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Abstract

Based on a number of considerations including projected needs, current status, future trends,
and status of key technologies, an attempt is made to project the future of government supported
frequency standards development in the next 25 years.

INTRODUCTION

? ny casual observer of prophesics made in the past regarding events to occurtwenty- five
F_:?\ carssin the future is rcadily aware of the incvitable inaccuracies. This is so much
‘y more true about predictions of scientific and techmcal advane | sincth-onte | o
and the tour'sc of the futureicscarch is dependent upon futuwmlvancmmdnumhc.]
of associatedtechnologics which intur nare unknown. Necvertheless predicting the future of
the course of science and technology, cvenasfaras twenty- five yecars hencee, seives to focus
the present cflortsand thus, in the most successful cases, may accclerate the rate of progress
for at lcast the near term futu re, It is with this pcrspe.dive that the present paper attempts to

sketch the State of the ficquency standaids forthe next twemly-five years.

The scope of the predictions, assuggested in the title, will be limited to the government
suppoitedlaboratories. This implics that only the results of rescarch perceived to be suitable
for government support will be considered. This pereeption is that of the author and admittedly
is subjective. It is foundedon the notion that government support is to be dirceted for the
devclopment of technologies which donotreadily point to ncar term commercial payofls, and
thus will be out of the scope of inter cst of the for-profit entities. Includedin this class
Of technological end cavors arce those that a1 C C] Caly ncededinsupport of other gov er nment
sp onsored p rojects, and thus may not be left to a chance development by the piivate scctor.
Bascd on this notion, the discussions in the paper will be limited to the ultra-stable frequency
standards setting the limit of achicvable stability. While this choice dots not imply thatothes
characteristics of frequency standards, for exam ple reliability or cost, ar¢ not of concern, or will
not be expected to be a part of government laboratories’ work in the future, it is made on the
basis that almost all future advances in the development of ultra-stable frequency standards arc
expected to be governm ent fun ded. Thisis because of the cost associated with the fundamental




| escarch, and the uncertainty in short t erm commercial payofl, for the d evelopm ent of imp1 oved
st ability performance. The limited need for the number of such standards manufactured also
places the burden of the development of the. ultia- stable frequency standards on government
sponsoied research.

Within the boundary conditions outlined above, (his paper willfitstpresent a brief review
of the state of the frequency standards of twenty-five years ago, followed by a discussion
of the present day and near term future capabilities. This information will then be usedto
cxtrapolate to the next twenty- five years. The extrapolation will be guided by the identification
of the arcas of need alicady known to cxist.  Since. the pace of the. futurc development will
be st ongly in fluenced by advance.s intechnologics which directly affect the. performance of
frequency standards, several key technologies will be identified.

MOTIVATION
7 cforc a prediction of the performance of the future frequency standards can be made
the assumption that in fact they will still beneededtwent y- five years fromnow merits
some discussion. in the case of the frequency standards, the assumption) of their
need a quarter of a century from now isan easy onc to justify. As ancnabling
technology for communications, the role of reference frequency signals willnot be diminished
in the future, and may well be expanded. This is because every received 01 transmitted signal
R deation syst cm . : . wiowoerenced to, a stable frequency derived
f « ficq eney standard. ,» i ulvommunication is ever expanding, with no
e chnological, cconomical, 01s00.00gicalinperative to head oft the expansion, it is clcar that
the nced for frequency standar ds will also exnand.

Theseeo,, . - ason f Ol expecting a0 " ueney standa rds during the next
twent y- five years is the position of ficquency and tlme as the’ most p1eciscly measuiable of all
physical parameters. Thus mcasur cments requiring the most achicvable precision by necessity
dependon frequency and time standards.  ‘I"his ensures that the demandfor u]tla-stable

frequency standards will continue in the. future.

