the resona- the Physics Departement of the College of William and
tor reduces its Q value. This effect can be compensated Mary, the Naval Research Laboratory and the Physics
for by the low surface resistance of YBCO at 77 K. Large Department of the University of Wuppertal is developing
and curved polycrystalline YBCO layers can be obtained such a cavity. It is presently foreseen as one of the

by the electrophoretic deposition technique. In this contri- devices to be tested in space within the HTSSE project.

bution we report on the construction and the test of

three loop-gap resonators which are prepared for the In the first section of this report we outline the
High Temperature Superconductor Space Experiment (HTSSE). basic principle of the hydrogen maser and the concept of

The Ic~p-gap electrodes are the lossiest parts of such a the loop-gap resonator. Then the electrophoretic coating
resonator . In a first step these electrodes with a surface of the resonator with YBCO is described. In the last sec-

of ISO cm 2 were covered with YBCO. The Q values of the tion we discuss the results of experiments with three
resonators at 77 K ranged between 2.3 104 and 3.1 104 and prototype cavities for the HTSSE project.

exceed the minimum requirement for a later maser appli-

cation. They correspond to a surface resistance between The miniaturized maser resonator

0.7 and 1,4 rrf which is a factor of 3 to S below the

equivalent value of copper. The cavities can be excited in A hydrogen maser which is used as a frequency
a higher order mode (HOM) at 4.3 GHz whose field distri- standard stimulates the emission of photons between the

butlon Is still sensitive to the superconducting electrodes, ground state hyperfine levels (F=, mr=0) and (F=o, mr=0)
Thus the experimental requirements for the HTSSE project of atomic hydrogen, corresponding to a frequency of
can be fulfilled. approximately 1.42 GHz. Figure I shows the schematic of

a compact hydrogen maser using a loop-gap resonator 4
Introduction Molecular hydrogen Is dissociated in a radlofrequency (rf

field and forms an atomic beam which passes through a

The miniaturization of passive microwave compo- state selecting magnetic field. Only atoms in the states
nents is one of the first applications of high temperature (F=I, m=O) and (F=O, mf=0 ) are focussed and enter a
superconductors. In this report we describe the construc- storage bulb where they stay for a fraction of a econd
tion and first tests of a superconducting compact hydro- before escaping. During that time they are frequently
gen maser resonator. This resonator Is fabricated by reflected from the teflon coated quartz walls of the bulb.

covering suitably shaped silver electrodes with a layer of In a classical hydrogen maser the storage bulb is placed
YBCO using an electrophoretic process '. The theory and in a cylindrical copper cavity excited in the TE0 1 1 mode
techniques of the hydrogen maser are described by Klepp- and tuned to the transition frequency. Stimulated emission

ner et. al. 2.3. One of the most Important applications of occrs if the beam Intensity is sufficient and the cavity is
a hydrogen maser is Its use as a stable clock. One inte- coherently excited in the TEO,, mode. This only happens

resting example for the use of highly stable clocks con- if the microwave losses in the cavity are low enough,
cerns a global positioning system which is presently based which Implies that its Q value is above a certain threshold.

on cesium beam atomic clocks. An exchange of these The detailed balance between beam Intensity, storage
devices against hydrogen masers could Improve the pre- time, effective volume of the storage bulb and the micro-

wave properties of the cavity Is discussed in the literature.

The cavity Is surrounded by a magnetic shield. A proper

Manuscript received September 24, 1990. operation of the maser requires a very small but uniform



inside of the half cylinders. The electrode structure Is
supported by two interlocking teflon cylinders and is held

fm fixed in a concentric position inside the rf shield. The
surface of these electrodes causes 76 % of the power

Amplifier dissipation In the maser resonator. The remaining 24 Z of
the losses occur on the surface of the rf shield and in
the dielectric. To avoid dielectric losses, the teflon sup-

--- -- - -1port material has been removed from the regions near the

Resonator gap where the electric field is concentrated. In a first
step to develop a fully superconducting loop-gap reso-

Electrodes nator the electrodes were designed to be superconducting.
The two half cylinders were fabricated from silver and

Quartz I I Microwave were then electrophoretically covered on both surfaces

Storage -- Shield with a polycrystalline YBCO layer of about 20 lim In

Bulb Si- thickness. The applied technique is described in the next
Bul (Cavity) section. The rf shield was fabricated from OFHC copper.

For the HTSSE project this shield acts as a hermetically
HyrgnMagnetic sealed can with two microwave couplers and at the same

Hydrogen Shields, time as a connection to the cold finger of the refrigera-

Atoms I Vacuum tion system.
J j Enclosure

_JLetc. C

LT  [ Ion L

State Vacuum L
Selector - IPump u

H 2 -R! Source C

H 2 - 2 H to vacuum
pump

coupling I

Figure 1. Schematic of a compact hydrogen maser using a loop i

loop-gap resonator 4

d.c. magnetic field to be superimposed to the stimulating
microwave field. All the other, mainly electronic compo- YBCO

nents which make a hydrogen maser to be a frequency coated
silver

standard shall not be discussed here. elertrode .

