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Abstract

IN ‘1’IW1)U Cl’] ON

c?

ny c:isua] observer of p]-ophcsje.s ma(lc iII the past I-CgaI (liIIg events to occul twenty- five
,,1~ y~’alsin  t h e  futllIc  is ]ca(lily aware  of  the incvit:ib]c inacxxl]acicx.  ‘J’his  is so much
.  & lnO*C tluc about  p r e d i c t i o n s  of scicn(ific and tcchl)ica] ai!ViiD , s~:, i]’ ~ Olltc , h

anrl the tour’sc of tbc flltul c. I cscaIcll  is dcpc.ndcnt  upon  ftiturc  :i.lvanccs iii a nllmbc.I
of ass(xiatcd  tc.cl~m)Iogics  which in tu] n aIc unknown. hTcvcI tbclcss  pl-c(licting  the fut ure of
tbc COUISC of scicncc  and technology,  cvc.n as fiAI as twenty- five yc.ars  hcncc,  scIvc.s  to focus
the present cfl’olts  and thus, in the most succcssfid cases, may  accclcIatc the Iatc of proglcss
fOT at ]CaSt tb~ JIC.al  tC.rIN filtil J’C.. It is with this pc.rspc.dive that the pJcscnt  papc.1 attempts to
Skctcll the State of the fl Cqllcncy Stall(lal  [1s fol tllc Ilc.xt twcmly-five ycal’s.

‘1’hc scmpc of t h e  prcdidions, as s(Iggcstcd  in tbc t i t l e ,  w i l l  bc Iimitcd  to the g(wcrnmwt
suppoJ t cd labm at mjcs, “1’bis imp]ic.s  t ha t  only tbc ]csults  of Icscarch  pc]cc.ivc(l  to bc sui{ablc
for govcI  nmc.nt  support will bc consi(lcrd. ‘Jhis  pc.rccptksn is that of the author and admittedly
is subjective. It is foundc(i  oJ) the notion  that  government suppoJ-t  is to bc diJ c.ctc.d fol the
(lcvclopmcnt  of technologies which do not  rca(lily point to JIcar term commcrcia]  payofls,  at)d
t h u s  will  be out of tbc scope.  of intc] cst of the for--pmfil  e n t i t i e s . InchI(lcd in t h i s  class
Of tCChlKdO~iCa]  Clld  CaV[)H  aTC tboSC that al C C] Cal-]y llCCd C.d iJ) SUpJX)rt  Of OtbCI  &) VC. TIIJ)lCllt
s]) OIH)IC(I ]) K)jCCtS, al)d thus  lllay IIot bc ]Cft to  a ChaJICC  dCVC]OJ)lllC1lt  b y  tbC J)] iVatC SCCtO1”,
];ascd  on this Jlotion, t]lc diSCUSSiOIIS in the papcI Wj]] bc limited to tbc U]tla--stab]c  fJcqucIlcy
standards setting the limit of achicvab]c  stability. While this choice  dots not imply that  othc]
cbamcf  c] jst ics of fl-cquency standards, foI exam p]c reliability OJ cost, al c not of conccl-n,  01- will
not bc cxpcctcd  to bc a part of gow.rnmcmt laboratol-ic.s’  wo]k  in tbc futu]-e.,  it is made on the
basis that tilmost all futu~c advmccs  in tbc dcvclopmcnt  of ultla-stab]c  f]cquc.ncy standal(ls  arc
CXj)CCtCd  to bC ~OVCrJIJll  CI)t fllIi CIC(l. ‘J’his  is bccausc  of the cost associated with tbc fun(iamcntal



I CSCaJ’C]l,  an{] t}]c [lllCCTttiiJ)ty  iJ) S]lOTt  t C.TJI1 COIDJDCICia]  ]Myofl,  for thC [l CVC]O]Mll CJlt Of iJll])l  WC(1
St fibjljty  pcl-fOrJnallCC. ‘J’hc limited need for the numbcI  of such stancla]cts  manufactmcct  also
p]accs  the bIIIdcn  of the dcvclopme.nt  of the. ult Ia- stable frequency standards on govclnmc.nt
SpOI)SOI d research.

