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ABSTRACT

Current laboratory activities that are Tikely to
result in improved crystal oscillators and atomic

or molecular frequency standards over the next ten
years are examined. In the crystal area, stabili-
ties under tactical environmept - including static
acceleration - in the low 10~10 range appear to come
within reach, in one cubic inch devices; and molecu-
lar_frequency standards with stabilities in the low
10-12 range appear feasible in 20-40 cubic inch size.
The former will be made possible by a breakthrough
in the static acceleration sensitivity of crystal
units, now considered imminent, and by significant
advances in crystal and oscillator technology; the
latter by the use of saturation resonance ab-
sorption phenomena in the infrared range. Consid-
erations-are offered to demonstrate that the

CO2 resonance fluorescence cell has all major in-
gredients to form the heart of a novel miniature
molecular frequency standard. Progress being made
towards assessing the principal technological dif-
ficulties, and their resolution, are described. The
paper includes a discussion of other molecular re-
sonances with potential for frequency control ap-
plication as well as a cursory review of more exotic
phenomena for the more distant future.

INTRODUCTION

Tremendous strides have been made over the last two decades in the art
of frequency control for application in communication, navigation and
position Tocation systems. Quartz crystal reference oscillators are
now available in 15 to 30 cubic inch packages that exceed in perform-
ance those that occupied several cubic feet less than 20 years ago;
and atomic frequency standards whose fundamental properties had just
begun to be studied seriously in the Taboratory in 1955, have matured
into a range of relatively compact commercial devices whose stabili-
ties are measured in the 10-12 o 107! range.
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Yet, the demands for improved performance have easily kept pace with
the advances in device technology; and for applications in time ordered
systems in particular, still higher performance in terms of size, power
consumption and stability 1is required.

It appears appropriate, therefore, to engage in some crystal gazing in
an effort to foretell the shape of things to come in frequency control
in the 1980's. As aBpropr1ate for PTTI, only devices with stability
potential in the 10~ range and beyond will be considered.

Crystal Oscillators

Progress in crystal oscillators will be paced by the advances in crys-
tal resonator development. The art of precision crystal manufacture
by conventional techn1ques appears to have reached a pTateau which is
characterized by ag1ng rates of 1.5 X 10-8/mo (5 X 10-10/day) for
overtone and 5 X 10°8/mo for fundamental mode crystal units in the

5 MHz range. Significantly better behavior can be obtained by obser-
vation of generally large lots of crystal units over extended periods
of time and careful selection of the best performers. The rapidly de-
creasing yield of units that have to meet particularly tight specifi-
cations prevents any large scale system application of oscillators re-
quiring specialty crystal units at this time. While aging provides a
convenient and easily recognized measure of crystal quality, the manu-
facturing imperfections responsible for a large part of the aging be-
havior are also contributing dominantly to such other phenomena as
lack of frequency repeatability on thermal cycling (a serious limita-
tion in precision temperature compensated oscillators), excessive
noise (poor short term stability), high resistance at very Tow drive
levels (oscillation start up problems) etc.

The need for a major advance in crystal unit technology is clear, and
the direction to be taken for establishing a high yield production ca-
pability for crystal units with more than one order of magnitude re-
duced aging, and corresponding improv?ments in related performance
characteristics has been established The key elements are a) im-
proved surface preparation techniques, b) novel means for eliminating
contaminants and avoiding recontamination by continuous in-1ine vacuum
processing and ¢) new resonator packaging approaches.

Implementation of the basic capability along these 1ines is expected
by the late 1970's, providing adequate numbers of high performance
crystal units for initial production of advanced high density surveil-
lance, communication and navigation systems. Further improvements of
these new processing techniques extending into the 1980's are expected,
along with expanding capacities as required to meet full system pro-
duction needs.
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While the new processing technology will play a crucially important
role in providing the large numbers of high performance crystal units
required to meet the systems needs of the 1980's, recent advances in
resonator theory are pointing the way to new types of resonator cuts
and geometries that promise to yield characteristics superior to those
of the commonly used AT or BT configurations, particularly with res-
pect to the effects of stress fields on resonance frequency. Stress
fields may be caused by the resonator mounting structure, plated-on
electrodes and thermal gradients as well as by static acceleration and
vibration. Relaxation of mounting and electrode stresses can contrib-
ute significantly to the aging of crystal units, and generally cause
much the same problems as discussed above in relation to other manu-
facturing imperfections. Stresses induced by thermal gredients are
implicated in the thermal transient behavior of temperature compensated
oscillators, in the warmup characteristics of oven controlled oscil-
Tators and in the frequency drive level effect, which impacts on at-
tainable short term stability. Al1 of these, as well as the frequency
excursions observed during static acceleration and vibration, have
long been recognized, but have only gradually %1e1ded to empirical
efforts to achieve any significant reductions <.

