
Vol. 33 (2002) ACTA PHYSICA POLONICA B No 8
ULTRACOLD ATOMS FOR ULTRASTABLEFREQUENCY STANDARDS�K. Szymanie, W. Chaªupzak, S.N. Lea, and D. HendersonNational Physial LaboratoryQueens Road, Teddington, Middlesex, TW11 0LW, UK(Reeived June 3, 2002)In reent years, the appliation of laser ooling has led to signi�antadvanes in atomi frequeny standards. In partiular, the aesium foun-tain has advaned the auray of the realisation of the SI seond by aboutan order of magnitude, to 1 in 1015. It is antiipated that optial fre-queny standards, either single trapped ions or old neutral atoms, willprovide advanes in frequeny stability. Highly stable optial frequenieswill be translated to mirowave frequenies by a revolutionary new teh-nique. This paper gives a brief review of urrent tehniques in frequenymetrology. The atomi physis proesses underlying the progress, as wellas those responsible for the limitations to the performane of these newstandards, are disussed.PACS numbers: 06.20.Fn, 32.80.Pj1. IntrodutionLaser ooling and trapping of atoms and ions has been one of the mostdynami areas of researh in physis in reent years. This has been reog-nised by the award of the Nobel Prize for Physis, in this �eld, in 1989,1997 and in 2001. The ahievement of Bose�Einstein ondensation is themost noteworthy reent result of this ativity. Tools for manipulating oldatoms, developed over this period, are now used routinely in many laborato-ries for a variety of studies of fundamental proesses in atomi physis. Themost signi�ant appliation remains in metrology, where old atoms haveenabled an order-of-magnitude improvement in the auray and stabilityof the aesium primary standard of time and frequeny.There have been several reviews of researh ahievements in the area offrequeny standards in reent years [1�3℄. It is beyond the sope of thispaper to over the enormous range of work in this �eld. The brief review,� Presented at the Photons, Atoms and All That, PAAT 2002 Conferene, CraowPoland, May 31�June 1, 2002. (2173)



2174 K. Szymanie et al.given here, pays partiular attention to old atom mirowave standards, toadvanes in laser ooling of neutral atoms and to the latest ahievementsin metrology at optial frequenies. The paper provides an overview of theways in whih advanes in laser ooling have spawned related advanes infrequeny metrology.Setion 2 realls the operation of the thermal beam aesium standardand identi�es the prinipal limitations to its auray and stability. Se-tion 3 disusses the ways in whih the instability and the systemati shiftsare redued in the laser-ooled aesium standard (the aesium fountain).Setion 4 disusses the remaining, dominant, systemati shift due to ol-lisions between the old atoms and explains how improvements might beobtained by the use of still older atoms. Some methods for ooling furtherare explained in Setion 5 and the ultimate limit to the stability of a ae-sium standard is examined in Setion 6. In Setion 7 the promise of optialfrequeny standards, to provide orders of magnitude advanes in aurayand stability, is disussed. A brief review is presented of the researh e�ortinto the development of frequeny standards based on optial transitions inlaser-ooled atoms and ions, being arried out by national standards lab-oratories suh as NPL. The di�ulty of performing omparisons betweenoptial and mirowave with the neessary level of preision is introdued asthe major impediment to the use of optial frequeny standards. The reentdevelopment of optial frequeny ombs based on mode-loked femtoseondlasers is a signi�ant advane, linking optial and mirowave.2. Thermal beam atomi frequeny standardsModern day atomi loks have their roots in the moleular beam res-onane experiment devised by Rabi in 1930s [4℄. A �ux of atoms exits anoven and passes the state-seletion A-magnet, where an inhomogeneous mag-neti �eld separates atoms with di�erent magneti moments (Fig. 1). Theatoms pass through an osillating radio-frequeny (rf) magneti �eld in aregion of uniform stati magneti �eld (the C-region). The atoms then passthrough a further state-seleting B-magnet and on to a detetor, arrangedto be sensitive to a sub-set of atom trajetories. The trajetory dependson the magneti moment of the atom as it passes the A and B magnets.The frequeny of the rf �eld is adjusted so as to ause a hange of magnetimoment, as evidened by a hange in the �ux reahing the detetor.The idea of the apparatus forming a frequeny standard is also attributedto Rabi [5℄. An rf Loal Osillator (LO) is stabilized by means of frequenymodulation to a narrow atomi or moleular resonane in the GHz range.The preision in determining the resonant frequeny in this apparatus islimited by the interation time between the atoms and the rf �eld (transit



Ultraold Atoms for Ultrastable Frequeny Standards 2175time through the avity). This time is onstrained by the need to use a res-onant avity of dimension on the order of the wavelength of the rf radiation(� 3 m) and by the thermal veloities of the atomi beam. For a aesiumbeam leaving an oven at 360 K, the most probable veloity is 290 m/s, yield-ing an interation time of about 100 �s, hene a resonane width of 10 kHz.In longer avities, the rf �eld ontains a travelling wave omponent to aninreasing extent. This auses a �rst order Doppler shift in the resonane.
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2176 K. Szymanie et al.Work towards a laboratory frequeny standard based on a moleularatomi beam began in the National Bureau of Standards (the present-dayNIST) in the USA in the 1950s [7℄. The �rst aesium beam apparatus tobe operated on a regular basis was onstruted by Essen and Parry at theNational Physial Laboratory (NPL) in Great Britain [8℄. Their work, inonjuntion with the United States Naval Observatory (USNO) [9℄, measur-ing the aesium transition with respet to the Ephemeris seond, led theInternational Conferene on Weights and Measures (CIPM) to rede�ne theseond from an astronomial de�nition to a quantum based standard: sine1967 the seond has been de�ned as the duration of 9 192 631 770 periodsof the radiation orresponding to the transition between the two hyper�nelevels of the ground state of the aesium-133 atom. Caesium beam frequenystandards have been onstruted in many laboratories perhaps the most no-table being a series of standards operated ontinuously over a period of yearsat Physikalish-Tehnishe Bundesanstalt (PTB) in Germany [10℄.A primary frequeny standard is an apparatus onstruted to realise theSI seond. The auray of a primary standard is the extent by whih thevalue obtained from the measurement may deviate from the true value (theseond or hertz in this ase), with a partiular level of on�dene. In orderto establish the auray, it is neessary to quantify (by measurement oralulation) all the possible systemati e�ets that may shift the measuredfrequeny together with the unertainties in these. The ability to quantifythe frequeny shifts distinguishes a primary standard from other, usuallyommerially produed, aesium beam devies.The random unertainty, or stability, of the primary frequeny standardalso ontributes to the total unertainty of the realisation. The stability isusually quanti�ed by means of the Allan deviation [11℄. For aesium beamdevies dominated by white noise the Allan deviation, �y(�), dereases withthe inverse square root of the measurement time, � :�y(�) = ��Q� SN���1�1��1=2 ; (1)where the line Q fator is de�ned as Q = �/Æ�; Æ� being the width of theentral Ramsey fringe, � the resonane frequeny and S=N the signal tonoise ratio.Many of the systemati shifts are quanti�ed by perturbing the relevantoperating parameter and measuring the hange in frequeny against a stablereferene. Thus the aurate estimation of systemati unertainties requiresthat the stability is adequate for manageable averaging times. It is nees-sary to operate primary frequeny standards only long enough to make ameasurement and establish an unertainty budget. Other devies, suh ashydrogen masers, are often better suited to ontinuous operation as loks.