Withi!)  the boun(ia]y  ccm(litio]ls  outlinc(i  a b o v e , (his paper wilt  fh st p] cscnt  a brief review
of the state of the frcqllcncy  standards of twenty-five years ago, followed  by a cliscussk)n
of the puxcnt  day aJ)d near tc]m  future capabilities. ‘1’his  information will  then bc mcd to
Cx(rapolatc  to the next t\vcllty-  five years. ‘1’hc. cxtJapolation  will bc gujdcd  by the i(lcntificntioJl
o f  t h e  alc.as of nc.cd allcady known to mist, Since. thC pace of the. fllt (11 C dCVC]OIJIllCJlt  will
bc st I ongly in fl~lcncxxl  by advance.s in lcchJ)ologics  \vhich  (liJ  cctly affect the. pc.1 fol mancc.  of
flcquc.ncy  standa](is,  scve.ra]  kc.y Icchno]ogic.s”  wil l  lx i(lcll(ificd.

M OrJ’IVAril ON
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cforc a prcrtktk)J]  of the pc)-fo]mancc  of the futu]c frequency stan(lal-(ls  can bc ma(lc

T
the assumption that in fact they will still bc nc.cdcd  twcnt y- five yc.als froJ)l Jmw merits
some (Iismssion. in the case of  Ihc fJcquc.rlcy standaJds, the assumption) of their
ncc.(1 a qua] tc]- of a ccntu]y  flom now is aJl easy onc to j u s t i f y . A s  aJl cmabling

tccJmology  for COllllllUJliCatioIM,  the Io]c of rc.fclc.ncc  fJcqllcncy  signals Wi]] Jlot bc dilNiJlishcd
in the fut (Ire, aJl(l may well bc c.xpan(lcxl. “1’his is bccausc  cvcIy l-cccivccl  01 tl-ansmittcd  signal
i;] ,1 (., LiCatiC)ll  SySt  Cln ; . . !. \,,?.>‘crc.nc.cd  to, a stable fI c.quc.ncy dclivcd
.: t ~lcL; ,C.llcy stan(iaJ”[l. ,, i LIi’ L ,.)])]]]lll)]icatiol)  is cvcl-  c.xpan(li[]g,  with no
i~ diliuio~:ic.d],  cc.onomical,  01 soL .ul~lgic.{1  Jlllj)d.] ativc to hca(l ofl” the expansion, it is dc. ar that
t h e  llc.cd fol” fl”cqmncy  SttiJldal  (!s I\’ill al~n L’Y!)all(l.

‘Jllc SLXX1, , ,  .  ;ISOJ1  f O I  L!XJ>CCtill~ <1 ~ r,’L; l; !’ ‘:’ II C.IICy  htanda  Tds dulit)~ Il)c not
twcnt y- five years is the position of f] cqucncy  and time as the’ most ])1 cciscly mcasul  ab]c. of all
physicxi] parameters. 3’lIUS n)casm  cmcnts  rcq~li]ijlg  the most achicvab]c  plccisiml  by ncccssity
(lcpcJ)d oJl f r equency  aJl(l time stan(la](ls. ‘l’his cmsurcs  that the dcmaJ)(l  fol u]t la-stable
flcqlJcncy  standards will  cm)tinuc  in the. futu)c.

‘1’hc thi] d reason for  needing fl cqucncy  standards in the fut urc is rcJat cd to the above, and
pc.I tains to the fact that cvcIy thcoly  in physics fails  at some linlit. “J’hat is to say, cvcly  theory
iJ) physics, inclu(ling”  those that have been p] ovcJI  to cwcryoJ~c.’s  satisfaction to 1101(1 t] uc, have
a finite domai  J~ of applicability. It thus bccomcs  aJl impo~ [ant cJdcavor  in physks  to identify
the bound  aJics of each thcoly, pallicuhr]]y  those that  hold so WC1l! ‘1’his cxc]cisc  IcqlliIcs  the
most pI ccisc mcasurcmcJlts  possible for the highest rcso]ution. 1 ICI-C again, the most prc.cisc
tool of the physical metro Jogy  is the. f] c.c]uc.ncy  standard.