Recent theoretical work 3-5, however, has now provided the basis for a
fresh approach to these problems. The functional relationship between
the static (or quasistatic) stress fields involved and the high fre-

quency vibrations of the crystal resonator, - and hence the resonance
frequency - have been established. The coupling between them depends on
the nonlinear elastic constants, the magnitude of which,in an anistro-
pic body such as quartz, depends on the crystallographic orientation of
the resonator. The approximate angles of cut for a resonator in which
this coupling becomes very low hage been identified thecretically,

and early results of experiments © confirm the existence of a Tow
stress effect cut in the neighborhood of the crystallegraphic angles
defined by theory. As tnis cut is also, in the same sense as an AT
cut, temperature compensated, which is always a primary requirement,
the term temperature/stress compensated (15; cut appears most appro-
priate and will be used here. Estimates "»* indicate that the stress
sensitivity of the TS cut may be as much as (or possibly even more
than ) two orders of magnitude Tower than that of the AT cut. The
potential advantages of this cut are thus clearly significant.

A significant effort will no doubt be necessary to develop the poten-
tial of the TS cut into practical crystai units. One of the problems
to be resolved revolves around the fact that the TS cut is a so-
called doubly rotated cut and, therefore, contains two families of
piezoelectrically excited modes, where the AT cut, being singly rotated,
contains only one. The two "main modes”, one for each family,are
closely spaced in frequency. One must be suppressed, by electronic




means at this time, to assure proper oscillator operation. The added
circuit complexity introduced is a major reason why doubly

rotated cuts have in the past been used only for special purpose ap-
plications 7.Moreover, the suppression of other spurious modes that
interfere with the characteristics of the desired mode is a notoriously
difficult problem even for AT resonators. This may be further aggra-
vated by the second family of modes in the TS cut.

With the attention focused now on the potential benefits to be derived,
it is expected that stress compensated resonators for application in
precision oven controlled reference oscillators will become available
in reasonable quantities during the late 1970's. For this application,
useful operation of the resonator over only a narrow temperature range
is acceptable, and only a small number of standard frequencies is in-
volved. Wide temperature range resonators of this kind, such as are
required for precision temperature compensated oscillators may take
until the early 80's. The development of these latter resonators, es-
pecially if arbitrary frequencies are required, is 1ikely to be hasten-
ed by progress in the computer modeling of resonator vibrations, using
finite element techniques, which eventually will make it possible to
dispense with the traditionally required cut-and-try techniques for
the final steps in resonator design.

While there are very obvious risks in attempting to predict what a
crystal oscillator specification might be 1ike in the mid 1980 time-
frame, it is interesting to speculate about what the impact might be
if a crystal resonator can indeed be developed whose sensitivity to
stress fields is two orders of magnitude Tower than that of an AT res-
onator, and whose frequency temperature characteristic is similar to
that of an AT cut but with the inflection point at around 90°C. The
Tatter aspect would provide a near zero temperature coefficient range
extending over several degrees around the normal operating temperature
of a crystal oven. Let us further assume that this resonator be pro-
cessed by the techniques of the 1980's which eliminate contamination
and mass transfer within the crystal enclosure as sources of aging.