For the GPS sattelite application of the hydrogen
maser the size of a traditional TEO1 mode cavity is con- Teflon
sidered to be too large. For space applications therefore support

this cavity shall be replaced by a loop-gap resonator Resonator
similar to the one shown in figure 1. In this miniaturized
design the resonator Q Is significantly reduced, and maser
oscillation Is possible only by Introducing means of Q Figure 2. Schematic of a compact I)op-gap maser resona-
enhancement. The discovery of the high Tc superconductors tor with the field configuration at the inner electrodes
made such an enhancement possible. Fabricating the and the equivalent circuit.
loop-gap resonator from YBCO should Improve Its Q
compared to a copper cavity of the same geometry. The For a successful maser application the geometry
principle of the room temperature loop-gap resonator Is of the storage bulb, the Q value of the cavity, the distri-
described elesewhere 4. Figure 2 shows our version of a butlon and concentration of the microwave field within
superconducting loop-gap resonator for hydrogen maser the hydrogen volume (referred to as filling factor) and
application. It consists of two parts: the loop-gap elec- the operating temperature are decisive parameters 2-4,6
trodes with an inner diameter of the equivalent cylinder Considerations of the balanced choice of these parameters
of S cm and an equal length, and the outer rf shield with have only guided our work. The main objective of this
an Inner diameter and an inner length of 7.2 cm. The experiment is the demonstration of a significant Improve-
width of both gaps Is 0.4 cm. The real and displace- ment In Q by taking superconducting YBCO instead of
ment currents In the loop-gap electrodes flow like in a copper, especially at 1.4 GHz in the described loop-gap
solenoid and produce a uniform magnetic field on the arrangement.



In order to be space tested this resonator should Crygenic t s results And discussion

also fulfill the requirements of the HTSSE project. There-

fore. due to the limited frequency range covered by the For the HTSSE project three loop-gap resonators

HTSSE electronics, a resonant mode had to be found were fabricated so far. Each resonator was tested by
between 4 and 5 GHz. Such a field configuration Is given mounting it to an appropriate cryogenic test system within

by that TEM mode where the resonator is seen as a a helium bath cryostat. The interior of the cavity was

coaxial line of length X with the electrodes acting as the evacuated and then filled with low pressure helium gas

inner and the rf shield as the outer conductor. The length (10-3 mbar at 4.2 K) to provide a thermal contact between

of both conductors was chosen to obtain a resonant the inner electrodes and the copper shield. The cavity was

frequency of 4.3 GHz for this higher order mode. The cooled to 4.2 K by filling the cryostat with liquid helium.

Influence of the dielectric within the rf shield causes a Then the helium was removed and the cavity warmed up
frequency drop of 0.5 GHz compared to the analytically to room temperature within 48 h. The cavity temperature

expected resonant frequency of 4.8 GHz. This field confi- was monitored by a platinum resistor. Its Q was deter-

guration is excited mainly in the space between the elec- mined by a computer controlled sweep of the drive fre-

trodes and the rf can and senses only the outer surfaces quency and by measuring the full width at half maximum

of the loop-gap electrodes. Nevertheless, Its sensitivity of the transmitted power. The main results of the three

will be sufficient to observe a possible degradation of the experiments are summarized in table I.

cavity performance during the space test.

The electrophoretic coating with YBCO Table I. Summary of the microwave properties of three
loop-gap resonators investigated in the maser mode (1.4

We have applied the electrophoretic effect to GHz) and a higher order mode (HOM, 4.3 GHz).

cover the two loop-gap electrodes with a textured YBCO

layer. The technique of the electrophoretic coating proce- cavity A cavity B cavity C
dure of silver substrates with YBCO and the obtained

results for the surface resistance of such layers are maser mode

described In detail elsewhere 1,5. Here we give only a

schematic description of the process. Q (300 K) 630 660 650

After preparing a fine YBCO powder with the Q (77 K) 28000± 2000 31000 ± 3000 23000 ± 2000

correct 1:2:3 metal stolchiometry we produced a suspension Q (4.2 K) (1± 0.1)10 s  not measured not measured

by adding 10 to 20 g of the powder to 100 ml pure aceton.