I bclicvc.  the above reasoning place  the assumption of a need fol- frcqilcmy  standal(ls  on smc
enough a footing” to justify the cxc]cisc  of the pl-c(lictioJl  of thcil futu  Ic status.
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~ t is instructive to look at the state of the technology of frcc]ucncy standards twenty--five
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the first 1’”1”1’1, as WC.11 as p]occ.cdings  of the l~rcqucncy Gntrol Symposh)m (YTX) some.
twenty- five ycals  ago, cnntain  numc.lous  intclcstin.g  and instl udivc  examples. ]’apcrs

pc.1 (incl)t  to [)llr [Ijscussiol)s  may 1X bc.st sunlmaI  iy,cd in onc  of the following three cat cgorjc.s:
“1’hose that ])s omisc  of l)cw, and sometimes bold, innovations w’})ich  }lave since bcc.n found
llnf~llfillc.  d; t hose  that  pJcdkl  a pc.lfolmancc  that  \4’c now’ find to bc .gIossly Llrl(lc.l-e.sti[ llatc(l;
and those whose predictions wcJc ovcrcstimatcs.

ViIIII:illy  all papc]s  making  plc.(lictions f~ll within  onc  o f  the  above  cate.go~ics. A s  t y p i c a l
c.xamplcs  c.onsi(icl- a su]vcy pa])cr  o n  cc.sium  bc.am frcquc.ncy slanrtalds  in t h e  l’~occc(litlgs  of
t h e  1;C3 ill 1971~11. llcrc t h e  I)clfolmanw.s  of  valious  G sttindards  aIe u s e d  to rte.vclop  an
accuracy  tIc.nd vcmus t ime, a plot that isrcplo[luccd  i)) l:ig. 1. IIasc.d on thcscresu]ts  cvi(lcnt]y
the acculticy  of the cc.sillm  stanrlald  had implovc(l  by about two o)dc.rs of ma. gnitu(lcs  cvc.l-y
tcn years (t\V() dccadc.s pcl (Ic.cadc).  l’hlls b.ascd on this info] mation  it wouldn’t have bc.cn too

lT for a 1993 vcrsi(m ofm]casonablc  to have prc(liclcd  a pc.lfolmamc.  aecu]t icy of a palt  in 10
‘3 With hindsight one.the ccsium stan(lal(l,  since. the aczu]acy  in 1971  was about  a paTt in 1() .

call c.asily point  to Icasons w h y  t h i s  cxtrapolatiol)”  is not j~lstific.d,  but s u c h  Icxons  wc.rc not
plcscnt  in 1973.

As a sccx)nd cxamp]c  consiclcl  tl)c papc.1- by 11. l:. l’ctc.ls in Ihc Ihocccdings  of the 3TCI 1“]’’1’1
in 1971121. 1 ICIC Icsdts  for the pclfoJmancc  of the NASA pl-ototypc  atomic  hydrogcm standard
N]’- 1 is gi\’c.n. IIasc.d on this example, Ihc authol  a]gllc.s  that the masc.]  has tbc potcntia]  for
stabj]ity of a fc\\’  p31[s in 101:-’. I ,~ (1; ()~,cl) In:isc]s  cxwcrlit)g  t h i s  sttibility  peIfol  mancc  h:t[’c.
s i n c e .  [XXII dcvclopcd  by l’c.tcIs and ]Iis U- W O I  kcIs at Sjgma ‘lhlI  colnpauy,  and b y  Vcssot
and cl)- WOI ke.rs at the, Smithsonian Ast ]ophysica]  Obsc  I vato~  y, where some IIavc. opt] at cd at
about  8 x 10 ‘6 stability. Again, it is easy to justify \vith hindsight why in 1971 the ultimate
pclfolmancc of the 11-mase.l  was llll(lc.lc.stilllatc(l.

