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FREQUENCY

Specialists in frequency control are improving their
crystal vibrators and atomic lrequency standards.
Toward better crystal devices, they are making
filter crystals that operate above 30 Mc/sec; with
better mathematical analysis of vibration modes to
help, they are using electrode-thickness tuning and
crystal shaping to improve crystal response; they
are using sound waves and x rays to investigate
vibration-mode patterns. Some are seeking new ma-
terials to replace quartz, especially endowed by na-
ture to function as a frequency standard. Others
have used quartz in a new way to make a new
kind of delay line. Toward better atomic fre-
quency standards, they are improving both stabili-
ty and accuracy. All-solid-state versions are making
rubidium gas-cell standards and cesium-beam
standards more useful. Other improvements in
atomic devices include better circuits for hvdrogen-
beam tubes, narrower reference lines, and better
frequency stabilities, both long- and short-term.

Among the various subjects discussed at the
Nineteenth Annual Symposium on Frequency Con-
trol last spring, work with crystal vibrators and
atomic standards was of greatest interest lor physi-
cists, The meeting drew some 600 participants to
Atlantic City in mid-April. It was, as usual, spon-
sored by the US Army Electronics Laboratories
ol Fort Monmouth, N. J.

Crystal vibrators

For crystal resonators, the specific area ol greatest
advancement lies in development of crystals for
filter application in the region above 30 Mc/sec.
These units differ [rom conventional oscillator crys-
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tals primarily in having to be substantially free
from undesired resonances near the main thick-
ness-shear mode.

For frequencies above about 10 Mc/sec, beveling
and contouring become unimportant and the vi-
brator consists ol a flat plate structure with elec-
trodes for excitation deposited directly on the
quartz. It was observed some years ago at USAEL
that unwanted resonances of these plates were at-
tenuated when the electrode diameter bore a cer-
tain ratio to the plate thickness governing the
frequency. Applying this criterion to the design of
filter crystals, however, meant that as one goes
up in frequency the corresponding electrode size
required becomes smaller and smaller, until the
insertion loss increases beyond the point ol useful-
ness. Further progress along these lines was pos-
sible only alter it was shown that the electrode
thickness was a significant additional parameter al-
fecting the mode spectrum. G. K. Guttwein of
USAEL reported experimental evidence on this in
1965, and, concurrently, W. S. Shockley of Clevite
Corporation gave a qualitative explanation of the
influence ol both electrode size and thickness by
employing a concept of “energy trapping” and es-
tablishing an analogy between cutoff in a wave-
guide and in an acoustic plate supplied with elec-
trodes. The theory was further developed at the
1964 symposium by R. D. Mindlin of Columbia
University and by D. R. Curran and D. J. Kone-
val of Clevite Corporation.

Investigations continue to be active in this area,
and this year Mindlin reported further progress in
bringing vibrational behavior of crystal plates un-
der manageable mathematical analysis. The line of
investigation initiated last year has now been €x-
tended to the fundamental thickness-twist mode
and its anharmonic overtones with equally goﬂd




the two decades during which the
Army has conducted its annual
«ontrol symposia, electro-
: oscillations from atoms in
ransition have joined mechanical vi-
brations of crystals as [requency stan-
,@uﬂs. Masers, in which hydrogen,
wa. or rubidium is the active
.gg&nn. and cesium beams function
‘alongside quartz oscillators. Current
developments are turning both crystal
and atomic standards into more ac-
curate and easier-to-use devices.

results. Explicit expressions, in terms of dimensions
and physical properties ol electrodes and crystals,
are now available for the empirical coefficients
appearing in the formulas of Curran and Koneval.