Ultraold Atoms for Ultrastable Frequeny Standards 2177Having orreted the measured value for the systemati shifts, the systematiand random unertainties (stability) an be ombined to give the standard'sauray with a given on�dene.Having been developed over some 50 years, aesium beam primary stan-dards are now quite mature. Many soures of systemati frequeny shiftshave been identi�ed. Several of these an be redued suh that their on-tribution to the unertainty is insigni�ant to the extent that a orretionneed not be applied. We will now highlight the shifts that substantiallyontribute to the unertainty budget.2.1. Quadrati ZeemanThe linear Zeeman e�et is eliminated by the use of atoms in the mF = 0Zeeman sublevel. However, the C-�eld applied to lift the degeneray of themagneti sublevels auses a seond-order Zeeman shift of the mF = 0 atoms.Transitions between magnetially sensitive sublevels (mF 6= 0) an be usedto determine the magnitude of the C-�eld. The seond order shift an thenbe alulated. 2.2. Quadrati DopplerThe quadrati Doppler shift is due to the veloity of the atoms relativeto the referene frame in whih the rf �eld is generated. For beam devies,with beam veloities of 100 m/s to 250 m/s, the relative shift is �5� 10�14to �3 � 10�13. The shift is alulated from an estimate of the veloitydistribution of the atoms in the beam, together with the variation of thetransition probability with the mirowave interation time.2.3. Cavity phaseThe Cavity phase shift ours beause the phase of the radiation in thetwo arms of a Ramsey avity annot be exatly equal, due to manufaturingtoleranes in the lengths and losses in the waveguide. The result is a phasedi�erene between the entre of the apertures in the two avities. This givesa frequeny shift, �� = �1 � �22�T ;where �1 and �2 are the phases at the two apertures and T the time of�ight between the arms. Primary standards are onstruted with a aesiumsoure at eah end, to permit reversal of the beam diretion. The avityphase shift is identi�ed as one half of the resulting frequeny hange, byassuming that the shift is symmetri. However the phase also varies aross



2178 K. Szymanie et al.the avity aperture (distributed phase shift) so that �� varies with atomtrajetory. Thus the e�etiveness of the beam reversal is dependant on thegeometri auray of the proess.2.4. Detuning of the �-wave avityThe rf osillator is servoed, on average, to the line entre, �0, by frequenymodulation (deviation ��m) and synhronous detetion of the error signal.Typially, the frequeny is square-wave modulated to the 50% transitionprobabilities found on the two sides of the entral Ramsey fringe. TheRamsey avity is resonant at a frequeny near, but not equal to �0. Thus,for a given rf power applied to the avity, the �eld amplitude will di�erat �0 � ��mompared with�0 + ��m. It follows that the 50% transitionprobabilities are not found for equal detuning from the true line entre, andthat �0 is shifted to an extent depending on the avity resonane detuningand Q-fators of both the avity and atomi transition.2.5. Asymmetry of Zeeman populationThe �ux of atoms reahing the detetor in the mf = 0 sublevel will beoverlapped by the edges of the beam of atoms in the mf = �1 Zeemansublevels� to an extent depending on the applied C �eld. The �ux of theseatoms in mf = +1 and mf = �1 will di�er as they have di�erent e�etivemagneti moments in the state seleting �elds. Thus the servo maximisingthe beam �ux will be skewed to an extent depending on the asymmetry andgive a frequeny shift.2.6. AC Stark (thermal radiation)The blakbody radiation gives rise to an AC Stark shift and an be esti-mated from the measured DC Stark shift and the mean square value of theAC �eld. The limitation to the orresponding unertainty is in estimatingthe mean square value of the AC �eld due to unertainty in the temperatureof the vauum vessel and the emissivities of the materials. The frequenyis shifted by approximately 2 � 10�16 for a temperature hange of 1 K at298 K [12℄. 2.7. AC Stark (�uoresene)An AC Stark shift is present in some thermal beam frequeny standards,in whih the state preparation is done by optial pumping instead of mag-neti seletion as in the original apparatus of Rabi and Ramsey. This methodo�ers the advantage of a higher �ux of atoms ontributing the signal, andhene better stability. Also, in the absene of the strong seleting magnets,



Ultraold Atoms for Ultrastable Frequeny Standards 2179the design of the magneti shields, neessary to assure the uniformity of theC-�led, is simpli�ed. However, the AC Stark shift due to �uoresene fromthe atomi beam at the preparation and detetion positions is a di�ulty[13, 14℄. 3. Cold atomi fountainsThe major fator limiting the auray of thermal beam frequeny stan-dards is the avity phase di�erene. This an be ompletely removed in afountain where atoms, launhed vertially, are turned bak by gravity andhene an be made to pass twie through a single mirowave avity. Theoriginal idea of a fountain, using slow atoms from the low veloity tail of theMaxwell�Boltzmann distribution, ame from Zaharias in the 1950s. Theexperiment was unsuessful beause there are very few slow atoms in thethermal beam, ompared to the Maxwell�Boltzmann distribution, due toollisions with faster atoms. Only in the 1990s, with the development oflaser ooling and trapping of neutral atoms [15℄, has it been possible to im-plement the fountain on�guration suessfully for preision spetrosopyand atomi frequeny standards. The use of slow atoms has substantially re-dued several other systemati frequeny shifts. Slow atoms also allow longerinteration times, giving a line-Q fator of 1010 and improved stability.The �rst old atomi fountain was demonstrated by Chu and o-workersin 1989 [16℄. A loud of 5 � 107 sodium atoms was olleted and ooledin a magneto-optial trap (MOT) and then pushed upwards by a radiationpressure pulse. At their apogee the atoms were exposed to two mirowavepulses onstituting a Ramsey-type interrogation. The 2 Hz width of theobserved fringes demonstrated the potential of spetrosopi methods usinglaser ooled atoms. However, a signi�ant drawbak of this pioneering ex-periment was the launhing tehnique. A simple radiation pressure pulse,due to the random harater of the photon sattering proess, auses ad-ditional heating and thermal expansion of the atomi loud, resulting in aredued number of deteted atoms and, onsequently, a poor signal-to-noiseratio. Experiments in Paris and in Stanford [17, 18℄ introdued the so-alledmoving molasses, whih provides a muh more e�ient launhing meha-nism. The optial molasses is reated by three mutually orthogonal pairsof ounter-propagating laser beams whih damp the atomi motion. If onepair of beams is direted vertially, it is possible to reate a frame movingwith veloity v0 = ��f by shifting the frequeny of the down-going beam by��f and that of the up-going by +�f . The atoms are swiftly aeleratedand then ooled. The ooling light is swithed o�, before the atoms moveout of the intersetion region of the beams, leaving them to ontinue theirfree �ight under gravity with the initial veloity v0.