Two cylindrically bound and concentrically arranged silver HOM

sheats acted as anodes. The half cylinders which were

covered separately, were mounted between the anodes Q (300 K) 1200 1100 1100
with a mutual distance of about 1.5 cm. Applying an

appropriate voltage 5, both inner and outer surfaces were Q (77K) 23000 + 2000 31000 ± 3000 34000 ± 3000

covered simultaneously with a thin YBCO layer of about Q (4.2 K) 57000 ± 5000 not measured not measured

Svm in thickness. To produce a preferential orientation of
the migrating YBCO particles, a d.c. magnetic field of 8 T

parallel to the axis of the half cylinders was applied For economic reasons cavities B and C were tested

during the depositlon.The colloidal powder particles which only at temperatures above 77 K. The temperature depen-

are essentially single crystals are oriented with their dence- Q (T) of the same cavity fabricated from OFHC

c-axis parallel to the magnetic field and are deposited In copper was also measured. From these measurements the

this texture. Each depositon step was followed by a temperature dependence of the surface resistance. R5 (T).

drying step and a subsequent sintering period of about I h of YBCO as well as of Cu was determined at the maser

at 900 to 920 °C In oxygen. The deposition and sintering frequency. For the higher order mode, the geometry
steps were repeated 4 times until a resulting layer thick- constants needed for the determination of Rs can presently

ness of about 20 pm was accumulated. This Iterative only be estimated. At 1.4 GHz, the Q value of the Cu

procedure is adopted to cover cracks in the YBCO layer cavity was 5000 at room temperature and 12000 at 77 K.
which develop during sintering. Finally, the YBCO layers From table I it is seen that the superconducting loop-gap

were sintered for 140 h at a temperature programmed to resonator (superconducting electrodes within a Cu shield )

vary between 920 and 930 oC in oxygen and then slowly has a Q at 77 K which is about 6 times higher than the

cooled to room temperature. As confirmed by electron Q of the Cu resonator at 300 K, Q (Cu. 300 K), and still

microscopy, the resulting layers show a significant texture more than two times higher than Q (Cu, 77 K). Figure 3

with the c-axis parallel to the cylinder axis. Thus, the shows Rs(T) at 1.4 GHz for cavity A. In figure 4 we

currents for the solenoidal field of the maser mode, compare the results for Rs of the three loop-gap resonator

depicted In figure 2. flow preferentially within the ab- experiments to the best results obtained so far on poly-

planes of the crystallites forming the polycrystalline crystalline YBCO samples. It should be kept in mind that

YBCO surface of the loop-gap electrodes. As found in each pair of electrodes exposes a surface of 150 cm 2 to

earlier experiments 5. this texture favours a reduced the microwave field. A detailed review on the microwave

surface resistance. properties of high Tc superconductors and the appropriate
references are given In another report to this conference 7



At 77 K and 1.4 GHz, Rs is found to be (0.9 1 resonator which Is completely covered by YBCO is there-
"0.1) mO for cavity A which is a factor of four lower than fore expected to be a factor four higher than an equivalent
the 3.8 mO obtained for electropolished Cu at the same Cu device. Compared to a room temperature Cu resonator,
temperature and frequency. The Q (77 K) for a loop-gap this improvement factor even Increases up to an order of

I I , I I ,magnitude. Although the operation of a hydrogen maser
2 at 77 K asks for a higher Q than required at room tempe-

rature, a significant miniaturization benefit can be expected

Rs by using a superconducting YBCO loop-gap resonator.
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Abstract 1.42GHz, is prohibitively large. A miniaturized res-
onator made of non-superconducting material, but
otherwise similar to the one described in this paper,

made feasible the application of superon ductivity h is used in a compact hydrogen maser developed under
mradetfasle thcrowe appicto ofe esupenducy NRL contract by Hughes (2]. In that maser the tech-
practical microwave devices. The measured surface nique of Q enhancement or active feedback is necessary
resistance, R , of the new TSC materials is lower to attain sustained oscillations in the room tempera-
than that of copper measured at the same tempera- ture physics package. The superconducting resonator
ture, 77K, and frequency, 1.42GH. An interesting described here was designed to achieve sustained maser
application of these new materials is the miniaturiza- oscillations at 77K in a small package without the

tion of microwave cavi .y resonators. In this report we o r at feedb ack e iCOoate

describe the development, testing and evaluation of eed has a e it po se o bn th e
a suercndutin comacthydoge masr rsontor electrodes has made it possible to obtain the high Q.

a superconducting compact hydrogen maser resonator vle eesr o efoclainwti h ii.

made from electrophoretic Y 1BaCus07-6 (YBCO). values necessary for self oscillation within the mini-

This compact loop-gap resonator, based on a previ- turized maser cavity.