IFina]ly as oil]  l a s t  cxamp]c  w c  can point  to t h e  wolk  at IIalva]-(1  in N .  Rtimsc.y’s  g]ou]) on
the lal-gc  stol agc box maser. 111 a paper by llz,giris and Ramsey in the 22nd ITX in 1968131
the pmblcm of wall collisions is considcl  c(1 and a solution is (ICSC.I  ibc.d in the form of a large
diamct  cr stO1 agc box to jncrcasc the time. spc.J~t by atoms in t hc storage.  volume, thus reducing
the flaction of the time atoms  spcn(l on the wall. A pictulc of this maser is given in l~igurc  2
of t hc paper showing the stol age. box, vhic.h has a lillcar  (Iimc.r)sion  of a])])] oximate.ly  five fc.c.t
long and five feet in diamclc.r. “1’hc imp] ovcmc.nt obt aincd  by this instr umcnt  cvidcnt]y  (lid
not war] ant i ts  cumbersome size, find la] gc stol agc masms  did not rcccivc  any more sc.lious
attention. ‘1’hus the plon)isc  hc.ld by this innovtition  rcmainc(l  Ilnfulfillc(l, despite. its initial
Sllcccss.

II] rc.viewing the three cxamp]c.s  given above it is clcal that a(lvanccs  in OU1 understanding
of the l]l)dcl  lying physics of frcqucl)cy  sta)lda]-cls  COU])]C.(1 with innovations in the associated
tc.c.hno]ogic.s  make .s  the Sllbjd  of flltll  Ic p] edict ions a rathCl ~isky clltcJpJisc.
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c.cent p]ogrcss  in a numbc.I  of scientific and technological fields has lcd to significant
a(lVal)CC.s  in t}lc pclfolmancc o f  llltla-stab]c  flcqucncy stan(la](ls.  ]1] par(jcl)]ar  t]~c
a(lvcnt of sc.micond~lctol  and solid state lasers with narrow lincwidth  and  sllitablc.
wavelength have I csultc.(1  in significant implovcmcnts  in the pcJfol  lllallCC of ccsi[)m

and 1 ltbidi~lm  stancl  aids. ‘1’hc cic.vclopmcllt  o f  nove l  app]mc.hcs  s~lch  as the lineal  ion t r a p
has allowc(i inclcasc(l  signal to nojsc ratio  fo r  h igh  pe r fo rmance  l amp basc(l ion stan(lalds.
A(ivanccs  in the Uncicrstanding  of the physics] Jnechanism  for ]mcr tla]>pillg  and coo]illg have
IC.d to the. (Ic.vclopmcnt of a ncw class of standarcis  based on an old proposal ,  the ccsium
foul]tain  clock filst considclc(i  by Zachalias[dl  1 ,ascr cooling of small clouds  of ions has pointed
to the possibility  of dc.vctopil~g  a p]imaly  stan(lal(l  based on a bead of a small nunlbcr  of
trapped and cmo]c(l  mercury ions.

1 ,ascl optical pumping has vil[ual]y  rc.placed magne t i c  sc.lcdion  in most plimaly  frc.qucncy

Stal)da  JdS. An c.xamp]c of this is the. Jcccnt  plog]css  ob ta ined  with NIS-1~-7,  an o p t i c a l l y
pumpc(l  ccsium standald,  which has yicldc.d a short tc.lm stability of 8 x 1 ()- 

‘:{7 ‘/2[51.

Simi]ally  plogless  ill ion stalldalds  has lcd to  s tabi l i ty  pc.lfo)mancc  lcpol-tc.cl  at ‘i x ] O- 147- ‘jz,
fo)” intcnuils  mc.asul  c(1 to about  104 SCCOIIdS161. ‘J’his  pcI fo] mancc is cxpcdd  to p e r s i s t  f o r
avclaging  intclvals  longcl than 106 seconds.

Prcliminaly ]c.su]ts have. been obtained with cc.sillm  fo~lntain  clocks, ~lsing lascl moling and
manipu]at  ion of atoms t I appc(l in a Y,ccman  optical t I a]) (YK)’1’)  [T]. Stability pcJ fol-mancc of
3 x 1 ()” ’27- 1/2 has been (Ic.l)lollstl-atc.(l,  which has lcd the rcsc.a]che.rs to prcdid  a potential for
sho]t  term stability of 2 x I ()- “7 - 1/2 for ccsium fo~lntain  clocks.