The physical size and power consumption of the 1980's crystal oscil-
lator is indicated by the 16 cm3 (1 cubic inch) and 150 mW character-
istics of the Tactical Migiature Crystal Oscillator, (TMX0) currently
(1975) under development ©._A photograph of this oscillator is shown
in Fig. 1, next to a 200 em3 unit representative of the 1975 off-the-
shelf state of the art. A comparison of some of the features of these
two oscillators is shown in Fig. 2. A more detailed listing of the
characteristics of the TMX0 now projected for the late 1970's is

shown in Fig. 3, together with those of the 1980's oscillator which,
along with improved circuitry, contains the stress compensated crystal
resonator postulated just above.
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The improved Warmup characteristic of the 1980's vs the 1970's ver-
sion in Fig. 3 is due to the absence (reduction), in the TS resonator,
of the large frequency overshoot found in the AT resonators that is
caused by the stresses set up by the thermal gradients incident to the
resonator warm up. Likewise, part of the improvement in short and in-
termediate term stability is due to the fact that minor temperature
fluctuations have negligible effect on the stress compensated resonator
The aging of the 1980's resonator, with contamination and mass transfer
reduced to negligible levels, will no longer be determined by the
stress relaxation in the mounting structure and the electrodes, but
principally by thermodynamic order - disorder phenomena in the quartz
and the electrodes, which should proceed only at glacial pace. Finally,
because the frequency sensitivity of the AT resonator to static accel-
eration and vibration is (at reasonable Tevels) strictly determined by
the magnitude of the induced stresses, the sensitivity of the stress
compensated resonators will be proportionately Tower.

The TMXO is an oven controlled crystal oscillator. The potential im-
pact of a stress compensated crystal oscillator with suitable fre-
quency/temperature characteristics could be equally important for high
stability temperature compensated oscillators (TCX0's). However, the
problems of developing a stress compensated crystal unit suitable for
TCX0's are almost certainly greater than for oven controlled oscilla-
tors, as already indicated above. Once they have been resolved, TCX0's
with stabilities in the low 10-9 range, 1-2 cubic inch size, and power
consumption around 50 mW would appear to become possibie, perhaps by
the mid 1980's. _Their design would follow the principles currently
being developed 9, using digital compensation techniques. The major
advantage of these TCX0's would be their instant "on frequency" opera-
tion capability.

Atomic and Molecular Frequency Standards

An excellent survey of the state of the art of atomic frequency stan-
dards, including an outlook towar? the probable future developments
has only recently been presented 0 The emphasis there was on high
precision laboratory devices. The focus here shall be on devices
suitable for tactical systems applications.

There can be no question that the devices currently on the market ar
under development,i.e.,the Rubidium and Cesium standards and the Hydro-
gen maser will continue to find increasing numbers of applications well
into the 1980's., There can also be no juestion, however, that the
price, size, weight and power consumption of these devices will con-
tinue to provide a powerful incentive to the systems ergineers to a-
void their use wherever possible. Size, weight and power consumption
alone regardless of price,prohibits their use in modern army field
equipment today.

105




There is a need, therefore, for a very small, potentially low cost
atomic or molecular frequency standard whose stability a?proachei that
of the present day Cesium standards, i.e., is in the 10-11 - 10-1

range, short and Tong term, under manpack and vehicular conditions of
operation.

The smallest atomic frequency standard currently available 1 is a

1000 cmd (61 cubic inch) Rubidium gas cell standard whose power con-
sumption is 13 W. Its nominal frequency stability (temperature range
is 0°C to 50°C) is comparable to that projected above for the one cubic
inch crystal oscillator of the 1980's. Continued innovative engineer-
ing applied to the optical unit and the use of microcircuit techniques
is Tikely to result eventually in a unit of about 40 cubic inches,
consuming in the order of 6 W of power, again for the 0°C to 500C tem-
perature range. Extending this range to the -50°C to +85°C range
would be very costly in power, as thermoelectric cooling is necessary
at the upper end; - the temperature of the gas cell itself must be
maintained at 75°C for proper operation. A suitably engineered unit
of this1¥ind should be capable of maintaining a frequency stability of
TX107"" in a Y?hicu1ar environment; and a reduction of the aging
rate to 1 X 107" !/year is likely to have been achieved by the latter
part of the 1980's., Thus, while the stability potential of the Ru-
bidium gas cell standard would appear to be adequate, its power re-
quirements in particular - size is marginal at best - will continue

to present a serious handicap for application in highly mobile sys-
tems. The search for alternate means to derive the requisite highly
stable reference signals from a very small, low power unit will con-
tinue, therefore.