If the frequency at resonance is less than the
thickness-shear cutoff of the uncoated part ol the
plate, no thickness-shear or thickness-twist waves
escape from the region under the electrodes. These
modes, however, are coupled elastically with flexu-
ral and face-shear waves which do escape. Mathe-
matical solution of this problem reveals that the
resulting energy loss is an almost periodic func-
tion of the ratio of electrode length to thickness
I of the plate. The periods are about 1.6¢ for
flexural waves and 3.0t for faceshear waves,
exact values depending on electrode mass. The
‘quality factor Q, assuming no other loss mecha-
nism, ranges from maxima exceeding 10% to mini-
ma of about 104, the minima diminishing with
reduction in electrode length. This means that in
‘addition to suppressing unwanted modes, elec-
trodes of the proper size result in an improved
quality factor for the desired response. The first-
order approximate equations used in these studies
o not accommodate harmonic overtones. Contem-
plation of an eventual extension of the work to
include harmonic overtones and anharmonic over-
tones associated with them led Mindlin to ex-
‘dmine anew the [ull three-dimensional equations
of erystal elasticity, whence he discovered exact
solutions for all the coupled thickness-twist and
laceshear modes in an infinite plate with the elas-
tic symmetry of the rotated Y cuts of quartz—
with and without electrodes. These solutions can
now serve as a basis for the formulation ol nth
order approximate equations ol motion that can
be solved for finite plates.

With the mathematical problem apparently rea-
i

sonably well under control, the question of prac-
tical utilization was quickly answered by Curran
and Koneval (Clevite) and by T. ]. Lukaszek
(USAEL) . Curran and Koneval have applied ener-
gy-trapping theory to devise several new resona-
tor structures applicable to both fundamental- and
harmonic-mode crystals in the VHF range. One of
these, the “inverted mesa” resonator, looks particu-
larly promising lor [requencies above 100 Mec /sec.
In this configuration, electrodes thick enough 1o
have a low electrical resistance are used, but they
are partially embedded in the quartz wafer o ob-
tain the desired [requency lowering. In practice,
the electrodes would be deposited in a depression
in the quartz wafer, or else the thickness of the
surrounding unelectroded waker would be increased
by depositing a low-loss dielectric such as silicon
maonoxide. In either case, the net frequency lower-
ing is adjusted to that required by electrode dimen-
510115,

Curran and Koneval took a further step in mak-
ing the design ol filter crystals amenable to simple
calculation by advancing a transmission-line model
ol a quartz waler to account lor the propagation
properties of various modes over wide [requency
ranges. I'he results show a relation between resona-
tor design and network design, which should be
considered to insure satistactory filter perlormance.

Lukaszek drew upon the Columbia and Clevite
work in designing his experiments. Faced with
filter requirements extending above 100 Mc/sec
and calling for resistances of less than 100 ohms
and at least 40 db suppression of unwanted modes,
he selected hlth-overtone blanks in the 70-112-
Mc/sec range and calculated the electrode sizes
that would achieve the resistance specifications,
By varying electrode thickness in steps he showed
that an optimal deposition exists for various com-
binations of electrode diameter and plate [re-
quency. Near the best values the curves are not
too steep, allowing the designer a certain latitude
in the range of motional resistance and capacitance
he can specify for his filters. The result lightens
the burden on the manulacturer 1oo, for he can
still use electrode mass for final trequency adjust-
ments. although within somewhat narrowed limits.
A before-and-after comparison ol the response of a
narrow band (16 kc/sec) hlter at 112 Mc /sec shows
that previous crystals, because ol rheir unwanted
maode content, produced undesired bands ol trans-
mission less than 0.1 percent [rom the passband;
substitution ol crystals designed by the new tech-
nique repressed all spurious responses more than
50 db and decreased the insertion loss substantially.

It can be expected that lurther application ol
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the theory will vield useful vibrator designs well
into the upper VHF region. Several serious prob-
lems remain, however, including those ol 11{'|1|:||t|-
ence of ©Q on structural defects and details of
[abrication and mounting, as well as a general
decrease in  with increasing [requency.

In view ol the complexity ol the theoretical
problem of vibrations in plates, even when limited
to delect-Iree homogeneous continua subject to the
simplest boundary conditions, one must have ex-
perimental methods for “'seeing” the actual pat-
terns of vibration in our less-than-perfect, finite
walers. One such method is provided by x-ray dil-
fraction, where local strain gradients within the
crystal-lattice intensity modulate the image. These
gradients can be produced by defects such as dis-
locations or interstitial impurities and by mechani-
cal vibrations.

