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In recent years, the application of laser cooling has led to significant
advances in atomic frequency standards. In particular, the caesium foun-
tain has advanced the accuracy of the realisation of the SI second by about
an order of magnitude, to 1 in 10'5. It is anticipated that optical fre-
quency standards, either single trapped ions or cold neutral atoms, will
provide advances in frequency stability. Highly stable optical frequencies
will be translated to microwave frequencies by a revolutionary new tech-
nique. This paper gives a brief review of current techniques in frequency
metrology. The atomic physics processes underlying the progress, as well
as those responsible for the limitations to the performance of these new
standards, are discussed.

PACS numbers: 06.20.Fn, 32.80.Pj

1. Introduction

Laser cooling and trapping of atoms and ions has been one of the most
dynamic areas of research in physics in recent years. This has been recog-
nised by the award of the Nobel Prize for Physics, in this field, in 1989,
1997 and in 2001. The achievement of Bose—FEinstein condensation is the
most noteworthy recent result of this activity. Tools for manipulating cold
atoms, developed over this period, are now used routinely in many laborato-
ries for a variety of studies of fundamental processes in atomic physics. The
most significant application remains in metrology, where cold atoms have
enabled an order-of-magnitude improvement in the accuracy and stability
of the caesium primary standard of time and frequency.

There have been several reviews of research achievements in the area of
frequency standards in recent years [1-3|. It is beyond the scope of this
paper to cover the enormous range of work in this field. The brief review,
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given here, pays particular attention to cold atom microwave standards, to
advances in laser cooling of neutral atoms and to the latest achievements
in metrology at optical frequencies. The paper provides an overview of the
ways in which advances in laser cooling have spawned related advances in
frequency metrology.

Section 2 recalls the operation of the thermal beam caesium standard
and identifies the principal limitations to its accuracy and stability. Sec-
tion 3 discusses the ways in which the instability and the systematic shifts
are reduced in the laser-cooled caesium standard (the caesium fountain).
Section 4 discusses the remaining, dominant, systematic shift due to col-
lisions between the cold atoms and explains how improvements might be
obtained by the use of still colder atoms. Some methods for cooling further
are explained in Section 5 and the ultimate limit to the stability of a cae-
sium standard is examined in Section 6. In Section 7 the promise of optical
frequency standards, to provide orders of magnitude advances in accuracy
and stability, is discussed. A brief review is presented of the research effort
into the development of frequency standards based on optical transitions in
laser-cooled atoms and ions, being carried out by national standards lab-
oratories such as NPL. The difficulty of performing comparisons between
optical and microwave with the necessary level of precision is introduced as
the major impediment to the use of optical frequency standards. The recent
development of optical frequency combs based on mode-locked femtosecond
lasers is a significant advance, linking optical and microwave.

2. Thermal beam atomic frequency standards

Modern day atomic clocks have their roots in the molecular beam res-
onance experiment devised by Rabi in 1930s [4]. A flux of atoms exits an
oven and passes the state-selection A-magnet, where an inhomogeneous mag-
netic field separates atoms with different magnetic moments (Fig. 1). The
atoms pass through an oscillating radio-frequency (rf) magnetic field in a
region of uniform static magnetic field (the C-region). The atoms then pass
through a further state-selecting B-magnet and on to a detector, arranged
to be sensitive to a sub-set of atom trajectories. The trajectory depends
on the magnetic moment of the atom as it passes the A and B magnets.
The frequency of the rf field is adjusted so as to cause a change of magnetic
moment, as evidenced by a change in the flux reaching the detector.

The idea of the apparatus forming a frequency standard is also attributed
to Rabi [5]. An rf Local Oscillator (LO) is stabilized by means of frequency
modulation to a narrow atomic or molecular resonance in the GHz range.
The precision in determining the resonant frequency in this apparatus is
limited by the interaction time between the atoms and the rf field (transit
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time through the cavity). This time is constrained by the need to use a res-
onant cavity of dimension on the order of the wavelength of the rf radiation
(~ 3 c¢m) and by the thermal velocities of the atomic beam. For a caesium
beam leaving an oven at 360 K, the most probable velocity is 290 m /s, yield-
ing an interaction time of about 100 us, hence a resonance width of 10 kHz.
In longer cavities, the rf field contains a travelling wave component to an
increasing extent. This causes a first order Doppler shift in the resonance.
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Fig.1. Generic scheme of a caesium beam frequency standard with the Ramsey-
type interrogation. The U-shaped Ramsey cavity is driven from an oscillator,
which is servoed so as to maintain the flux on the detector. Insert: Ramsey fringes
typically observed in a thermal beam standard.