An examination of available new principles for frequency control points
to systems that employ, or depend on, a stabilized laser as a major
element, with a molecular resonance serving as t?g frequency discrim-
inator.Although frequency stabilities in the 10-!° range have been
projected !¢ %or laboratory systems in this category, - they are at-
tained with hydrogen masers already - the constraints imposed by the
need for miniaturization of the standard and of 1linking the stabilized
laser frequency to the megahertz frequency range do not appear to ad-
mit their realization in a form suitable for systems application until,
perhaps, the 1990's. It is no doubt premature at this time to attempt
predicting which particular system and atomic or molecular transition
is Tikely to offer the path of least resistance to a 10-1° small size
unit, first. The ultimate frequency standard, in the distant future,
may well turn out to require no more than a pellet of active material
once the intrinsic properties of the Mossbauer Effect can be harnessed.

Stabilities in the 10712 range, however, do appear attainabie in the
1980's for use in highly mobile applications. The system most likely
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to succeed, in the opinion of this author, is based on a miniature CO
laser, frequency stabilized by means of the f]quescence radiation
from a CO, saturated resonance absorption cell .

The principle of saturated res?gance absorption has been described
extensively in the literature Its major advantage is in the fact
that it can eliminate the Doppler broadening which dominates the Tine
shape of a molecular resonance as observed by normal spectroscopic
techniques. As a result, the 1ine widths of molecular transitions

can be reduced by several orders of magnitude. A narrow Tinewidth

is obviously important if the resonance should be suitable for fre-
quency control.

The frequency stability attainable with the aid of given resonator, re-
gardless of its nature, is approximately given by

(45). =55+ )~

where Q, s the line Q, Q, = AV}, , and (S/N)y is the signal to
noise ratio observed with a detector time constant of ¥ seconds.

The narrowest Tine width observed1§0 date in a CO2 res?gance cell is

164 kHz, which, with a 1ine center frequency of 37X 10'° Hz gives a
line Q of about 2 X 108 (the 1line Q of th9 atomic resonance used in a
Cesium standard is in the order of 5 X 10’). The factors affecting
the Tinewidth are discussed in Appendix A. While it sgould be pos-
sible to achieve, in time, 1ine Q's in the order of 107, optimum oper-
ation of the resonance cell in a small frequency standard occurs at
somewhat lower Q, values, probably around 108,

The CO, resonance of interest occurs at 10.6u; however, the optimum
techniaue for detecting the resonance is, following Freed and Javan ]3,
the observation of a dip in the 4.3y fluorescence signal which is e-
mitted when the excited C0, molecules relax to the ground st?ge. The
4.3y radiation is incoherent and nondirectional. Gallagher has
calculated the strength of the 4.3u fluorescence signal and finds it
to be proportional to the population difference between the (10°0) and
(0001) levels at thermal equilibrium, and to the power of the 10.6p
laser signal (the difference is nearly equal to the population of the
(10°0 Tevel). A numerical example places the total power in the 4.3y
fluorescence Tine at 5.4 X 10-7 watts which considering the depth of
the dip at resonance 1in the emitted power to b§ 20%, yields a us-
able signal, with optimum modulation, of 8 X 107® watts. Evaluation
of the date reported by Freed 17 appears to be consistant with this
value.




A listing of some of the results obtained to date in experiments with

the €O, resonance fluorescence cell is given in Fig. 4, together with
the potential frequency stability, for an integration time of t = 1
sec, calculated on the basis of the linewidth and signal to noise data
reported. Kelly, et al @nd Freed'd data pertain to a resonance cell
external, Gallagher's’ to one internal to the laser cavity. A1l have
used cryOg?Eica11y cooled detectors. Apparently, freguency stabilities
in the 107'¢ range are attainable for integration times Targer than 1
sec.

For the CO, frequency standard to become a small and low power unit,
however, i% is necessary to use room temperature detectors for the
4.3p radiation. Unfortunately, the noise power in even the best com-
mercially available room temperature devices is about 100 times 1?yger
than that of the InSb detector, operated at 78° K, used by Freed '/,

Accordingly, the signal to noise ratio to be expected would be in the
order of 5 to 10, which is clearly inadequate for frequency standard
operation. Optimization of laser power and gas pressure in the reson-
ance cell, as shown in Appendix B, will help, but not materially af-
fect this situation. Nevertheless, it appears clear already, that
relatively high levels of the 10.6w radiation will be required, which
are most readily available inside the laser cavity.