ously suggested maser resonator [1], is made supercon- Briefly, the operation of the maser is as follows:
ducting using an electrophoretic proc- s developed for A beam of spin polarized atomic hydrogen is allowed
the deposition of thick film polycrystalline HTSC on to enter the interaction region of a microwave res-
large non-planar metallic substrates. At 77K we ob- onator which is tuned to the hyperfine transition at
tain cavity quality factors comparable to those of stan- 1420.405MHz. The atoms are trapped in the interac-
dard size, room temperature TE01 maser resonators. tion region by a Teflon coated storage bulb. The stor-
The fields of the resonator have been studied using nu- age bulb increases th - effective observation time of the
merical techniques to determine the dependence of the atoms, thus narrowing the observed atomic linewidth.
filling factor, q1, and the cavity quality factor, Q, on Collisions with the wall of the storage bulb and spin
the geometric parameters. This information is used to exchange collisions between hydrogen atoms limit the
optimize the cavity design with respect to the effects of minimum achievable atomic linewidth. Provided that
thermal radiation on the maser performance at 77K. the atomic resonance line is narrow enough and the

cavity Q is sufficient, maser oscillation is obtained.
The hydrogen maser is described in detail elsewhere

Introduction [3, 4).

In figure I we show the design of the superconduct-
The development of hydrogen masers as atomic clocks ing loop-gap resonator. It consists of two parts: the
for space applications requires that the size and weight loop-gap electrodes, and the outer rf shield-can. The
of the maser physics package be held to a minimum, two half cylinders are the electrodes, which behave as
For these applications the standard maser resonator, inductive elements. The gaps between the electrodes
a cylindrical cavity operated in the TE011 mode at act as capacitive elements. This combined resonant

467
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The stability of an atomic frequency standard is
measured by the square root of the Allan variance of
fractione' frequency fluctuations, ai,(r), where r is the

C sampling time of the measurement [5]. The frequen-
I cy fluctuations inay be divided into two classes: sys-

tematic and random (6]. Systematic fluctuations are

L dependent on the quality of the isolation between the
oscillator and the environment. Temperature changes,

mechanical vibrations, and changes in the dc magnetic
Z field are disturbances which cause systematic fluctua-

tions. Random fluctuations are due to fundamental

noise processes such as the thermal radiation within
the microwave cavity and the thermal noise added by

h amplifiers.

It is difficult to predict the stability limitations due
I Ito systematic effects. However, the portion of au,,r)

WSW that is limited by the cavity thermal noise within the
atomic linewidth, which we call u,(7), is predictable.
The cavity design is optimized for minimum al(r).

' Electrophoresis

Electrophoresis is the migration of charged particles

Figure 1: Schematic of a compact loop-gap maser res- under the influence of an applied electric field. It is

onator with the field configuration near the inner elec- used to coat the electrode structure of the loop-gap

trodes and the equivalent circuit. resonator with YBCO. The electrophoretic process al-
lows for greater flexibility in the size and shape of the
substrate than thin film deposition techniques. In this

structure largely determines the resonant frequency of process grains of YBCO powder are colloidally sus-
the cavity. The electrodes are supported by two inter- pended in a polar medium (for example, acetone or

butanol) producing a positive surface charge on each
locking teflon cylinders and are held fixed, in a concen- grain. Under the influence of an applied electric field,
tric position inside the rf shield-can. The rf currents these grains will move towards the ne&..ively charged
flow azimuthally, as in a solenoid, and produce a near- cathode, depositing themselves on its surface. This de-
ly uniform axial rf magnetic field within the atomic position process has been described in detail elsewhere
interaction region, which is the cylindrical volume be- p
tween the electrodes. The electrode surface currents
account for 75% of the power losses in the maser res- The first step toward- -eveloping a fully supercon-
onator. The remaining losses occur on the surface of ducting loop-gap resonator is covering silver electrode
the f shield-can and in the teflon support material, half cylinders e'cctrophoretically with a 20prm poly-
To reduce the dielectric losses, the teflon material has crystalline layer of YBCO. The deposition structure
been removed from the high electric field r, gions near consisting of the silver substrate and the anode are
the 4mm wide electrode gaps. immersed in the YBCO solution. A voltage is applied

between the electrodes (figure 2) for 30 to 60 seconds

The rf shield-can is constructed from OFHC cop- to achieve a 5 to 10 pm thick layer. It is preferable
per and also serves as the vacuum container. Both to have the c axis of the YBCO crystal oriented per-
the inner diameter and the length of the electrodes pendicular to the direction of the current flow because
are 5.0cm. The rf shield-can diameter and length are of the anisotropic current carrying properties of the
both 7.5cm producing a cavity volume of 331cm3. The YBCO. To achieve this orientation, the deposition is
loop-gap resonator has only 1.5% of the volume of the done in a 7 Tesla applied magnetic field. Due to the
standard maser resonator. magnetic anisotropy in the room temperature YBCO
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200MHzto 11GHz. The compact hydrogen maser res-
onator using the lumped element loop-gap design was
originally suggested by H. E. Peters [1].