2180 K. Szymanie et al.The Paris experiment used aesium atoms and has formed the basisfor all the fountain lok experiments being developed in various metrologylaboratories worldwide [19�26℄. A typial fountain apparatus, as shown in�gure 2, onsists of three parts: (i) the magneto-optial trap (MOT) or mo-lasses region, (ii) the free �ight and mirowave interation tube and (iii) thedetetion region. The MOT is loaded from a aesium vapour at a pressureof 10�8 mbar. The pressure in region (ii) and (iii) is kept below 10�9 mbarto minimise ollisions of old atoms with the bakground gas. The MOT isused solely as an e�ient soure of old atoms. The atoms in the MOT arestrongly perturbed by light, stati magneti �eld and ollisions and therefore
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Fig. 2. Shemati diagram of the laser ooled aesium fountain at NPL. The regions(i)�(iii) as well as the operation yle are desribed in the text.



Ultraold Atoms for Ultrastable Frequeny Standards 2181annot be used for preision spetrosopy. The number of atoms returningbak to the detetion region has to be maximised in order to ahieve a sat-isfatory S=N ratio. E�ient loading of the MOT is required, together withooling the launhed atoms to a low temperature. However, the two aimsare ahieved for two di�erent sets of parameters in laser intensity, detuningand magneti �eld. Thus, if the parameters are to be optimised, it is onlyfeasible for the fountain to operate in a sequential, or pulsed mode. A typialsequene onsists of loading the trap, launhing, ooling in the moving mo-lasses, free �ight through the Ramsey interation zone, and detetion. Thesequential operation has the further advantage of reduing the AC Starkshift due to �uoresene from the trap or the bakground Cs vapour. Hav-ing passed through the mirowave avity for the seond time, the atoms aredeteted by means of laser-indued �uoresene.Ramsey fringes obtained with the NPL fountain are shown in �gure3a. The entral fringe (Fig. 3(b)) has a full width at half maximum (��) of1.0 Hz in the ase of atoms reahing 30 m above the entre of the mirowaveavity. It is impratial to build a higher fountain in order to ahieve sig-ni�antly narrower fringes, as the fringe width is inversely proportional tothe square root of the fountain height. High stability, or low statistial un-ertainty in determining the entre of the fringe, an be ahieved by highS=N or long averaging times. As in thermal beam frequeny standards,the fountain standard loks the LO that drives the mirowave avity to theentral Ramsey fringe. Every fountain yle the LO frequeny is toggled to�Cs���/2 or �Cs+��/2, where the fountain signal is most sensitive to LOfrequeny hanges. The fountain signal is measured then �Cs is alulatedand used to steer the LO.The frational frequeny stability of the �rst LPTF fountain in Paris,alulated from the S=N ratio, was 3 � 10�12 in 1s, whih was omparableto the best thermal beam standards at that time. In the 1990s many im-provements to fountain tehnology have been introdued aiming to ahievebetter stability and auray [27℄.The major limitation of the S=N and hene the stability of the earlyfountains was the �utuations, usually 2�5%, of the total number of ae-sium atoms deteted, Nat. A double detetion sheme was devised to addressthe problem. The atoms fall through two sets of retro-re�eted laser beams,tuned losely to the yling transition normally used for ooling. While pass-ing aross the detetion beam, aesium atoms in the F = 4 sublevel of theground state eah satter around 104 photons, whih are typially olletedwith 1% e�ieny. The retro-re�eted beam of the upper set is bloked in itslower part. This removes the deteted F = 4 atoms by radiation pressure.The lower detetion beam is ombined with a repumping beam, allowing theatoms in F = 3 (lower sublevel) to be deteted in the same way as were the



2182 K. Szymanie et al.
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Fig. 3. (a) � Ramsey fringes observed in the NPL fountain. Large number ofvisible fringes is a onsequene of the narrow veloity distribution of the laserooled atoms. (b) � Central fringe (FWHM = 1 Hz) used to stabilise the loalosillator.F = 4 atoms in the upper beam. The detetion signal aquired an thus benormalized to Nat. Further improvements have been made by using lowernoise detetors and ampli�ers to measure the �uoresene, further narrow-ing of the linewidth of the detetion laser, and stabilising its intensity. Insome designs, higher olletion e�ieny (up to 20�30%) has been ahievedby inreasing the e�etive solid angle of the detetion [21℄. Suh improvedfountains have reahed S=N levels of several 102 up to 103.The tehnial noise of the detetion having been signi�antly redued,other more subtle e�ets beome signi�ant, suh as the noise of the LO andthe quantum projetion noise. There is a signi�ant e�et on the stabilitydue to the sequential operation. For that proportion of the operating y-le during whih there is no atomi oherene (the dead time), there is noinformation about the behaviour of the LO. The LO ats as a ��y-wheel�osillator during this dead time. As a onsequene, any phase slips of the