1  .ascl {i . ,lLLl  LIapp:d  ions have been Ii; ,-,\;I LO hold the. ]), .cntia]  for J;) uch implovc(l  s tabi l i ty ,
l-?cccnt  a(lvanccs  in  l a s t . 1  cooling  of mc.rcury  i ons  in a miniatlll-c l i n e a r  tlap tit NIS’J’  alc
c.xpc.c(c(i  to lcaliz.c the pote.  ntia]  for a high pclfolmancc micrmvavc  standard. Stfibility  of about
5.[) x 1 ()” “7 - 1 /2 has lmc. n p ojc.dc. d fol 50 c.00Icx1  mcrcul-y  ions undergoing  the clock tl-:in  sition
at 40.5 Gl17,[~l.

III the past fc.w yc.als Ic)om t c.mpcJ  atur’c  hychogcn  masers have (lcmonst  ) at d stability of about
~ ~ ]()- 160 Several units  operate at this ICVCI fol relatively long time before (Ie.gla(lation  CIUC
to el)viJ-(Jllll)cl)tal  inftucnc.cs set in. Rc.cent a(lvanccs in cryogenic }ly(iJogcn  mast.Is have lccl to
projections of tvw to tlu cc or(lc]s  of magnitude impmvcmcnts  cnmparcd  to the pc]formancc
of J mm t c.nlpc.I at u] c mascrslgl.

“1’hc o]~]y  other ult]a-  stable. flc.q~lcncy  standald  which is not based on an atomic transition is
the cryogcl]ic  cavity stabiliz,c(l oscillator. l’c] folmancc  of these instruments cxtcn(is only to a
few hun(ll cd seconds, but fut u] e. implovcmcllts  arc cxpcctcxl. Stability of the Sll~>c.l-cl)ll(lllctillg
Gvity Stabil ized hflascl Oscil lator  (SC;MC)) has bcc.n dcmonstl-atc(l  at about  2 x 10“ ‘5 fol-
avclaging  intcwals to about  800 s[lol.  IIighcr  pclformancc  is anticipfitc.ci wi th  implovcmcnts  in
cavity Q an(i stabilization of the powc.r pumping the rllby maser.

in  l:igul c 2 the pcrfolmancc  of ult] a--st  ab]c f r e q u e n c y  s t a n d  ar(is of today al c. s u m m a r i z e . d ,

togctllc.1  w i t h  ncaI  tclm  pl-c(lictions  \4~ithin  t h e  n e x t  f i v e  ycaIs. “J’hcsc  predictions arc based  on
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IIIC autl)OI’s  subjective  jucigmcnt  as to t h e  s t a t e  o f  rcadiIIcss  o f  these stan(la]ds,  and do not
ne.ccssa]-ily  agmc with predictions of other lc.se.archcJs  in the ficl(i. ‘I”hcy arc c.xtrapo]atc(l from
the Cullcnt  pcrformancc,  and anticipated progress.
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lcallytl~c ]>rogrcss ill the dcvc.lopmcnt  of futulc  standaldswil]  bcdlivc.n  by outstanding
ncds fol various  applications. Some of the rcasom  why frcquc.ncy  standalds  will  be
nccdcd in the next 2.5 years WCJC mcntionc(i  above. IN this scdicm  alc.as where lack
of capability exists, and yet nLImcIous  applications have laid out  lcquilcmcnts  will be

mcnt ioncd.