.outer'- container

(theal nsulaion) Empirical relations for the frequency and quality
Hfactor can be obtained as a fun ction of resonator geom-

Inner. Con aian etry. No analytic solution for this resonant mode exist-
s. Recently, a technique [9] was developed to approx-
imate the fields inside and outside the electrodes. It

sacuspe nio yields considerable agreement between measured and

calculated values of the fields away from the electrodes.
S• t ---- co*" ($amp*) However this technique ignores the greatly enhanced

basis? "field density at the edges of the electrodes. Without
accounting for these enhanced fields incorrect values

silver-anod. of R. are obtained for the YBCO electrodes. More-
over, the filling factor of the maser resonator cannot
be calculated properly without first understanding this
effect.

Figure 2: Diagram of an electrophoretic deposition set-
up for the fabrication of textured thick films of the It should be noted that, although the current distri-
YBCO material. bution on the surface of the electrodes is solenoidal, the

classical picture of a solenoid is an inadequate approx-

grains, the YBCO is deposited with the c axis parallel imation. Since a solenoid has flux lines that can close

to the direction of the applied magnetic field. The sub- through its body, the high frequency boundary condi-

strafe and film are post annealed at 930°C in flowing tions in the loop-gap will force all flux lines to close

oxygen for approximately 120 hours. This magnetic around the ends of the conductor and not through the

texturing technique yields lower R, values than ran- electrode surfaces - resulting in a substantially differ-

domly oriented YBCO thick film samples. ent distrbution of currents.

Several pairs of superconducting electrodes have The loop-gap resonator is analogous to the shielded

been made by this procedure. These electrodes have stripline which is a coaxial transmission line of rectan-

nearly 200cm 2 of non-planar surface area. The sur- gular cross section. It is also similar to the microstrip

face resistance dependence on temperature is plotted transmission line. The relations between these three

in figure 3. At 1.42GHz and 77K, the surface resis- models are depicted in figure 4. The currents and the

tance is about lmin, while the residual resistance men- fields for the three similar structures can be described

sured at 4K is less than 1OOpfl. The measured Q, of as TEM. The geometry of the loop- gap can be ob-

the superconducting resonator at 77K is 30,000 which tained from the shielded stripline geometry by rotating

is sufficient for maser oscillation in a compact maser the cross section of the stripline about the horizontal

without the need for Q-enhancement. An identical res- axis and letting the radius of the ground plane go to

onator built using copper electrodes and operated at zero. The axis of rotation becomes the z - azis of the

77K would have a Q, of 12,000 and require external loop-gap resonator and the center conductor of the

feedback to provide Q-enhancement for oscillation. stripline becomes the electrode structure of resonator.

The boundary conditions for the loop-gap res-
The Loop-gap Resonator onator are the same as those of the shielded stripline.

The rf magnetic field distribution of the loop-gap cav-

ity is equivalent to the resonant magnetic field of the

The loop-gap resonator is a variation of the magnetron shielded stripline. The magnetic field encircles the

resonator which origilated as early as 1935 [8]. The electrodes as the equivalent field encircles the center

applications and characteristics of the loop-gap design conductor of the stripline. The electrode gaps may be

have been discussed in more than 15 articles over the neglected due to the displacement currents in the re-

past decade. Applications for this design are found in gion of the gap. For the range of frequencies considered

nuclear magnetic resonance, electron spin resonance, the fields are TEM and propagating in the azimuthal

radar, and maser spectroscopy at frequencies from direction between the electrodes and the rf shield.
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Distribution of Currents on Electrode
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10- ' . Figure 5: Distribution of the currents calculated along
0 20 40 60 S0 100 12D the i axis using three different methods: (A) confor-

T(x) mal mapping, (B) Green's function, (C) finite element

Figure 3: The temperature dependence of the surface calculation.

resistance of the inner electrodes in the maser cavity
measured at 1.42GH%. Many attempts have been made to solve for the

fields around a strip conductor. The difficulty in find-
ing a solution to this family of problems is due to the
singularities at the sharp metal corners of the finite
inner conductor. However, the assumption that the
conductor is infinitely thin has led to solutions that
give qual:'ative descriptions of the fields and currents
in limited cases.

As mentioned above, all of the geometries in this
class of problems provide current distributions that
are not constant along the strip (loop-gap electrodes)
width. Specifically, the current density increases
sharply at the conductor edges [10, 11, 12, 13]. This
is true so long as the fields are considered to be in
the "quasi-static" limit; the fields are TEM and the
dimensions of the strip conductor are small compared
to the wavelength. In this quasi-static limit, the cur-
rent distribution is related to the distribution of excess
static charge placed on the isolated strip conductor.