Several approaches are possible to improve the performance of the CO
resonanﬁg cell for room temperature operation. The use of better de-
tector alone may already bring the signal to noise ratio up well in-
to the 107 rang? Among the candidates to be studied are GaAs

schott56 diodes 9, improved pyroelectric devices, optoacoustic de-
vices and further improvements in PbSe. Metal-metal oxide-metal
diodes 21, deposited by thin film techniques to form arrays, may also
be found suitable once the optimum combination of materials is identi-
fied,

The basic reason for the low signal levels involved in the C0, reson-
ance is that the number of molecules %aking part in the phenomenon 1is
only a very small fraction, about 1077, 0f the total molecules in the
cell; the Tower of the two energy levels involved in the 10.6u reson-
ance lies above thg ground state. The most effective ways to in-
crease the signal Tevel would appear to be, therefore, to increase the
mpulation of this state, for example,by irradiating the resonance cell
with 7.4y light, which can probably best be derived from a black body
(filament) through a 7.4p bandpass filter. An increase in the avail-
able fluorescence signal by at Teast two orders of magnitude appears
possib1?1 which should be adequate to reach stability levels around

1 X 107" for 1 second integration time, even by using currently a-
vailable room temperature detectors.
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The stability numbers used so far actually describe the ability to de-
fine the center frequency Y, of the resonance, assuming implicitly
that v, is held constant by proper control of the environment. Indeed,
the resonance frequency oT the €O, molecule is remarkably unaffected by
environmental conditions !9, Each atom in the €0, molecule has zero
molecular spin, resulting in the absence of any hyperfine structure;
and there is no permanent electric dipole moment, so that shielding
against external electric and magnetic fields is not required. There
are no magnets employed in its operation that could add bulk and
weight to the device. The frequency shift due to variations in the gas
pressure within the cell are so Tow that no temperature c99¥ro1 should
be required to maintain a stability of better than 1 X 10 over

-500C to +80°C even at cell pressures in the order of 30 mT. Power
shift as opposed to power broadening, due to the 10.6u Taser light

is also small; a variat?gn of the laser power level of 10% should

cause less than 1 X 107'¢ frequency variation in the 100 mW range.

The probable magnitude of the frequency shift due to the 7.4y black
body pumping radiation, if used, has not been assessed, but should be
very small.

Overall, the C0, resonance fluorescence cell promises to be an exceed-
ingly simple device, reqy?ring a minimum on controls, with an accuracy
potential in the 1 X 10~'' range. Much work remains to be done to de-
termine how closely this potential can be approached, or exceeded.

The size of_the CO» control cell can probably be less than 1 cubic
inch (16 cm3). The 10.6u laser which is required to excite the
resonance, and in turn is stabilized by 1it, thro¥gh ? suitable feed-
back network, is 1ikely to be about 10-12 cm long!'3s 16, If the
resonance cell is built internal to the laser cavity it may be rea-
sonable to expect that the whole stabilized laser assembly can event-
ually be compressed into a 1 X 1.5 X 7 inch, i.e. sltightly larger
than 10 cubic inch package. In the more distant future, it is con-
cejvable that the Taser will be replaced by a planar source of 10.6u
radiation.

The stabilized laser does not provide an RF output as re$§1red for
systems applications; the output signal is in the 3 X 10'° Hz range.
While the feasibility of frequency mu]t;g]ications even into the vis-
ible 1ight range has been demonstrated , the equipment used thereby
included, next to an assembly of Targe laser oscillators, a Josephson
junction operating in a He cryostat. The highest frequency reacheﬁi1
to date with room temperature, solid state devices is about 3 X 10 ",
still a factor of 100 away from our goal. Yet, harmonics at orders
as high as 30-40 are considered obtainahle with metal-metal oxide-
metal diodes at Terrahertz frequencies 4. Progress in solid state
millimeter and submillimeter wave devices research and synthesis into
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the THz range is rapid, and the prospects appear good that the results
of this research will permit construction of a small size multiplier
to Tink the CO, stabilized laser to a quartz crystal oscillator at
some time during the early 1980's. To expect the complete €0, Taser
to occupy eventually no more than 20 cubic inches does not appear to
be unreasonable.