The third reason for needing f{icquency standards in the future is relatedto the above, and
pertainsto the fact that cvery theoryin physics failsat some limit. That isto say, cvery theory
in physics, including those that have been provento cveryone’s satisfaction to holdtiue, have
a finite domain of applicability. It thus beccomes animportant endeavor in physics to identify
the boundarics of each thcoiy, particularly those that hold so well! This excrcise requites the
most pi1eccise measurements possible for the highest 1esolution. 1 lcre again, the most precise
tool of the physical mectrology is the. ficquency standard.

| believe the above reasoning place the assumption of a need for frequency standaids on sure
enough a footing” to justify the cxercise of the prediction of theirfuture status.




A BRIEIFLOOK AT 111 s7.701{3
(™~ { is instructive to look at the state of the technology of frequency standards twenty--five
,ql year s ago, and scarch for guidelines for making fut ure prediction. The proceedings of
O thefirst 1'"1"1'1, as wellas proceedings of the Frequency Control Symposium (F¥CS) some,
twenty- five ycars ago, contain numerous interesting andinstiuctive examples. Papers
pertinent to our discussions may be best summarized inone of the following three cat cgorics:
“1'hose that promisc of new, and sometimes bold, innovations which have since been found
unfulfille d; those that predict a performance that we now find to be grossly underestit nated;
and those whose predictions were overestimatces.

Virtually all papers making predictions fall within one of the above categorics. As typical
examples consider a survey paper on cesium beam frequency standards in the Proceedings of
the FCSin1971M Here the peiformances of various Cs standards are used to develop an
accuracy trend versus time, a plot that is reproduced in Fig. 1. Based on thesce results evidently
the accuracy of the cesium standard had improved by about two orders of magnitudes every
ten years (two decades per decade). Thus based on this infor mation it wouldn’t have been too
unrcasonable to have predicted a performance accur acy of a partin 10'7 for a 1993 version of
the cesium standard, since. the accuracy in 1971 was about a part in 10% With hindsight one.
can casily point to 1casons why this extrapolation is not justified, but such reasons were not
present in 1973,

As a sccond example consider the paper by 11. E. Peters in the Proceedings of the 3rd 1%]'1'1
in 1971121. 1 Jercresults for the performance of the NASA prototype atomic hydrogen standard
N]'- 1 is given. Based on this example, thcauthorargues that the maser has the potential for
stability of a few parts in 107, 1,y di ogen masers exceeding this stability perfor mance have
since. been developed by Peters and his co- wor kers at Sigma Tau company, and by Vessot
and co- workers at the, Smithsonian Astrophysical Obsc | vator y, where some have operated at
about 8 x 1016 stability. Again, it is easy to justify with hindsight why in 1971 the ultimate
performance of the l-maser was underestimated.

Finally as our last example wc can point to the woik at Harvard in N. Ramsey’s group on
the large storage box maser. In a paper by Uzgiris and Ramsey in the 22nd FCS in 1968131
the problemof wall collisions is consider ¢(1 anda solution is desciibedinthe form of a large
diamet cr storage box to increase the time spent by atoms in t he storage volume, thus reducing
the fraction of the time atoms spendon the wall. A picture of this maser is given in Figure 2
of t he paper showing the stor age. box, which has alincar dimension of appi oximately five feet
long and five feet indiamecter. Theimprovement obtained by this instrument evidently (lid
not warrant its cumbersome size, and la1 ge storage mascrs did not receive any more scrious
attention. Thus the promisc held by this innhovation remained unfulfilied, despite. its initial
SUCCCSS.

In rc.viewing the three cxamples given above it isclecar that advancesinour understanding
of the undeilying physics of frequency standards coupled with innovations in the associated
technologics make.s thesubject of future predict ions a ratherrisky enterprise.




A Look at the Current Status and Near Term Future Develop-

ment s
c.cent progressin anumber of scientific and technological fields has ledto significant
advances in the performance of ultra-stable frequency standards. In particular the
advent of semiconductor and solid state lasers with narrow linewidth and suitable
wavelength have 1csultedin significant improvementsin the performance of cesium
and 1 ubidium stand ards. The development of novel approaches such as the lincarion trap
has allowed increased signal to noise ratio for high performance lamp basedion standards.
Advances in the understanding of the physics] mechanism for laser trapping and cooling have
led to the. development of a ncw class of standards based onanold proposal, the cesium
fountain clock first considered by Zachariasl4l 1 .aser cooling of smallclouds of ions has pointed
to the possibility of developing a primary standard based on a bead of a small number of
trapped andcooled mercury ions.