The Georgia Tech group, composed of R. A,
Young, R. B. Belser, A. L.. Bennett, W. H. Hicklin,
J. €. Meaders, and C. E. Wagner, is currently
conducting vibration-mode studies with these x-
ray imaging techniques. They study location, shape,
and distribution ol activity in the oscillating re-
gion ol the crystal and some other aspects ol the
ultrasonic standing waves such as wavelength,
prnp;ig;niml cdirection, i]l:llll'il;lliflll‘ nodal ])u.-.i~
tions, and coupling among modes. Parameters of
special interest are type of cut, defect type and
distribution, electrode material and distribution,
and drive level. They reported that internal de-
fects can sometimes be present in considerable de-
gree without an apparent ill effect on the [re-
quency-time behavior. On the other hand, specific
combinations of delect type, distribution, and ori-
entation relative to the standing waves in the oscil-
lator can significantly distort the normal distribu-
tion of vibrational energy. Both distortion of nor-
mal patterns and enhanced mode coupling can
be induced. This finding has the practical conse-
quence ol placing some ol the onus lor the crystal
behavior on clips and mounting cements that an-
chor the crystal in the holder,

Xeray diffraction topography was also discussed
by W. J. Spencer and K. Haruta ol Bell Tele-
phone Laboratories, who have complemented the
Georgia Tech work by developing methods of de-
termining actual magnitude ol strain components
on various crystallographic planes of the resona-
tor. With diffraction from the various planes one
can map the strain throughout the entire volume
of the vibrating plate.

In the search for means of improving resonators
and extending their [requency capabilities one of
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the most alluring possibilities remains the discoy-
ery of a new material to substitute for quart
Nature has been so generous to quartz, however,
that the task has always been difficult, A, W,
Warner of Bell Laboratories reported on recent
progress with new piezoelectric materials. These
are a group of refractory oxides grown trom a melt
(~1600°C) in the form of large single crystals,
Among these are lithium gallium oxide, lithium
aluminum oxide, lithium niobate, lithium tantal-
ate, and calcium pyroniobate. These oxides are
interesting because they are hard substances like
quartz and can be treated similarly. The crystal
symmetries are such (Ca,, Dy, Cgy, Gy, Cy) that
zero temperature coefficients are likely, and the
crystals can be grown without undue difhculty. The
investigations are not yet complete but indicate
that coupling factors higher than 50 percent with
lithium niobate and 50 percent with lithium gal-
lium oxide may be realized, and O values may rival
those of quartz (107 at 100 Me/sec) . High coupling
factors make these materials attractive for a variety
ol applications, notably wide-band hlters.

G. A. Coquin of Bell Laboratories considered
crystalline quartz as the delay medium lor a new
type of delay line that can be used to synthesize
a filter response. In operation, a signal pulse to
the input transducer excites a disturbance with a
spectrum ol Irequencies that propagate down the
quartz delay strip as a group of surface waves.
These waves interact with the quartz through the
piezoelectric effect to produce a wave of polariza-
tion on the surface. This charge, in turn, is picked
up by an array of electrodes arranged according
to the Fourier transform of the desired filter char-
acteristic. The interaction of the surface waves and
the electrodes effects a convolution to produce the
desired response at the output. Although best suit-
ed for highly dispersive filter applications, these
tapped delay lines are also capable of performing
as nondispersive filters, particulary in the 30-300-
Mc/sec range.

Atomic frequency standards

Two general trends are characteristic of work with
atomic frequency standards: conversion of these
standards  [rom sophisticated laboratory instru-
ments into practical, reliable, easy-to-operate units,
and improvement in frequency stability and ac
l.'lll'lll'}'.