Applications of ~lltla-stable fJcqucncy  standal(ls  in scic.ntific  imwstigations  imply yet anothc.r
class o f  instlmncnts. Since cnvironmcnta]  pcltulbations  o n calth can limit the ultimate
sc.nsitivity  Ic.(]\li  Ic.(1 fol many  sc.ic.l)c.c.  c.xpclimcnts,  it is natmal  to  (lcsign  cxpclimcnts t h a t  can
take. a(lvantagc  of tllclclativclyl  >clligll  c.nvironmcnt  of space. Space c.xpclimcnfs  IICnVC.VC]- must
[lc]~cl f(J)lllc(l  \litllillt  llc.c()llstl-ail]  tsofl()\4'1~  lassaJ~(ll(  ~\\']J()\\'cl-av  ailal>lct(  ~]>ractical  spaccxxaft,
‘J’hus  fal the (Ic.vclopmcnt of a low mass, and low p(nvc] frequency stanrlfil-d  (mass less than 4
kg, pmvcr  lCSS than 5 W) with stability cxcc.c(ling a palt in 10]5 has not  been (lc.ll~(}llstlate.(1.
O]]c. of tllc olltstandillg  nc.c.ds in t h e . alc.as of ultla--stablc stand  a][ls is s~lch all instlumcnt.
ll]tlljc  \~wl-k  will also bc (Ilivcn  by cvc.r mo]c.  stlingcnt  rcq~li]cmc.nts of  space.cnft  navigation
and position location.

Small and miniatu3c.  ult~a-stable standards  ]c.plcsc.nt  yet anotllc]  class of needs. ‘J’hc concept
of l]lilliatllli~atiol]  is Iclatc(l  to the nds of spacecraft standards, bllt yet lc.latcs to tcllcstrial
:i]>]>]:~’’fic~’?C  ‘Is !~’~11. ‘] ’l?rTL.  :ir~: ?~ ]L.~$t ?\~,n lc:,<~l!l<  f~lr ])[ll:l!~il~  [1’01];  ill thj~ :tl’:1, I:i]<t 3
sma l l  flcqllc.ney St; tl[i \i’~,1  1<’ , , c all[) I moIc  ~~i~divc  shielding of  t;Ic c.llviIol)lllc.]llal
pc]tmbations. “1’his is bccausc  it is pjactic:il]y more  simp]c to s tabi l ize the cnvilonmcnt  in a

small reg ion  o f  space  than  a l a r g e  o n e . ‘J’hus  all othcl  things  being  e q u a l ,  ]l)il]iatll]i7ati01)
may lca(l to impmvcd stability, cspccia]ly  fo~ ]ongc]- avclaging  inte.lva]s. l;urthcrmorc,  reduced
shielding lc.quilcmcnts  may also lead to rc(lllccd costs for suc]l stand  al(lso

‘1’hc s e c o n d  r e a s o n  f o r  Illilliatlll-izatic)ll  of flcqucncy standalds  is to extend  thcil  langc. of
applications. Already small lccc.ivc~s for GPS,  for cxamp]c,  have Ic.(1 to an explosion in alcas
of applications. An u]tra-  high stability standal(l  in a “small>’ package \\’ill  similally  find an
cxtcndc.(1  I angc  of applications, including those that lcsulting  flom  simp]y  the c.asc of use.

1’c.I haps the most conspkxlous  lack in ultl a- high flcquc.ncy  standa]  ds is in the al ca of optical
stand  aids.  ‘1’hc rcadm may have notic.c(l  the abscncc. of a pcrfmmamc cN1vc in l:ig. 2. fol” an
optical stand  al(]. ‘1’his is bccausc ult 1 a- high stability optical  f] c.quc.ncy standards have not as yet
bum dcmonstlatcdo  Yet a(lvancc.s  in optical cO1llllllll)icatiC)lls  and scientific cxpcrimcnts  quict]y
await plactical optical stan(lalds. Fur[hc.mo]c  the (Iilc.d  dcpcn(lcnce  of the stability of atomic
stand  a](ls on the. line Q (the latio of the flcquc.ney of t}]c dock transition to the obsc.wc.d width
of the transition) points  to the. optical stan(lar(i as the ultimate ultla-  high stability flcqucncy
standal  (l, where the fl-cq~le.ncy  of the. ‘(dock” transition is in the range of 10]4 117..

l’cl haps the major obstadc fol the (Icvelopmc.nt  of all ult] a-stable. optical frcqucnc.y st an(lard
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