Ultraold Atoms for Ultrastable Frequeny Standards 2183LO ourring during the dead time whih are synhronized with the fountainyle time, T, annot be orreted for. In other words, Fourier omponentsof the LO phase noise lose to integral multiples of 1=T are down-onvertedto the narrow bandwidth of the LO noise (1/�) ahieved after long averagingtimes (� � T) [28℄. State-of-the-art quartz osillators, ommonly used asLO in fountain experiments, limit the stability to 1�2� 10�13��1=2.An improved stability, 4 � 10�14��1=2, has been ahieved by using aryogenially ooled sapphire osillator as the LO [29℄. Utilising the spetralpurity of the sapphire osillator, it was possible to demonstrate the funda-mental limit of the atomi fountain stability, that of Quantum ProjetionNoise (QPN). During the �rst Ramsey interation the atoms are prepared ina oherent superposition of the two sublevels of the ground state (F = 3 andF = 4). During the seond Ramsey interation this superposition is projetedonto one or the other sublevel. The noise of deteting e.g. F = 3 atomsan be alulated by Poisson statistis as, �F=3 =pNat p (1� p) where p isthe probability of deteting the atom in a given state. Quantum projetionnoise annot be removed by the normalization proedure desribed above.As the fountain normally operates at frequenies detuned from the entreof the atomi resonane by half a fringe width, where p = 1=2, the QPN isat a maximum. For the ase of 105 atoms deteted every yle in the ex-periment of Ref. [29℄ the QPN dominated and limited the fountain stabilityto 6 � 10�14��1=2. The QPN an be redued by inreasing the number ofdeteted atoms. However, the inreased rate of ollision between the oldatoms at the higher atom density will then limit the fountain's auray.TABLE IMajor systemati e�ets with typial relative unertainties (parts in 1015) foraesium fountain and thermal beam standard. (Compiled from data presentedin Ref. [3℄.) E�et beam standard fountainQuadrati Zeeman 1 0.1Quadrati Doppler 1�3 0.1Cavity phase di�erene 4�10 0.2�0.5Detuning of the �-wave avity 0.3�1 0.1Asymmetry of Zeeman populations 0.2�2 0.1�0.5AC Stark (thermal radiation) 1 0.3AC Stark (�uoresene) 0�1 0.1Spin-exhanging ollisions � 0.5�1.4



2184 K. Szymanie et al.In Table I, the major systemati e�ets and their unertainties for ae-sium fountains and thermal beam standards are ompared. The inherentadvantage of the use of atoms with small thermal veloities (1�2 m/s) inthe fountain is the redution of the unertainty ontribution from most fre-queny shifting e�ets, the seond order Doppler shift (time dilation) beingthe most obvious. The Ramsey method, although developed for the ther-mal beam devie, introdues smaller unertainties in the fountain, where theatoms pass twie through a single mirowave avity and hene the problemof the phase di�erene between the two arms of the Ramsey avity is absent.There remains a distributed phase shift (�rst order Doppler shift) aross theaperture of the single avity, but it is smaller for slow atoms. The uner-tainty ontributions from avity detuning and the population asymmetry ofthe Zeeman sublevels are negligible, as a result of the narrower atomi res-onanes. Further, the narrower resonanes allow a muh smaller magneti�eld to be used, than is the ase for beam standards, in order to resolve theZeeman struture. Thus the quadrati Zeeman shift and its unertainty isredued.The AC Stark e�et due to thermal radiation, is not smaller in the foun-tain, but reent experiments done both in a fountain and in a thermal beamdevie have provided new data, allowing a better estimate of the unertaintyof the e�et [30, 31℄.The dominant soure of systemati unertainty in aesium fountains isa frequeny shift aused by spin-exhanging ollisions, usually negleted inthe unertainty budget for thermal beam standards.4. Cold ollisionsThe last two deades have witnessed several elegant experiments in whihinvestigations of single hannels of ollisional reation were performed andthe possibilities of the manipulation of the proess with laser light wereexplored [32℄. The dominant hannel giving rise to a ollisional frequenyshift in the atomi fountain is the proess in whih two atoms approahingeah other exhange their eletrons or spins.Cold ollisions (i.e. between atoms with a temperature in the miro-Kelvin range) have several unique properties. The temperature, and thusthe momentum, of the atoms is small so the de Broglie wavelength an beas high as hundreds of nanometres. Thus the �size� of the old atom isomparable with, or even larger than, the range of interatomi potential.The ollisions are dominated by low angular momentum proesses. Beauseof the small kineti energy of the olliding atoms only the �rst few partialwaves (s; p and d) ontribute signi�antly to the ross setion, whih anbe seen in photoassoiation spetra [33℄. As the atoms beome ooler the



Ultraold Atoms for Ultrastable Frequeny Standards 2185ollision energy approahes zero but the ollision rate for the dominatings-wave inelasti proess remains �nite and reahes a onstant, independentof the temperature of the atoms. This behaviour is known as the Wignerthreshold law or 1=v rule [34℄.The key quantity, whih desribes the e�et of ollision on the fountainperformane, is the phase shift. This shift is proportional to the atomi den-sity and the rate of the ollisions. The �rst alulations of the ross setionfor the spin exhange proess were performed in the ontext of the hydrogenmaser [35℄. In partiular, the group from Eindhoven has shown that thein�uene of hyper�ne struture on the ollisional shift beomes signi�antfor temperatures below 1 K. The �rst estimates [36℄ for the aesium fountaingave a relative shift of the order 10�22 n/m�3, where n is the atomi den-sity in units of m�3. The alulated rate of the proess (momentum equalto zero and s-wave sattering) inreased as the temperature of the atomswas redued but, in the range of 10�6 K, it reahed the limit.In an experiment performed by Gibble and Chu the relative shift of�1:4� 10�21 n/m�3 was measured for a density of 109 m�3 at 3 �K [37℄.This was on�rmed by a more aurate measurement at smaller densities,performed by the group at LPTF [38℄. Aording to alulation, the valueobtained in these experiments is nearly equal to the predited threshold forT ! 0 [36℄.The auray of the alulations of the ollisional ross-setion and sub-sequently the ollisional shift is limited by the knowledge of the details ofthe interation potential between two olliding atoms. Reently a series ofhigh-resolution Feshbah resonane spetra for aesium were obtained [39℄.These results were used to realulate the frequeny shift and its depen-dene on ollisional energy (i.e. temperature) [40℄. The alulations showedompletely di�erent behaviour of the shift as the temperature is redued.Figure 4 shows both alulated and measured values of the lok shift. Theshift has a broad minimum around 400 nK and it rosses zero around 100 nK.It approahes the �at Wigner regime for temperatures less than 0.1 nK (notshown in the �gure). The measurements so far have not reahed the regionwhere the signi�ant variations of the shift are predited to our.Thus a further experimental e�ort to ool the atoms below 1 �K ishighly desirable in order to verify the theoretial preditions. An issue to beonsidered, is the optimum range of the temperatures at whih the fountainshould operate, either lose to �at parts of the urve from �gure 4, or aroundthe 100 nK region, where the shift is small, but more sensitive to temperaturevariations.
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Fig. 4. Calulated frequeny shift due to ollisions between aesium atoms in F = 3and F = 4. Curves �(3; 0) + (4;m)� and �(3;m) + (4; 0)� assume that all Zeemansublevels are initially evenly populated. Curve �(3; 0) + (4; 0)-Therm� inludesaverage over Maxwell�Boltzman distribution of atomi veloities in the launhedloud. From Ref. [40℄. 5. Further oolingIt follows from the previous setion that ooling the atoms to lower tem-peratures does not straightforwardly redue the ollisional frequeny shift.It is however desirable to redue the temperature of the atomi loud dur-ing the launh: the smallest aperture of the system onstraining the atomitrajetories is a hole in the mirowave avity whih has a diameter of 10 mmor less, to restrit the distributed phase shift. For a thermally expandingloud of atoms at launh temperatures of 2�5 �K, only 5�10% of the atomsan fall through this aperture to return to the detetion region. This meansthat 10�20 times more atoms ontribute to the ollisional shift than to thefountain signal. This trade-o� between stability and auray ould be im-proved for lower veloity spreads, as either fewer atoms (smaller frequenyshift) ould be launhed to maintain the S=N ratio, or for a given initialnumber of atoms a higher S=N ould be obtained. Several experiments aim-ing to ahieve temperatures lower than those in a standard molasses havebeen performed.