The relatioa for the currents on the microstrip is

1(z) = Vd(z) (I)

Figure 4: Diagram of the microstrip, shielded stripline, where v is the phase velocity and o(z) is the static

and the maser resonator to illustrate the analogy be- charge distribution. The solution for an infinitely thin

tween the three structures. TEM magnetic field flux isolated conducting strip above a ground plane was

lines are shown to be similar for each case derived by Maxwell (13]. He found that by using a
conformal mapping technique, the static charge distri-
bution on an infinitely thin conducting sheet above a
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Proftile of Field Energy Along z Axis (MAFIA)
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Figure 6: Profile of the magnetic field energy along the 0

i axis where r = 0 showing the solenoidal field profile Figure 7: Plot of the field energy in the r - z plane.
within the interaction region of the cavity. The peaks in the energy distribution are located at the

upper and lower edges of the electrodes. The relative
ground plane is given by magnitude of the fields in figure 6 are nearly too small

to be seen on the scale appropriate to the peak field
0(X) = - (2) values.

where I is the width of the strip conductor and z is the which is required to satisfy the boundary conditions at
pc int along the strip where the charge is evaluated, the endplates. However, in the regions near the elec-
In this solution the current distribution is infinite but trodes, differences in the solenoid loop-gap comparison
integrable at the conductor edges. A more realistic so- arise from the high frequency boundary conditions on
lution is found by using a Green function method (11]. the electrode surfaces. The current is distributed to
The Green function and conformal mapping solutions satisfy these boundary conditions as shown in figure
are plotted in figure 5. Both of these solutions have 5. Figure 7 shows the profile of magnetic field energy
the same general behavior; uniform current distribu- across the r, z plane, where 0 < r < R. The enhance-
tion in the center of the strip, and a sharp increase at ment of the magnetic field energy at the edges of the
the edges. For the shielded stripline, the edge currents electrodes is as expected, and is in agreement with the
on the strip are further increased by the existence of stripline analogy.
images in the shield wall [101. This is similar to what
occurs in electrostatic image problems. The filling factor and the distribution of power loss-

es in the resonator cannot be accurately calculated
A three dimensional finite difference code, called without knowing the fields. The filling factor is de-

MAFIA, was used to investigate the fields in the loop- fined as
gap resonator. Plots of the magnetic and electric fields < H- >Lt(
from MAFIA confirm the qualitative field descriptions < < > 3... )
renorted in other loop-gap papers. As expected, the
electric field is concentrated in the gap regions, and This is the ratio of the energy that stimulates the by-
the magnetic fields are generally in the axial direction drogen transition to the total energy in the cavity. The
within the interaction region of the maser cavity, Fig- approximation that the fields are uniform in the region
ure 6 is a plot of the rf magnetic field in the center of the electrode edges produces an optimistically large
of the cavity (r = 0) from z = 0 up to the shield-can value of if. We obtained a value of 0.39 for if using
endplate, where z = L/2. This axial profile is very sim- the uniform field approximation and a value of 0.30
ilar to the static fields of a dc solenoid and its image using the results of the finite difference code.
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field values beyond this critical value, even though the
input power to the cavity is as low as -30dbm. This

Microwave Losses In the Maser Mode effect makes the characterization of the resonator sur-
face difficult but should not cause a problem at the
-90dbm levels expected in an oscillating maser.

In the preceding arguments, the frequency has been
assumed low enough that the wavelength is much larg-

S. -er than the dimensions of the strip. In this quasi-static
approximation the fields are TEM and the only com-

0.01 ponent of current is the azimuthal component, 14. The
effect of operating at a frequency where the wavelength
is on the order of the strip dimensions is that the longi-

0.001 .tudinal component of current, I, becomes significant.
0.01 .1 1 10 It has been suggested that the form of this component

(P,Q,)" 2 - is [10]

Figure 8: The surface resistance measured for the su- r I.
perconducting electrodes as a function of the maxi- 077 sin (2), IzI -
mum rf magnetic field on the surface of the electrodes. , (z) = (4)
The expected behavior is shown in the inset indicating 1'0 cos 0.8i < Izl < L
that at low input powers the YBCO behaves as if there
is a large surface field.

where I is the full strip width. The magnitude of 1,0 is
proportional to the normalized strip width I/A, where

The current distribution on the electrodes and on A is the wavelength corresponding to the resonant fre-
the surfaces of the shield-can vary in the same qualita- quency. When I/A < 0.1, the average current am-
tive manner as in the shielded stripline. As the edges of plitude 1o across one half of the strip width is less
the electrode conductor are moved closer to the shield than ten percent of the average l*(z = 0) curren-
surfaces, the currents increase due to the image cur- t amplitude. For the cavity built at the University
rents on the shielding surfaces [Il]. This change in the of Wuppertal, the condition that I/A < 0.1 is not
current distribution increases the local field energy and satisfied. Specifically, for an operating frequency of
thereby reduces the fraction of total magnetic energy 1.42GHz (corresponding to a 21cm wavelength) and
in the interaction region. The effect that this has on an electrode length of 5cm, this cavity is not operat-
Q. and 9f has been studied numerically. The produc- ing within the quasi-static limit. This would imply
t r/Q, has a maximum where the electrode radius is that in the maser resonator, the currents no longer
about half of the shield-can radius and the electrode flow only azimuthally around the electrodes but that
length is about 80% of the shield-can length. there is a component of the current in the longitudinal