In order to overcome these dimensional constraints, the separated oscil-
latory fields method was introduced by Ramsey [6]. A microwave cavity,
in the shape of a “U”, is fed from the centre (Fig. 1). The rf interaction
occurs at two places between the state selection magnets. The spacing of
these interactions is no longer limited by the rf wavelength and can be up
to several metres, enabling the linewidth to be reduced by some two orders.
An rf field with amplitude corresponding to a 7/2 pulse prepares the atoms
in a coherent superposition of two states during the first passage through
the cavity and then probes the evolution of the atomic coherence during the
second passage. The fringes are the result of interference between the freely
evolving atomic coherence and the oscillating field. The observed line shape
(the well known Ramsey fringes) is the Fourier transform of the temporal
shape of the two-pulsed interaction. The frequency of the central fringe is
the output of the measurement (see insert in Fig. 1).
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Work towards a laboratory frequency standard based on a molecular
atomic beam began in the National Bureau of Standards (the present-day
NIST) in the USA in the 1950s [7]. The first caesium beam apparatus to
be operated on a regular basis was constructed by Essen and Parry at the
National Physical Laboratory (NPL) in Great Britain [8]. Their work, in
conjunction with the United States Naval Observatory (USNO) [9], measur-
ing the caesium transition with respect to the Ephemeris second, led the
International Conference on Weights and Measures (CIPM) to redefine the
second from an astronomical definition to a quantum based standard: since
1967 the second has been defined as the duration of 9 192 631 770 periods
of the radiation corresponding to the transition between the two hyperfine
levels of the ground state of the caesium-133 atom. Caesium beam frequency
standards have been constructed in many laboratories perhaps the most no-
table being a series of standards operated continuously over a period of years
at Physikalisch-Technische Bundesanstalt (PTB) in Germany [10].

A primary frequency standard is an apparatus constructed to realise the
ST second. The accuracy of a primary standard is the extent by which the
value obtained from the measurement may deviate from the true value (the
second or hertz in this case), with a particular level of confidence. In order
to establish the accuracy, it is necessary to quantify (by measurement or
calculation) all the possible systematic effects that may shift the measured
frequency together with the uncertainties in these. The ability to quantify
the frequency shifts distinguishes a primary standard from other, usually
commercially produced, caesium beam devices.

The random uncertainty, or stability, of the primary frequency standard
also contributes to the total uncertainty of the realisation. The stability is
usually quantified by means of the Allan deviation [11]. For caesium beam
devices dominated by white noise the Allan deviation, o,(7), decreases with
the inverse square root of the measurement time, 7:

wo-le@'Q)

where the line @ factor is defined as @ = v/dv; dv being the width of the
central Ramsey fringe, v the resonance frequency and S/N the signal to
noise ratio.

Many of the systematic shifts are quantified by perturbing the relevant
operating parameter and measuring the change in frequency against a stable
reference. Thus the accurate estimation of systematic uncertainties requires
that the stability is adequate for manageable averaging times. It is neces-
sary to operate primary frequency standards only long enough to make a
measurement and establish an uncertainty budget. Other devices, such as
hydrogen masers, are often better suited to continuous operation as clocks.
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Having corrected the measured value for the systematic shifts, the systematic
and random uncertainties (stability) can be combined to give the standard’s
accuracy with a given confidence.

Having been developed over some 50 years, caesium beam primary stan-
dards are now quite mature. Many sources of systematic frequency shifts
have been identified. Several of these can be reduced such that their con-
tribution to the uncertainty is insignificant to the extent that a correction
need not be applied. We will now highlight the shifts that substantially
contribute to the uncertainty budget.

2.1. Quadratic Zeeman

The linear Zeeman effect is eliminated by the use of atoms in the mp =0
Zeeman sublevel. However, the C-field applied to lift the degeneracy of the
magnetic sublevels causes a second-order Zeeman shift of the mp = 0 atoms.
Transitions between magnetically sensitive sublevels (mg # 0) can be used
to determine the magnitude of the C-field. The second order shift can then
be calculated.

2.2. Quadratic Doppler

The quadratic Doppler shift is due to the velocity of the atoms relative
to the reference frame in which the rf field is generated. For beam devices,
with beam velocities of 100 m/s to 250 m/s, the relative shift is —5 x 10714
to —3 x 1073, The shift is calculated from an estimate of the velocity
distribution of the atoms in the beam, together with the variation of the
transition probability with the microwave interaction time.

2.8. Cavity phase

The Cavity phase shift occurs because the phase of the radiation in the
two arms of a Ramsey cavity cannot be exactly equal, due to manufacturing
tolerances in the lengths and losses in the waveguide. The result is a phase
difference between the centre of the apertures in the two cavities. This gives
a frequency shift,

O — Dy
2T

where @1 and @, are the phases at the two apertures and T the time of
flight between the arms. Primary standards are constructed with a caesium
source at each end, to permit reversal of the beam direction. The cavity
phase shift is identified as one half of the resulting frequency change, by
assuming that the shift is symmetric. However the phase also varies across

Av
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the cavity aperture (distributed phase shift) so that Av varies with atom
trajectory. Thus the effectiveness of the beam reversal is dependant on the
geometric accuracy of the process.