Ultraold Atoms for Ultrastable Frequeny Standards 21875.1. Grey molassesThe ooling mehanism in a onventional �bright� optial molasses relieson the Sisyphus e�et and uses lasers red detuned from a F ! F +1 ylingtransition. The minimum temperature depends on the �uoresene rate andphoton multiple sattering. Tuning the laser to F ! F or F ! F � 1transition results in some atomi states of the ground state manifold beingnot oupled to the laser light [41℄. By optial pumping, atoms with lowmomentum (of the order of single photon reoil) aumulate into those stateswhere their �uoresene is redued [42℄. These states are not dark states,as they are motionally oupled to the bright states, hene the name �greymolasses�.Experimentally, as the ooling requires blue detuning of the laser beams,diret apture of the atoms from a vapour is not possible and the greymolasses is applied after an initial phase of bright molasses. A temperature of1.1 �K was measured after 1 ms ooling for atomi densities below 109 m�3[43℄. The temperature was also found to inrease linearly with the densityat a rate of 0.6 �K/(1010 atoms/m�3).5.2. Raman oolingRaman ooling also relies on aumulation of atoms with low momenta(even lower than photon-reoil) while those atoms with higher momentaundergo yles of optial pumping and Raman transfer. During an optialpumping pulse atoms satter photons in a random diretion having a haneto end up in an arbitrarily narrow lass near zero momentum. Veloityseletive Raman pulses are used to �reyle� those atoms with momentafalling outside the narrow lass. Raman pulses of speially tailored formwere used to avoid exitation of the slowest atoms [44, 45℄. An experimentwith Cs atoms in one dimension reahed temperatures as low as 3 nK [45℄.Cooling in two and three dimensions is also possible [46℄, but requires arather ompliated and long sequene of optial pulses. In the fountain theooling has to be applied after the launh and ompleted within 2�3 msbeause of laser beam size limitations.A simpler experiment where only two Raman pulses are used to seletatoms with the smallest veloities in the horizontal plane is more appliableto the fountain [47, 48℄. An atomi sample with `horizontal' temperatureof 100 nK an be reated in a fration of a milliseond; the veloity spreadalong the vertial is not relevant, as it does not redue the number of detetedatoms. As this is not a ooling proess and the majority of faster atoms areremoved, this loss would have to be ompensated for by loading more atomsinto the MOT (e.g. from a beam).



2188 K. Szymanie et al.5.3. Adiabati oolingAdiabati ooling an be performed if the atoms are initially held ina periodi potential well, or optial lattie. The populations of the di�er-ent vibrational levels of the well are proportional to the Boltzmann fatorexpf�~!0=kTg, where ~ and k are the Plank and Boltzmann onstants re-spetively, ! the vibrational frequeny, and T the vibrational temperature.With a gradual (adiabati) redution of the lattie potential, ahieved byreduing the intensity of lasers reating the lattie, the energies of the vi-brational levels are lowered [49℄. The adiabatiity ondition is ful�lled ifthe rate of hange of the energy of the levels is slow ompared to the fre-queny of osillation of an atom within a vibrational level. More preisely,the Boltzmann fator remains onstant with dereasing ! only if T dereasesas well. This unompliated experimental sheme is now routinely used inaesium fountains, where the ooling beams provide a quasi-instantaneousoptial lattie. A linear redution in intensity is applied for 1 ms leaving theatoms at temperatures around 1 �K [50, 51℄.5.4. Raman sideband oolingThe group in Stanford has reently developed a possible route for oolingatoms to very low (sub-�K) temperatures [52℄, whih is attrative in theontext of testing the predited dependene of the ollisional frequeny shifton temperature in the sub �K range. The ooling omprises two stages.Atoms in an optial lattie are transferred to the lowest vibrational level byRaman sideband ooling and then released from the lattie adiabatially, asdesribed above.Atoms distributed among di�erent vibrational levels of the potentialwells of the lattie are optially pumped to one Zeeman sublevel of theground state (F = 3; mF = 3 for aesium) (I in �gure 5). A small magneti�eld (5�6 �T) brings three di�erent vibrational states of three magnetisub-levels into degeneray jF = 3; mF = 3; ni, jF = 3;mF = 2; n � 1i,and jF = 3; mF = 1; n� 2i. Strong Raman oupling equalizes populationsof these states, e�etively transferring the atoms from vibrational state n(mF = 3) to states n � 1 (mF = 2) and n� 2 (mF = 1). Additional laserbeams optially pump the atoms bak to the mF = 3 sublevel (II). This op-tial pumping does not hange the vibrational quantum number so, after oneyle, atoms are moved to the jF = 3; mF = 3; n�2i state (III). Subsequentooling yles (II�III) transfer the atoms to the lower vibrational levels untilthe ground state is �nally reahed [53℄. The Stanford group implemented adegenerate sheme, where the laser beams reating the lattie potential alsoprovided the Raman oupling. To make matters simpler experimentally, theMOT lasers an be used. In a aesium fountain this tehnique an either be
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m F = 3 m F = 3Fig. 5. Degenerate Raman sideband ooling. Atoms are transferred to the lowestvibrational state by optial pumping and Raman oupling between vibrationalstates for di�erent Zeeman sublevels.applied after the launh, where atoms are ooled in a o-moving lattie, orit ould be used to launh the atoms. The �rst approah seems to be moree�etive: atoms moving at 5 m/s were ooled down to 150 nK [52℄.6. Future prospets for mirowave standardsCaesium fountains now have an auray of about 1�10�15 and an reaha stability better than 1 � 10�15 in 104 seonds or less [54℄. A small num-ber of e�ets of similar size ontribute most of the systemati unertainty:distributed avity phase, other Zeeman sublevels, blakbody radiation, andold ollisions. The last of these is the largest. In addition, a redution inthe old ollisional shift an result in improved stability. There is potentialto improve fountain performane further both in systemati unertainty andstability. 6.1. Systemati shiftsVarious tehniques for lowering the temperature of the atoms have beenreviewed in Setion 5. Shemes have also been developed to redue the av-erage density without using exoti ooling shemes, whilst maintaining theaverage number of deteted atoms. Various forms of �juggling�, where sev-eral louds of atoms are simultaneously in ballisti �ight have been proposed.Juggling shemes an be onstruted where there is little interation betweenthe atom louds, whih may be of individually lower density. The loudsmay be launhed to di�erent heights so as to avoid passage of one loudthrough another [55, 56℄ or multiple louds to the same height [57℄. Thelatter has been demonstrated experimentally to perform studies of quantumsattering of ultra-old atoms. A related approah is that of a ontinuous