Measuring the surface resistance in the YBCO su- (z) direction.
perconducting resonator is complicated by the elec-
trode current distribution. It has been shown that the
R. of polycrystafline YBCO is dependent on the mag- Shown in figure 9 is a MAFIA plot of B,(z) at the
nitude of the rf maretic fields at the surface [141. surface of the conductor compared with the function

in equation (4). The shape of this curve is similar to
The expected behavior for a cavity that does not that expected from a stripline where I > 0.A. The

have the unique field and current distribution shown numerical solution confirms that the transverse mag-
in figure 5 is plotted as an inset in figure 8. R. remains netic fields are much smaller (< 0.01%) than the Ion-
fairly constant with increasing surface field up to a crit- gitudinal magnetic field component over most of the
ical value, then R, increases sharply with further in- interaction region; therefore, this will not be a serious
creases in the field. Figure 8 indicates that for a broad problem in our design. However, if the overall size of
range of rf power levels, some part of the superconduct- the loop-gap cavity is increased the transverse fields
ing surface in the loop-gap resonator is experiencing would become significant.
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Transverse Current- Electrode Middle to Edge P. T. versus Spin Exchange Relaxation Rate
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Figure 9: The component of the rf currents on the Figure 10: The product of PT? as a function of 7 1,.
electrodes that are perpendicular to the direction of which is proportional to the density of atoms in the
the TEM currents. The upper curve, A, is from the storage bulb.
MAFIA calculation and the lower curve, B, is from the
relationship given in reference [10]. Equation (5) can be rewritten as

Loop-gap Design Optimization = T

To find the loop-gap maser resonator design that in- where Q = fT 2 , and T2 is the transverse decay time

imies the thermal noise contributions the Allan de- of the atoms. The first term under the radical is not
viation for integration times between 100 and 10000 geometry dependent. Therefore it is only necessary
seconds, arl(r), must be minimized. We must express to maximize the product PT2 for the thermal noise

al in terms of geometric variables like the resonator component to be minimized. Separating out terms

length L and radius R as well as the cavity quality that are constant for changes in cavity geometry and

factor,defining these terms as the constants A and B, we have
a parameter. The spin exchange relaxation rate, 7,..., PTi\/= 'yi\_-___
is removed from the expressions for al by minimizing PT=BV A (7)
a with respect to y.... Using these simplification-

s and the relationships for the filling factor and the A = Eo&'Cb
quality factor as functions of the cavity geometry, arU hor,
is minimized in terms of the cavity dimensions. h= f.

The component of the Allan deviation due to the •
thermal noise within the cavity is given by The total relaxation rates are defined as

I
~71 ~ 7b 7+71W +710... (8)I± k- (5)

S , V 2 -PT * f2 2 7 b + 72 . + 72.....

Where Q1 is the atomic line quality factor, I is the
Boltsmann constant, T is the temperature inside the In the above expressions, 71 and 72 are the total
cavity, and P is the power delivered by the atomic longitudinal and transverse relaxation rates, respec-
beam to the cavity. The Allan deviation will be eval- tively. "iu.,. is the spin exchange relaxation rate. As
uated at r = Isecond. described in [4]:
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71#.e = 272,.. (9) Limiting Stability

= {i/ 4 ) 1/2 fro,, Therm',al Fluctuations

Here, or is the spin exchange cross section, 1 r is
the average relative atomic velocity, and n is hydrogen ,0
density given by r

n ~ 10) C .

71- and 72w are the longitudinal and transverse relax-
ation rates due to wall collisions. Pl. is defined as the ,*"s . ...
transverse relaxation probability per collision and r,
is the average time between atomic wall collisions[15].. I

With A& defined as the surface area of the storage con- " , a , 0
tainer, we have Tse" C)'

pi. 4 Figure 11: The Allan deviation as a function of the
71w - f 472w integration time for three different cavity geometries:

7C ; (A) optimal design according to the electrode geome-
try for maximum P2, (B) the cavity shown in figure

pl. = 7.3 x 10-Sexp T0)= 1.45 x 10-' (11) 1, (C) cavity designed for maximum IQt. Also shown
is the stability of a room temperature active maser[16]

I = mean atomic velocity JU8T A,
= mean free path V -m 4V6 and finding the electrode geometry that would give the