Appendix A
Linewidth of the C0, Saturation Resonance Absorption Cell
The total linewidth of the CO2 resonance cell is given by

AY =AY o +AY power *AY geom.

whereby AY hom = 2 1% the homogeneous Tinewidth of the (10°0) -
(00°71) transition. It is given by

A\/ hom = AVrad +AV coll

The line broadening due to radiative decay of the excited statezi\/rad
is on the order of 500 Hz and thus negligible ghen compared to the
collison broadening AY co11- The latter is 20, for cOp at 220,

AYco11 = ]f; = 7.6 kHz/m Torr.
p

If the average particle velocity u=3.35 X 104 cm/sec, the effective
mean free path is£_ = 4.4 cmm Torr. Gallagher!® obtained a line-
width of about 800 Rhz with around 100 m Torr of CO» in the resonance
cell - which in this case was internal to the laser - in apparently
excellent agreement with the. above values.

Power broadening can be represented by the relation

AY = AV \/1 + Kb
power hom Ayhom

where AV , o is, as shown above, essentially equal to AV g17. P is
the incident laser power and K a parameter whose value depends on the
cross sectional area of the beam and the power density distribution
across that area. Gallagher's data 6, obtained with the internal cell,
are consistent with a value of K in the order of unity if P is in

Watts and AY in Megahertz. A value of K = 1 provides also a very
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reasonable match to the data reported by Kelly et al ]S,and Freed 17
respectively (see Fig. 4 of text), for cells used external to the
laser cavity.

Geometric broadening AV ... occurs when cancellation of the Doppler
broadening is incomplete, 7.e. when the incident and reflected beams

in the resonance cell are not perfect plane waves, perfectly parallel
to one another, Causes are a.) diffraction due to finite beam diameter
a, b.) curved wave fronts due to imperfect optics and c.) tilted re-

flecting mirror,

AYgeom = AVga + AY g + AV

The broadening due to finite beam diameter a, also called transit time
broadening,

= A
A\/a a ]

remains negligible when compared to collision broadeningﬂﬁv/co]1,
until the mean free path becomes comparable to or larger than the beam
diameter; e.g., at a pressure of 4.4 m Torr, the mean free path is

= 1 cm; hence at 4.4 m Torr and with a beam diameter of 1 cm,

fp
AVcoll = AV 3 = 33.4 kHz.

If the optics, used for beam expansion for example., produces a curved
wave surface with radius of curvature R, line broadening occurs in
the amount of

¥
AVp = U
R™ T2/
where A is the wavelength of the laser light. With u = 3.35 X 104
cm/sec, a = 1 cm, A = 103; AY’R = 16.8 kHz when R = 103 cm.

The broadening due to a mirror misalignment is 14
= U

AV = ¢ 4
This effect has been evaluated by Kelly et al 15 Lho finds 43%?:35_}
kHz/milliradian, in quite good agreement with the value of 31.6 kHz/
milliradian predicted by the above relation.

Appendix B
Dependence of SQ’Q on Cell Pressure and lLaser Power

The fluorescence signal power is proportional to the incident power P
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and the number of molecules per cm3, n; hence, because‘A\/c01] is pro-
portional to n,

S:APAVCM1

The linewidth, as shown in Appendix A is given approximately by

Av=:Aval+Avpmmr+Avgmm

= AV coﬂ[ 1+ ’\‘ 1+ XP__ + AY geom
AV coll AY 011

Therefore,
v, P
SQ = 5 2 =
£ AY AY
1+ Vs P + eom
A 011 AV col

The optimum operating power, reached when (K/AV 011 ) P =1, in-
creases with AV call? i.e. the gas pressure in the cell. Once col-
lision broadening 8ominates over the geometric broadening, the maxi-
mum usable gas pressure, with maximum SQp as the criterion, will be
determined by self trapping of the Eluorescence radiation, or by ex-
cessive increase in pressure shift 7.
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QUESTION AND ANSWER PERIOD

Paper Not Presented Orally, Therefore, There Were No
Questions And Answers.
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