2.4. Detuning of the p-wave cavity

The rf oscillator is servoed, on average, to the line centre, v, by frequency
modulation (deviation Av,,) and synchronous detection of the error signal.
Typically, the frequency is square-wave modulated to the 50% transition
probabilities found on the two sides of the central Ramsey fringe. The
Ramsey cavity is resonant at a frequency near, but not equal to v5. Thus,
for a given rf power applied to the cavity, the field amplitude will differ
at vy — Avyycompared withyy + Avyy,. It follows that the 50% transition
probabilities are not found for equal detuning from the true line centre, and
that vq is shifted to an extent depending on the cavity resonance detuning
and @Q-factors of both the cavity and atomic transition.

2.5. Asymmetry of Zeeman population

The flux of atoms reaching the detector in the m; = 0 sublevel will be
overlapped by the edges of the beam of atoms in the m; = 41 Zeeman
sublevelsA to an extent depending on the applied C field. The flux of these
atoms in my = +1 and m; = —1 will differ as they have different effective
magnetic moments in the state selecting fields. Thus the servo maximising
the beam flux will be skewed to an extent depending on the asymmetry and
give a frequency shift.

2.6. AC Stark (thermal radiation)

The blackbody radiation gives rise to an AC Stark shift and can be esti-
mated from the measured DC Stark shift and the mean square value of the
AC field. The limitation to the corresponding uncertainty is in estimating
the mean square value of the AC field due to uncertainty in the temperature
of the vacuum vessel and the emissivities of the materials. The frequency
is shifted by approximately 2 x 107'6 for a temperature change of 1 K at
298 K [12].

2.7. AC Stark (fluorescence)

An AC Stark shift is present in some thermal beam frequency standards,
in which the state preparation is done by optical pumping instead of mag-
netic selection as in the original apparatus of Rabi and Ramsey. This method
offers the advantage of a higher flux of atoms contributing the signal, and
hence better stability. Also, in the absence of the strong selecting magnets,
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the design of the magnetic shields, necessary to assure the uniformity of the
C-filed, is simplified. However, the AC Stark shift due to fluorescence from
the atomic beam at the preparation and detection positions is a difficulty
[13, 14].

3. Cold atomic fountains

The major factor limiting the accuracy of thermal beam frequency stan-
dards is the cavity phase difference. This can be completely removed in a
fountain where atoms, launched vertically, are turned back by gravity and
hence can be made to pass twice through a single microwave cavity. The
original idea of a fountain, using slow atoms from the low velocity tail of the
Maxwell-Boltzmann distribution, came from Zacharias in the 1950s. The
experiment was unsuccessful because there are very few slow atoms in the
thermal beam, compared to the Maxwell-Boltzmann distribution, due to
collisions with faster atoms. Only in the 1990s, with the development of
laser cooling and trapping of neutral atoms [15], has it been possible to im-
plement the fountain configuration successfully for precision spectroscopy
and atomic frequency standards. The use of slow atoms has substantially re-
duced several other systematic frequency shifts. Slow atoms also allow longer
interaction times, giving a line-Q factor of 10'% and improved stability.