The “oldtimers” of the atomic frequency stand-
ards  (cesium-beam tubes, rubidium gas cells,
hydrogen masers) are definitely no longer restricted
to laboratory applications; engineering effort dur-




*RYOGENICS FOR THE LABORATORY
NVOLVED IN THESE APPLICATIONS:

a. Continuous-duty helium liquefaction (84 liters/
week in 24-hour operation)

b. Cooling of superconducting solenoids and circuitry
¢. Studies of nuclear magnetic resonance
d. Field ion microscopy

e. Laser, maser, parametric amplifier, and infrared
detector cooling

f, Cryopumping
g. Cold-gas recondensing

h. Materials testing

the new CRYODYNE
Helium Liquefier and
Refrigeration System

A new and compact, low-cost ADL helium lique- DIVISION 500 ALSO OFFERS THESE
fier/refrigerator is now ready for the laboratory. It LOW-TEMPERATURE DEVICES:

couples directly to storage dewar or experiment. apL.Collins Helium Systems — Semiautomatic lig-
It delivers liquid continuously, without operator uefiers: capacities 4 to 9 liters/hour.

attention. Quiet operation and low vibration per- Helium/Hydrogen liquefiers.

mit use in any laboratory. 200 watt/20°K refrigerators.

This easily portable, single-cabinet, semiauto- ADL CRYODYNE® Helium Refrigerators — Closed-
cycle systems for cooling masers (to 4.2°K) and

matic device is ideal for installations requiring a parametric amplifiers (to 20°K).

modest-capacity liquefier, a closed-cycle liquid
helium recondenser, and a cold-gas refrigerator ADL Helium Repurifiers — Low-temperature sys-
for use in the 4.2°-70°K range. Its usefulness tems for recovery/repurification of helium gas.

in carrying out varied cryogenic experimental ADL MULTIPOD Helium Liquefiers and Refrigerators
Work cannot be matched by any other machine Liguefaction capacities from 50 liters/hour.

or system presently available. Refrigeration capacities from 1,000 watts at 20°K,

For full technical details on the CRYODYNE® Helium Liquefier or other Division 500 Cryogenic equipment, write to:
GORDON P. COOMBS = Division 500, Arthur D, Little, Inc. » 500 Acorn Park, Cambridge, Mass. 02140

DIVISION

Specialized Equipment « Cryogenic and Pyrogenic Engineering

reveere Arthur 4. Little, Inc.

CAMBRIDGE, MASSACHUSETTS « ZURICH, SWITZERLAND
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ing the past few years has successfully converted
them into frequency standards for practical use.
In particular, reliability, ruggedness, small size,
weight, and power consumption of all-solid-state,
militarized versions of rubidium-gas-cell and ce-
sium-beam-tube standards are attractive leatures
for commercial and military use, where utmost fre-
quency stability and accuracy are required. A re-
view of the status of the tri-service-sponsored mili-
tarized cesium-beam standard was presented at the
symposium by S. Fast and others of National Com-
pany. They expressed confidence that long-term
frequency instabilities smaller than 1 part in 101
can be achieved for ambient temperatures, vibra-
tion, shock, and acceleration levels that fulfill mili-
tary specifications.

Circuit engineering for improving hydrogen-
maser perlormance is directed towards development
of automatic cavity tuning. This would eliminate
cavity pulling effects by tuning the maser cavity
directly to either the hydrogen resonance or a fre-
quency with precisely known offset from the reso-
nance for which the cavity-pulling [requency shift
can be predicted. If linewidth quenching tech-
niques are used to determine the exact cavity tun-
ing, problems can arise because ol hydrogen-reso-
nance [requency shifts that are associated with the
line-width quenching process itsell. An analysis of
these linewidth-quenching-induced shifts of the
maser [requency lor various linewidth-quenching
methods has been presented by one ol the authors
(H. G. Andresen, USAEL). For magnetic fields
smaller than 10 mG, linewidth quenching by
magnetic-field inhomogeneities (magnetic-relaxation
quenching method) is experimentally convenient
and shows promising [eatures for application as
the sensing method for an automatic cavity tuning
system.

Various methods to improve the frequency sta-
bility of atomic frequency standards were discussed.
One possibility for a cesium-beam-tube standard
is to increase the signal-to-noise ratio ol the de-
tected atomic-reference resonance. This process al-
lows “splitting™ of the resonance line with higher
precision, provided the electronic circuitry does
not introduce additional frequency uncertainties.
J. Halloway (Varian Associates) discussed per-
formance tests of a novel cesium-beam optic with
hexapole detection magnets and an indirectly heat-
ed annular-ring ionizer for the particle detection.
Measured signal-to-noise ratios were a factor of ten
better than those achieved with conventional di-
pole-deflection magnet design. It was pointed out
by R. Sanborn (of Pickard and Burns, where the
electronic circuitry lor the signal-to-noise-ratio-im-
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proved cesium-beam tube is being developed) tha
further improvement of the spectral purity of the
microwave excitation of the cesium resonance is
necessary to take full advantage of this new beam-
tube design.