1.asc1 optical pumping has virtually rc.placed magnetic sclectionin most primary frequency
standards.  Anexample of this is the. rccent progress obtained with NIST-7,an optically
pumped cesium standard, which has yiclded a short term stability of 8 x 1 () 1371/2(5],

Similatly progress in ion standards has led to stability performance reported at 7x ] 07 14771/2)
for intervals measui ed to about 104 sccondslél, This per for mance is expected to persist for
averaging intervals longer than 10¢ seconds.

Preliminary results have. been obtained with cesiumfountain clocks, using laser cooling and
manipulation of atoms t 1appedin aZceman optical t 1ap (Z07T) 171, Stability performance of
3x 1() =7 12 has been demonstrated, which has led the rescarchers to predict a potential for
short term stability of 2 x1 () '7-1/2 for cesium fountain clocks.

1 .ascree dedirapped ions have been Kiwino hold the. poiential for muchimproved stability,
Recent advances in last.1 cooling of mercury ions in a miniature linear trap at NIST arc
expected to realize the potential for a high performance microwave standard. Stability of about
5.65x1()" 7 -1/2 has be enproject ed for 50 cooled mercury ions undergoing the clock tran sition
at 40.5 G11zIs),

In the past few yecars roomt emperature hydrogen masers have demonstr at ed stability of about
8x 10~ 16, Several units operate at this levelfor relatively long time before degradation duc
to environmental influences set in. Rec.cent advancesin cryogenic hydrogen mast.ls have ledto
projections of two to thi cc orders of magnitude improvements compared to the performance
of 1oomt cmperatul ¢ masers!?],

The only other ultia- stable. frequency standard which is not based on an atomic transition is
the cryogenic cavity stabilized oscillator. Performance of these instruments extends onlyto a
few hunds cd seconds, butfutur e. improvements arc expected. Stability of the Superconducting
Cavity Stabilized Maser Oscillator (SCMO) has been demonstrated at about 2 x 10° ' for
averaging intervals to about 800 s{10], Higher performance is anticipated with improvements in
cavity Qand stabilization of the power pumping the ruby maser.

in Figur ¢ 2 the performance of ulti a-stable frequency stand ards of today a1¢ summarize.d,
together with nearterm predictions within the next five ycars. These predictions arc bascd on




the author’s subjective judgmentasto the state 0f rcadiness of these standards, and do not
necessarily agree with predictions of other 1escarchersin the field. They are extrapolated from
the current performance, and anticipated progress.

FUTURYE NEEDS FOR ULTRA- STABLE STANDARI)S

learly the progress in the development of future standards will be driven by outstanding

nceds forvarious applications. Some of the rcasons why frequency standards will be

necededin the next 2.5 years were mentioned above. In this scetion arcas where lack

of capability exists, and yctnumerous applications have laid outrequirements will be
mentioned.

Applications of ~lltla-stable frequency standards in scientific investigations imply yet another
class of instruments.  Since environmental perturbations o n carthcan limit the ultimate
sensitivity 1equit ed for many science experiments, it is natural to design experiments that can
take. advantage of the rclatively benign environment of space. Space cxperiments however must
be per formed within the constrai nts of fow mass and low power available to practical spacecraft.
Thus far the developmentof a low mass, and low power frequency standard (mass less than 4
kg, powerless than 5 W) with stability exceeding apaitin10'® has not been demonstrated.
One of the outstanding needs in the. arcas of ultla--stablc stand ards is such aninstrument.
Future work will also be diiven by ever more stiingent requirements of space.cnft navigation
and position location.

Small andminiature ult~a-stable standardsiepresent yet anotherclass of needs. The concept
of miniaturizationisrclated to the nceds of spacecraft standards, but yet relates to terrestrial
applicatinne as welll T here are af least two reacans for pursuing wark i this area, First a
small frequency stind wiitre , . e alloe 1 morecficetive shielding of tie envirtonmental
perturbations. This is because itis practically more simpleto stabilize the cnvironmentin a
small region of spacc thana large one. Thus all other things being equal, miniaturization
may lcadto improved stability, cspecially for longer averaging intervals. Furthermore, reduced
shielding requirements may also lead toreduced costs for such stand ards.