2190 K. Szymanie et al.old beam, launhed from a modi�ed MOT [58℄. Atoms are launhed on-tinuously on a paraboli path with a small horizontal veloity omponent,by moving molasses and are ooled to about 5 �K. Stability omparable topulsed fountain devies has been demonstrated. All these departures fromthe onventional fountain have in ommon that, to ontrol AC Stark shifts,arefully designed light ba�es are neessary, to sreen atoms undergoing theRamsey interation from �uoresene due to the ooling lasers.Reent measurements of the old ollisional shift in rubidium show thatit is 30 to 50 times smaller than in aesium [59, 60℄. The reproduibilityand long-term stability of a rubidium fountain an thus be expeted to bebetter than in aesium. Furthermore, it has been shown that the ollisionalshift in rubidium an be ompensated for by means of the so-alled avitypulling e�et. The total �eld in the avity is phase shifted by the mirowaveradiation from the atoms themselves, giving rise to a density dependantfrequeny shift. The avity resonane parameters an be hosen suh thatthese two shifts anel one another, so as to o�er further improvement tolong-term stability [59℄.Operating a fountain at lower temperatures an, in priniple, redue theblakbody radiation e�et. For example, at 273 K the shift in a blakbodyis 30% smaller when ompared to 298 K. Cryogeni operation of a fountainmay redue the unertainty in the blakbody shift to parts in 10�17 provideda blakbody �eld an be approximated.There are a number of approahes to reduing the distributed avityphase shift (�rst order Doppler e�et). These inlude a redution in theveloity of the atoms as they pass through the mirowave �eld, redutionof the size of the travelling wave omponent, improved homogeneity of thephase distribution aross the aperture of the mirowave avity, and betterretraing of the atom path. The latter would be improved by the use ofmuh older atoms. The use of higher Q avities might be explored in orderto redue the travelling wave omponent, but the Q is limited by the atomdensity, and higher Q makes the e�et of avity pulling harder to ontrol.6.2. StabilityGiven that the atom number has been set so as to reah the desired oldollision unertainty, the stability may be inreased by a redution in noiseor an inrease in the Q. It has been suggested that the quantum projetionnoise ould be redued by the use of quantum orrelated atoms [28℄. Loalosillators with stability at the 10 �14 level at 1 seond are required, if afuture fountain is to reah its unertainty limit at the 10�16 level in no morethan 1 day of averaging. In addition to ryogeni sapphire a tehnique withgreat promise is frequeny synthesis by mixing the optial omb frequeniesof a mode-loked femtoseond laser desribed in Setion 7 [61℄.



Ultraold Atoms for Ultrastable Frequeny Standards 2191A Ramsey fringe width substantially below a seond is impratial inthe presene of gravity. However there are experiments in preparation toexploit the mirogravity environment of spae. Interation times of some 10seonds are expeted and some experiments are well advaned, with shed-uled operation in 2005 [62℄. The interation time in mirogravity is limitedby the expansion of the atom loud leading to loss of S=N overtaking theimprovement to the Q. It is planned to overome this by launhing multipleatomi louds in a manner similar to that desribed above.6.3. Frequeny transferComparison of the frequeny of fountains in standards laboratories anbe aomplished using satellite time transfer. Two-way satellite time and fre-queny transfer has been demonstrated with unertainties at about 10�15[63℄.Inreased bandwidth and more data olletion through ontinuous operationhas the potential to improve on this. A transportable aesium fountain hasbeen onstruted and an be used at the 10�15 level [64℄.7. Optial frequeny standardsIn order to go beyond the level of frequeny stability projeted for thebest aesium or rubidium fountain mirowave standards, optial frequenystandards based on forbidden transitions in laser-ooled atoms and ions arebeing developed at a number of laboratories world-wide. The frequeny of anoptial transition is of the order of 105 times greater than that of the groundstate hyper�ne splitting in aesium or rubidium. Some of the atom or ionspeies used for optial frequeny standards have forbidden transitions witha natural linewidth of 1 Hz or less, omparable to the width of the Ramseyfringe in a mirowave fountain. This inrease in the Q of the transitionshould in priniple yield a similar inrease in relative frequeny stability.The majority of laser-ooled optial frequeny standards have been devel-oped with the initial objet of providing improved standards for realisationof the SI metre. The SI metre is diretly related to the SI seond through theassigned value for the speed of light in vauum. However, beause preisionlength metrology is performed by optial interferometry and beause of thehistorial di�ulty of diretly omparing mirowave and optial frequenies,there has been a need for seondary frequeny standards at optial frequen-ies. This has been met through the development of lasers stabilised tosaturated absorption features in gases or vapours, suh as moleular iodine.In the visible region of the spetrum, the relative frequeny reproduibil-ity of these moleular standards is limited to a few parts in 1011. The misen pratique of the realisation of the metre [65℄ lists the optial frequenystandards whih have been adopted by the CIPM, inluding laser-ooled