Since the spin exchange relaxation rate is proportional best stability in that case. In order to find the opti-
to the hydrogen density in the bulb, we can solve for mal resonator design, many iterations of this process
the condition of optimal density. A plot of P27 as a are needed. When P22 is considered as a function of
function of 7,.,. is shown in figure 10. By setting the the electrode radius and length for a given shield can
derivative of P17 with respect to 7,.*. equal to ze- geometry, there is a maximum that implies an optimal
ro and solving for 7.,., we find the relation between design for the electrodes. The location of this maxi-
PT2 and the optimal value of 7.,. or equivalently the mum is dominated by the collision rate of the atoms
optimal density. This condition on 7V,.,. is substitut- with the storage bulb walls. It is clear that the wall
ed into equation (7). This ensures that the product collision rate is minimized for a large bulb volume to
of PV2 is always evaluated at the optimal hydrogen surface area ratio.
density within the bulb. It is found that 71.... ., for
optimal stability is given by The Allan deviation can now be calculated for any

given loop-gap cavity design. The results of this cal-
culation are shown, for three cases, in figure 11. A

2(72 + 71) (271. - 71. + N- 2A7,q'Q,) cavity geometry designed using the maximum YtQc
71... opt = - 272w -71 - 2A7IIqQ. criteria will have a narrow storage bulb and therefore

(12) a large wall relaxation rate. This is represented by
curve A in figure 11. Curve B describes the predict-

We assume that the bulb escape rate "}b can be ad- ed level of thermal fluctuations for the cavity shown
justed by changing the collimator tube length. All oth- in figure 1. Curve C represents the minimum fluc-
er variables, such as the filling factor, the bulb volume, tuations for a cavity with a shield-can diameter and
the atomic collision rate with the walls, and the qual- length equal to 7.5cm and electrodes 6.8cm in length
ity factor, Q,, are dependent on the particular cavity and 3.2cm in radius. Shown for comparison is actual
geometry. Since no analytical solution exists for the data from a standard active maser[16]. The level of
fields in the cavity there are no analytical solution- fluctuations are reduced by a factor of three in going
s for Q. and 9'. Therefore a numerical optimization from the V'Q, geometry to the PT2 maximum design
has been performed by choosing a shield-can geometry where oa(l second) = 6 x 10-14.
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Conclusion [4] D. Kleppner, H. C. Berg, S. 13. Crampton, N.
F. Ramsey, R. F. C. Vessot, H. E. Peters, and

A technique developed for the deposition of textured J. Vanier, "Hydrogen Maser Principles and Tech-
thick films of YBCO onto silver substrates of arbi- niques," Phys. Rev. A 138, 972, 1965.
trary shape has been applied to the electrodes of the [5] D. A. Howe, D. W. Allan, and J. A. Barnes,
loop-gap resonator. The surface resistance of the deec- "Properties of Signal Sources and Measuremen-
trophoretic YBCO electrodes in this maser resonator t Methods", Proc. of the 3511 Annual Symp. on
is shown to be less than lmfl at 77K and 1420MHz. Freq. Control, pp. 1-47, 1981.
Maser oscillation can now be achieved in the compact
resonator without the need for Q-enhancement tech- [6] E. M. Mattison and R. F. C. Vessot, "Physics
niques. The design of the resonator cavity has been of Systematic Frequency Variations in Hydrogen
optimized with respect to the contribution of thermal Masersy", Proc. 22nd Annual Precision Time and
noise to the maser oscillation using the field solution- Time Interval Applications and Planning Meet-
s from a 3 dimensional finite element code (MAFIA). ing, pp. 453-464, 1990.
The thermal noise within the cavity limits the stability
to o,(100 seconds) = 6 x 10- 16. Figure 11 shows B7] M. Hei, S. Kraut, E. Mahner, . Mueller, D.
the calculated deviations compared with fluctuations B. Opie, H. Piel, L. Ponto, D. Wehler, M. Beck,meaurd i aroo tmpeatreactive maser. The U. Klein, M. Peiniger, "Electromagnetic Proper-
measured in a room temperature atvmse.Te ties of Electrophoretic Y1 Ba2CU3)7..4 films", J.frequency fluctuations of the optimized compact su- tie o l .3oNo.3i p 323, 1990
perconducting resonator coincide with these measured Supercond. Vol. 3, No. 3, p. 323, 1990
values. This compact superconducting maser design [8] G. B. Collins, Microwave Magnetrons, York, PA.,
has frequency stability competitive with full size room Maple Press Co., 1948.
temperature masers at a substantial weight and size
reduction making it attractive for space applications. (9] M. Mehdizadeh and T. Koryu Ishii, "Electromag-

netic Field Analysis and Calculation of the Reso-
nant Characteristics of the Loop-Gap Resonator",
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