Another alternative to improve frequency char-
acteristics of atomic frequency standards is to in-
crease the Q of the atomic reference resonance;
Q is defined as f/Af, where [ stands for the reso-
nance frequency and Af for the linewidth of the
atomic or molecular reference resonance. Two al-
ternatives to increase , either by increasing the
resonance frequency or by reducing the linewidth
Af were discussed by J. Gallagher and his col-
leagues from Martin Marietta and by N. F. Ram-
sey ol Harvard. Gallagher reported the first ex-
perimental observation of Ramsey excitation pat-
terns in the millimeter-wave region. Ramsey pat-
terns have been observed for the 2,—2, transition
at 216 Gc/sec with 10-in. separation between the
two excitation centers, consisting ol parallel-plate
Fabry-Perot resonators. The measured linewidth of
the center Ramsey peak was 850 cps, which corre-
sponds to a line Q of 2.5 x 10% A further increase
of this @ by a lactor of four appears feasible,
although this result has not yet been achieved
experimentally because ol excessive stray electric
and magnetic fields in the interferometer region.
Considerable technical problems have to be solved,
however, belore these narrow resonance lines can
be applied successfully for frequency control, The
most serious problems are introduced by impurity
of the exciting millimeter-wave spectrum, the rela-
tively small signal-to-noise ratio for the detected
resonance due to the ineficiency of the electron-
bombardment ionizer and a small partition func-
tion due to multiplicity ol molecular rotation
levels and, finally, by phase instabilities between
the two excitation centers, The experimental re- !
sults indicated, however, Q's of the order of 10
can be achieved with molecular-beam machines in
the millimeter-wave region, which nearly match
the present Q record of 2 % 10° for the hydrogen
resonance in the wall-coated storage bulb of a hy-
drogen maser. Ramsey saved the predominance of
the ultimate line Q for the hydrogen maser by ‘
suggesting the interesting method of extending
the hydrogen storage bulb to the outside of the
maser cavity in order to enlarge the total storage-
bulb volume and thus the bulb escape time. Anal-
ysis of maser operation for these experimental con-
ditions shows the somewhat puzzling result that
the maser will oscillate at power levels similar to
those achieved with conventional storage-bulb ar-
rangements but that the radiative lifetime and thus
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'_ you know fh.is photomultiplier as the lab-standard Amperex 152AVP
' «.now availablein S-1,S-13, S-20 and extended S-11

powing that small photomultipliers utilizing ‘big tube construction' readout. The XP1110's photo cathode is Caeseum-Antimony. Its spec-

rently trouble-prone, Amperex developed its XP1110 family tral response is mainly in the visible region, peaking at 42004 and its

o} small photomultipliers from the ground up. The new concept: a  sensitivity is approximately 40 uA per Lumen. The total gain of the

olutionary geometry of hemispherical dynodes mounted between XP1110, at an overall voltage of 1800V is 5x10° and its dark current

d ceramic bars and supported by rigid leads. The small size of  is less than 0.1 pA at an anode sensitivity of 300 xA per Lumen. The

110 (,75” at its broadest diameter and only 4” long) suits XP1110 is also available in a ruggedized version, the Amperex type

ectly for tight fit applications such as medical probes, bore-hole  XP1115 for geophysical and missile applications. For data and de-

microscope-light-transmission measurement, narrow-light-  scriptive literature, write: Amperex Electronic Corporation, Nuclear
Bstigations and high-density punched-tape or punched-card Products Department, Hicksville, Long Island, New York 11802,

Other 5-11 photomultipliers from Amperex. (Your inquiries are invited regarding other cathodes, and special ruggedized versions.)
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ed for detection of gamma and low energy spectrometry applications. Photocathode: Caeseum-Antimany, flat, semi-trans-

in spectrometry applications.
e: Caeseum-Antimony, flat, semi-trans-
parent.,

Diameter; 32mm
% 45"3'6'1'."" Mainly in visible region, peak-

Typical sensitivity: 60 4A/Lumen

parent.
Diameter: 63.5mm

Spectral response: Mainly in visible region, peak-
ing at 4200°.