2192 K. Szymanie et al.standards based on 40Ca and 88Sr+. Neither of these speies is neessarilythe most promising andidate for the ultimate optial frequeny standardbut either is probably the most fully haraterised of its type. The briefsurvey whih follows is on�ned to those atom and ion speies urrently be-ing pursued as laser-ooled standards, negleting some interesting systemswhih are at present only being studied in thermal beam experiments, ofwhih the most notable is atomi hydrogen [66℄.7.1. Cold atom optial frequeny standardsAn optial fountain frequeny standard using laser-ooled neutral atomswas proposed even before the demonstration of the aesium mirowave foun-tain [67, 68℄. Most of the standards whih are being developed make useof Ramsey interferometry on a narrow-linewidth optial transition suh asthe 1S0�3P1 interombination line in the alkaline earth elements, magne-sium, alium, and strontium (Fig. 6(a)). Calium is the most fully devel-oped of these systems as a frequeny standard, with MOT-based deviesat PTB [69℄ and NIST [70℄. These devies build on earlier work usingRamsey interferometry on a alium thermal beam. Laser ooling of these
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clockFig. 6. Representative term diagrams for laser-ooled optial frequeny standardsusing (a) alkali earth atoms e.g. 40Ca or (b) alkali metal-like ions e.g. 88Sr+.elements an be ahieved on the 1S0�1P1 resonane transition; although thistransition is rather weaker and at shorter wavelength than the equivalent2S1=2�2P3=2 transition of the alkali metals rubidium and aesium, laser ool-ing and trapping in the MOT on�guration has been ahieved for all three ofthese elements. The most abundant isotope of alium, 40Ca, being an evenisotope with zero nulear spin, laks hyper�ne struture. This prevents thesub-Doppler ooling mehanisms used to obtain very low temperatures withthe alkali metals from working. The Doppler-limited width of transitions inatoms in the MOT remains muh greater than the 400 Hz natural linewidthof the 657 nm interombination line. Ramsey fringes in the �uoreseneintensity of spontaneous emission from the 3P1 state are obtained throughDoppler-free exitation in a Ramsey�Bordé atom interferometer [71℄. A laser



Ultraold Atoms for Ultrastable Frequeny Standards 2193at 657 nm is pre-stabilised by loking to a stable high-�nesse Fabry�Perotavity in order to ahieve a linewidth of the order of the natural linewidth[72℄. Ramsey fringe widths of 200 Hz have been obtained, but the signal-to-noise is poor. At a fringe width of around 1 kHz, a short term frationalfrequeny stability of 4�10�15��1=2 has been reported [73℄ with a projetedimprovement of a fator of 40 [70℄.The interombination line in strontium is rather broader than in alium,with 7 kHz natural linewidth. The larger transition rate makes seond-stageooling to the reoil limit on this transition more feasible [67℄. Strontiuman be trapped in a MOT using the 1S0�1P1 resonane transition at 461 nmand an be further sideband ooled on the 689 nm interombination tran-sition [74�76℄. This is the �rst step towards obtaining low enough atomtemperature to be able to exploit the longer interation time attainable us-ing the fountain geometry. Although the strontium interombination line isrelatively broad, this speies has two other narrow transitions whih may beandidates as optial frequeny standards, the 1S0�1D2 two-photon transi-tion at 993 nm, with 500 Hz linewidth, and the very weak 1S0�1P2 magnetiquadrupole (M2) transition at 671 nm, whih has a linewidth of about1 mHz. Strontium also has an odd isotope, 87Sr, whih ould be ooled tothe reoil limit on the resonane transition. A two-photon transition with0.6 Hz linewidth at 661 nm in 109Ag has also been identi�ed as a possiblestandard and work towards a silver fountain is in progress [77�78℄.Potential limitations to the auray obtainable with optial frequenystandards using the Ramsey�Bordé tehnique inlude the stringent limitplaed on shifts of the optial phase between the Ramsey interations in theinterferometer and also the old ollisional shift [69℄. The AC Stark shift isalso problemati, espeially for two-photon transitions.7.2. Trapped ion optial frequeny standardsA single ion, stored in an eletrodynami trap, an be laser ooled tothe Lamb�Dike regime, in whih the �rst-order Doppler shift due to theion's motion is eliminated. The detetion of a weak transition is failitatedby the use of the quantum jump tehnique. (For a review of ion trappingtehniques, see [79℄.) It has been speulated that a trapped ion optial fre-queny standard ould yield a reproduibility of 1 part in 1018 [80℄. Eletriquadrupole (E2) transitions, with linewidths of about 1 Hz, are usually usedas the spetral referene. A number of di�erent ion speies are being investi-gated to assess their suitability as standards. Ions with alkali-like eletronistruture (�gure 6(b)), whih inlude Ca+, Sr+, Ba+, Yb+, and Hg+, have astrong 2S1=2�2P1=2 transition whih permits high resonant sattering rates,making them well suited for laser ooling, although in general the eletri



2194 K. Szymanie et al.dipole (E1) branhing deay of the 2P1=2 level to the lower-lying 2D3=2 levelresults in the need for an additional repumping laser to maintain the oolingyle. The referene transition most ommonly addressed is the quadrupole2S1=2�2D5=2 transition. An odd isotope, with mF = 0 �mF = 0 Zeemanomponents, is preferable; in partiular, 199Hg+ and 171Yb+ have nulearspin 1=2 and therefore omparatively simple hyper�ne struture.The strontium ion is partiularly attrative as a pratial optial fre-queny standard [81, 82℄ as all the wavelengths required an be obtainedusing ompat diode laser systems. The ooling and repumping transitionsare at 422 and 1092 nm whilst the 5s2S1=2�4d2D5=2 referene transition isat 674 nm. At NPL, three similar traps have been ompared, providing the�rst tests of the reproduibility and stability of ion-trap optial frequenystandards [83℄. As a frequeny standard, 88Sr+ su�ers from the disadvantageof being an even isotope and hene subjet to �rst order Zeeman shifts. Thetrapping of 87Sr+, whih has nulear spin 9=2 and hene a rather omplexhyper�ne struture, is also being studied at NPL [84℄.The ytterbium ion is the most versatile of the various ion speies un-der onsideration, having referene transitions in the visible, infrared, andmirowave regions of the spetrum. Reent work has used the odd isotope171Yb+. This ion has three andidate transitions in the optial spetrum.The 411 nm 2S1=2�2D5=2 transition was originally proposed by Werth [85℄and has been investigated as an optial frequeny standard at NPL [86℄. Astandard based on the 435 nm 2S1=2�2D3=2 transition has been onstrutedat PTB [87℄. At NPL reent work has onentrated on the 467 nm 2S1=2�2F7=2 eletri otupole (E3) transition whih is the narrowest known res-onane in the optial spetrum, with Q � 1024, the 2F7=2 level having aradiative lifetime of ten years [88, 89℄.Merury ions have been extensively studied by the NIST group [70℄. Ifthe full potential of optial standards is to be realized, lasers with linewidthless than the natural linewidth of the referene transition are required. TheNIST group has stabilized the output of a dye laser at 563 nm to obtain0.6 Hz linewidth [90℄. This radiation is frequeny doubled to 282 nm, thewavelength of the 2S1=2�2D5=2 transition in 199Hg+. An interation timelimited linewidth of 6.7 Hz has been observed on this transition [91℄.In addition to alkali-like ions, forbidden transitions in ions of group III Aelements also have potential as optial frequeny standards [92℄, with single,laser ooled indium ions being trapped by groups at the University of Wash-ington [93℄ and at Garhing [94℄. In+ has a similar eletroni struture tothe alkaline earth atoms suh as alium. The proposed referene transitionis not the interombination line but the strongly forbidden 1S0�3P0 tran-sition, whih, in isotopes with non-zero nulear spin, has a small E1 deay