The second reason for miniaturization of ficquency standards is to extend their range of
applications. Already small reccivers for GPS, for example, have led to an explosion inarcas
of applications. An ultra- high stability standardin a “small>" package will similarly find an
extendediange of applications, including those that icsulting fiomsimply the casc of use.

Pec1 haps the most conspicuous lack innltia- high frequency standards isinthe area of optical
stand ards. The reader may have noticed the absence of a performance curve in Fig. 2. for an
optical standard. Thisis because ultt a high stability optical {icquency standards have not as yct
beendemonstrated. Yet advancesin optical communications and scientific experiments quictly
awail practical optical standards. Furthecrmore the direct dependence of the stability of atomic
stand ards on the. line Q (the ratio of the frequency of the dock transition to the observed width
of the transition) pointsto the. optical standard as the ultimate ultra- high stability frequency
standard, where the frequency of the. ‘(dock” transition is in the range of 10 11z.

Pei haps the major obstacle for the development of anulty a-stable. optical frequency standard




the lack of a practical scheme for phase coherent frequency division. Optical frequency
division to R¥ (or alternatively, multiplication of RE frequency to optical) has only been
demonstrated with cumbersome chains in national standards laboratorics. Development of
practical schemes to synthesize optical frequency in a continuous basis is also a requirement for
optical frequency standards applications. Several proposals have been made, and preliminary
work in the development of optical frequency synthesis has been encouraging11],

The arcas mentioned in this scction arc not exhaustive, but represent the most urgent needs
that developers must address in the future.  Alrea 3\ considerable activity in these areas is
underway, and progress towards meeting these needs is being made.

Emerging Technologics Influencing Development of Future Stan-

dards

nother parameter which shapes the scope and speed of the future development of

frequency standards is emergence of new supporting technologies, o1 progress in

- % existing ones. An outstanding example of this is the progress made in the last decade

in semiconductor, and solid state lascrs. This progress has been the :rco_ chabling
influence for the development of optically H:_::KA_ standards. Further progress in this arca will
also Em% crucial role in the development of laser based jon and atom standards. In particular,
the realization of the major tc?::;_ held in trapped jon standards will clearly depend on how
soon practicable semiconductor lasers and semiconductor lascr based devices will yicld radiation
in the UV portion of the m_uno:::,. ?‘Om_owm in this arca will also influence eflorts to reduce
the size and miniaturize ultra-stable atomic and optical frequency standards

A scoond technoloow b e ' Con the futwe frequeney stacdards is mater 'zl
scicnce. New materiais fo. 4L esol b help the velopment of cavily standards with
more stability. Materials with lower mass density and smaller 8.,,:_902 of thermal expai Zo:
will ecnablc progress for spacecraft :_::xm?_zo frequency standards.  Finally new materials

may allow development of lower cost and higher perfoimance standards through, for ex ::V_o
providing more cflective shiclding of environmental pertuibations

The 1equirement for low noise and stable clectronic components is already quite stringent for
present day ultra-stable standards. Progress in superconducting electronics and photonic devices
will be required to extend the stability range, and the 1ange of reference frequencies produced
by standards. Advances in high temperatuie superconductors and photonics will undoubtedly
have the greatest impact on the pace of future developments in frequency standards technology.

Two other arcas alicady a part of the frequency standards technology hold the key to future
advances. O:o arca is progress towards the development of low noise local oscillators to
support ultra~high stability of atomic standards. This is particularly truc since trapped atom
standards realize higher stability with larger line Q’s, which in turn is obtained by cxtending
the interrogation time of the clock transition. Thus stable local oscillators will be required to
maintain stability during these 1clatively long interrogation times. Associated with this need is
the ﬁ_o<o_o?:o:~ of eflective and practical 80::5:9 to lock to the stable clock transitions,
especially in the optical domain. Further progress in this arca will greatly improve the m_uoom
of the development practical standards of the future.