Typical Sensitivity: 70 xA/Lumen
Speed: 7 ns rise, 7 ns cathode spread

Photocathode: Caeseum-Antimony, flat, semi-trans-
parent,

Diameter: 44mm

Spectral response: Mainly in visible region, peak-
ing at 4200°.

* Typical Sensitivity: 70 uA/Lumen

Amperex
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Schlumberger Well Surveying Corporation
has openings for Electrical Engineers and Phys-
icists at the doctoral level in our sections for
sonics, electronic systems, and mathematical
physics.

We undertake a diversified program of in-
dustrial research with a staff of 150 members
working in such fields as electromagnetic theory,
nuclear physics, sonics, applied mathematical
physics, electronic systems, and physical chem-
istry.

More specifically, our particular interest is
in the development of techniques for identifica-
tion and evaluation of sub-surface formations
favorable to petroleum. Our research projects
cover a wide spectrum ranging from short feasi-
bility studies to long range programs.

Our Research Laboratory is located in
Ridgefield, Connecticut, about 50 miles north-
east of New York City. Facilities at the Lab-
oratory are extensive and modern, including such
aids as x-ray equipment, special neutron gener-
ators, instrument and machine shops, a high-
speed computer and a reference library, Working
conditions and fringe benefits are consistent with
the highest industrial standards.

Please send brief resume to:

Manager of Administrative Services

SCHLUMBERGER WELL
SURVEYING CORPORATION

P. O. Box 307
Ridgefield, Connecticut
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shilts will decrease with increasing total vol
of the storage bulb. This effect will produce
proved frequency stability, accuracy, and resel
ty of the hydrogen maser. Although this tech
offers fascinating possibilities for construction
“super clock”, size and magnetic shielding pre
lems will limit practical exploitation. With |
improved techniques, long-term frequency inst
bilities smaller than one in 10 will soon be
achieved with the hydrogen maser (even with co
ventional storage-bulb) and possibly also with
improved cesium-beam standard for frequency
averaging times of about an hour. T
Although design emphasis in atomic frequer
standards has so far been placed predomina
on achieving good long-term stability, attentio
has recently been focused on short-term stability
In this regard, active maser-type standards are
superior to passive arrangements such as b
tube or gas-cell standards. The hydrogen m
combines good long-term and short-term stabi
and either stability can be improved at the
pense ol the other. A comparison between I
and short-term frequency characteristics of hys
gen, tubidium, and ammonia masers was m
by R. F. Vessot and colleagues of Varian
sociates. Short-term stability is proportional to o
cillation frequency and square root of output
power; as a result, the short-term frequency per-
formance of the ammonia maser should be twice
as good as that of a rubidium maser, and both
of these should be two orders of magnitude better
than a hydrogen maser, which operates at relative-
ly low output power and frequency. Because of its
simplicity, small size, and “sealed-off’ operation,
the *"Rb maser has promising features for applica-
tions, where short-term frequency stability is the
primary need. In comparison with a hydrogen
maser, the long-term stability of a S"Rb-maser is
significantly deteriorated by cavity-pulling effects,
temperature dependence of buffer-gas-pressure
shifts, and frequency shifts associated with optical
pumping. A detailed analysis of optical-pump-
ing effects on the SRb oscillator was presented
by P. Davidovits and W. A. Stern of Columbia.
They suggested various schemes to eliminate the
pumping-light influence on maser {requency. Since
frequency shifts due to cavity pulling and tem-
perature-dependent pressure shifts can, in prin-
ciple, be matched to compensate each other, there
is every reason to believe that further develop-
ment of the *Rb maser will result in a small, -
practical frequency standard with good long-term
and unsurpassed short-term frequency stability.