Ultraold Atoms for Ultrastable Frequeny Standards 2195rate due to hyper�ne mixing with states having eletron angular momentumJ = 1. Beause both levels have J = 0, and hene no eletroni quadrupolemoment, the transition is free of the quadrupole shift arising from ouplingto the trapping eletri �eld gradient, whih is one of the limiting systematie�ets for alkali-like ions. Beause the 1S0�1P1 transition is in the VUV at159 nm, ooling has to be performed on the 231 nm interombination line,whilst the 1.1 Hz natural linewidth referene transition is at 236 nm.7.3. Femtoseond optial frequeny ombUntil the beginning of the present entury, the preision interompari-son of optial and mirowave frequeny standards ould only be ahievedby means of a harmoni frequeny hain. This onsists of a number ofosillators at progressively higher frequenies (mirowave Gunn osillatorsand klystrons, far-infra-red alohol lasers, CO2 lasers, et.) phase-lokedthrough eletroni beat frequenies obtained in fragile harmoni-mixing de-vies (metal-insulator-metal diodes, Shottky diodes). The omplexity ofthese hains has limited their onstrution to a handful of laboratoriesaround the world. The multipliation of the mirowave frequeny to veryhigh harmoni introdues soures of noise whih limit the preision whihan be ahieved. The most preise measurement of a laser-ooled optialfrequeny standard whih has been made using a harmoni frequeny hainis that of the 40Ca standard at PTB, with a relative unertainty of 1�10�12[95℄.This situation has been revolutionised by the advent of optial frequenyombs based on mode-loked femtoseond lasers. The onept that, in thefrequeny domain, the train of pulses from a mode-loked laser orrespondsto a grid or �omb� of disrete laser frequenies, uniformly spaed by therepetition rate of the laser pulses, is a quarter of a entury old [96℄. How-ever, it is only within the last few years that three developments have ometogether to produe a metrologial tool of unpreedented utility. The �rstis mode-loking of solid state lasers suh as Ti:sapphire by the Kerr e�etin the laser rystal [97℄. Allied to this is the development of all-solid-statefrequeny-doubled Nd:YAG and Nd:YVO pump lasers with low amplitudenoise. In the �rst optial frequeny measurement using a femtoseond laseromb, the bandwidth of the omb generated by a mode-loked Ti:sapphirelaser produing 75 fs pulses was about 20 THz [98℄; the �nal development isthe use of self-phase-modulation of the pulses in photoni rystal �bre [99℄or mirostruture �bre [100℄ to broaden the omb to over over 300 THz ormore than one otave in optial frequeny [101, 102℄. The omb frequeniesare uniformly spaed by the pulse repetition rate frequeny fR whih or-responds to the round-trip time of the pulse within the laser avity. This



2196 K. Szymanie et al.frequeny an be ompared or stabilised to a mirowave frequeny standardto high preision. However, the absolute frequenies of the omb modes arenot integer multiples of fR. For eah round trip within the laser avity,the di�erene between the phase and group veloities results in a phase dif-ferene �� aumulating between the phase of the optial arrier and thepulse envelope (�gure 7). In the omb due to the train of pulses emittedfrom the avity at fR, this phase di�erene gives rise to a frequeny o�-set f0 = �� fR=2�, ommonly alled the arrier envelope o�set frequeny.Using an otave-span omb, f0 an be diretly measured as the rf beat fre-queny between modes from the green region of the omb and the seondharmoni of modes from the infra-red region of the omb [101℄. The fre-queny � of laser stabilised to an optial referene is thus determined fromits rf beat frequeny � with an adjaent mode of the omb, the frequeniesfR and f0, and the mode number m:� = mfR � f0 �� ;wherem and the signs of the beat frequenies are determined experimentally,requiring that the optial frequeny � is known a priori to an auray of afew tens of MHz.
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Fig. 7. The pulse train from a mode-loked femtoseond laser represented in (a)the time domain and (b) the frequeny domain, illustrating the generation of afrequeny omb with modes at frequenies fm determined by the pulse repetitionrate fR and the arrier envelope o�set frequeny f0.



Ultraold Atoms for Ultrastable Frequeny Standards 2197Femtoseond ombs are now being used to ompare the frequenies ofmany of the optial frequeny standards desribed above with mirowavestandards. At NIST and PTB, the Hg+ [103℄ and Yb+ [104℄ ion traps andCa MOT standards [103, 105℄ have been ompared to aesium fountains.The ion trap omparisons have been made with a frational frequeny un-ertainty of 1 � 10�14. At NPL, femtoseond omb measurements of the Sr+and Yb+ ion traps are underway [106℄. Alongside these measurements, theunertainty and instability introdued into the optial-to-mirowave om-parisons by the omb is being investigated. Comparison of two omb-basedfrequeny hains has shown a frational auray of 5 � 10�16 [102℄ and afrational instability of � 6.3 � 10�16 [107℄. These measurements provideon�dene that the femtoseond omb will not be a limitation to the oper-ation of a old atom or ion frequeny standard as an optial lok, i:e:asa frequeny standard produing an mirowave output whih an input tothe generation of a timesale. Suh operation has been demonstrated atNIST using Hg+ [108℄, by stabilising the omb to the optial, rather thanthe mirowave standard. 8. ConlusionsThe appliation of old atom tehniques to aesium primary frequenystandards has enabled the fountain geometry to be implemented, nearly fourdeades after it was �rst proposed. The use of atoms with thermal veloitiesof 1 m/s or less, together with the atom path reversal that is intrinsi to thefountain geometry, leads to large redutions in several systemati frequenyshifts. These advanes have, in the ourse of about a deade, produedan order of magnitude improvement in the realisation of the SI seond,ompared to thermal beam aesium standards. The limiting frequeny shiftin the aesium fountain is that due to spin exhange ollisions between oldatoms.The appliation of novel ooling tehniques may lead, in the next deade,to a further improvement in auray and stability in mirowave atom foun-tains, towards 1 � 10�16. However, the femtoseond omb now provides anaurate means for linking optial and mirowave frequenies. Advanes inthe auray and stability of measurements on optial frequeny standardsusing forbidden transitions in laser-ooled neutral atoms and trapped ionsan now be readily veri�ed by omparison both with eah other and withthe aesium fountain. Hene, it is likely that there will be a number ofhighly stable optial standards reated, having better reproduibility thanmirowave fountains. Frequeny ratios between some of these will be knownto greater auray than the realisation of the SI seond.
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