The first cold atomic fountain was demonstrated by Chu and co-workers
in 1989 [16]. A cloud of 5 x 107 sodium atoms was collected and cooled
in a magneto-optical trap (MOT) and then pushed upwards by a radiation
pressure pulse. At their apogee the atoms were exposed to two microwave
pulses constituting a Ramsey-type interrogation. The 2 Hz width of the
observed fringes demonstrated the potential of spectroscopic methods using
laser cooled atoms. However, a significant drawback of this pioneering ex-
periment was the launching technique. A simple radiation pressure pulse,
due to the random character of the photon scattering process, causes ad-
ditional heating and thermal expansion of the atomic cloud, resulting in a
reduced number of detected atoms and, consequently, a poor signal-to-noise
ratio. Experiments in Paris and in Stanford [17, 18] introduced the so-called
moving molasses, which provides a much more efficient launching mecha-
nism. The optical molasses is created by three mutually orthogonal pairs
of counter-propagating laser beams which damp the atomic motion. If one
pair of beams is directed vertically, it is possible to create a frame moving
with velocity vg = AAf by shifting the frequency of the down-going beam by
—Af and that of the up-going by +Af. The atoms are swiftly accelerated
and then cooled. The cooling light is switched off, before the atoms move
out of the intersection region of the beams, leaving them to continue their
free flight under gravity with the initial velocity wvy.
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The Paris experiment used caesium atoms and has formed the basis
for all the fountain clock experiments being developed in various metrology
laboratories worldwide [19-26]. A typical fountain apparatus, as shown in
figure 2, consists of three parts: (i) the magneto-optical trap (MOT) or mo-
lasses region, (74) the free flight and microwave interaction tube and (i11) the
detection region. The MOT is loaded from a caesium vapour at a pressure
of 1078 mbar. The pressure in region (9) and (%) is kept below 10~% mbar
to minimise collisions of cold atoms with the background gas. The MOT is
used solely as an efficient source of cold atoms. The atoms in the MOT are
strongly perturbed by light, static magnetic field and collisions and therefore
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Fig. 2. Schematic diagram of the laser cooled caesium fountain at NPL. The regions
(i)-(ii1) as well as the operation cycle are described in the text.
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cannot be used for precision spectroscopy. The number of atoms returning
back to the detection region has to be maximised in order to achieve a sat-
isfactory S/N ratio. Efficient loading of the MOT is required, together with
cooling the launched atoms to a low temperature. However, the two aims
are achieved for two different sets of parameters in laser intensity, detuning
and magnetic field. Thus, if the parameters are to be optimised, it is only
feasible for the fountain to operate in a sequential, or pulsed mode. A typical
sequence consists of loading the trap, launching, cooling in the moving mo-
lasses, free flight through the Ramsey interaction zone, and detection. The
sequential operation has the further advantage of reducing the AC Stark
shift due to fluorescence from the trap or the background Cs vapour. Hav-
ing passed through the microwave cavity for the second time, the atoms are
detected by means of laser-induced fluorescence.

Ramsey fringes obtained with the NPL fountain are shown in figure
3a. The central fringe (Fig. 3(b)) has a full width at half maximum (Av) of
1.0 Hz in the case of atoms reaching 30 cm above the centre of the microwave
cavity. It is impractical to build a higher fountain in order to achieve sig-
nificantly narrower fringes, as the fringe width is inversely proportional to
the square root of the fountain height. High stability, or low statistical un-
certainty in determining the centre of the fringe, can be achieved by high
S/N or long averaging times. As in thermal beam frequency standards,
the fountain standard locks the LO that drives the microwave cavity to the
central Ramsey fringe. Every fountain cycle the LO frequency is toggled to
ves — Av /2 or veg+ Av /2, where the fountain signal is most sensitive to LO
frequency changes. The fountain signal is measured then vcg is calculated
and used to steer the LO.

The fractional frequency stability of the first LPTF fountain in Paris,
calculated from the S/N ratio, was 3 x 1072 in 1s, which was comparable
to the best thermal beam standards at that time. In the 1990s many im-
provements to fountain technology have been introduced aiming to achieve
better stability and accuracy [27].

The major limitation of the S/N and hence the stability of the early
fountains was the fluctuations, usually 2-5%, of the total number of cae-
sium atoms detected, Ny;. A double detection scheme was devised to address
the problem. The atoms fall through two sets of retro-reflected laser beams,
tuned closely to the cycling transition normally used for cooling. While pass-
ing across the detection beam, caesium atoms in the F' = 4 sublevel of the
ground state each scatter around 10* photons, which are typically collected
with 1% efficiency. The retro-reflected beam of the upper set is blocked in its
lower part. This removes the detected F' = 4 atoms by radiation pressure.
The lower detection beam is combined with a repumping beam, allowing the
atoms in F' = 3 (lower sublevel) to be detected in the same way as were the
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Fig.3. (a) — Ramsey fringes observed in the NPL fountain. Large number of
visible fringes is a consequence of the narrow velocity distribution of the laser
cooled atoms. (b) — Central fringe (FWHM = 1 Hz) used to stabilise the local
oscillator.

F = 4 atoms in the upper beam. The detection signal acquired can thus be
normalized to N,y. Further improvements have been made by using lower
noise detectors and amplifiers to measure the fluorescence, further narrow-
ing of the linewidth of the detection laser, and stabilising its intensity. In
some designs, higher collection efficiency (up to 20-30%) has been achieved
by increasing the effective solid angle of the detection [21]. Such improved
fountains have reached S/N levels of several 102 up to 103.

The technical noise of the detection having been significantly reduced,
other more subtle effects become significant, such as the noise of the LO and
the quantum projection noise. There is a significant effect on the stability
due to the sequential operation. For that proportion of the operating cy-
cle during which there is no atomic coherence (the dead time), there is no
information about the behaviour of the LO. The LO acts as a “fly-wheel”
oscillator during this dead time. As a consequence, any phase slips of the
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LO occurring during the dead time which are synchronized with the fountain
cycle time, T, cannot be corrected for. In other words, Fourier components
of the LO phase noise close to integral multiples of 1/7T, are down-converted
to the narrow bandwidth of the LO noise (1/7) achieved after long averaging
times (7 > T¢) [28]. State-of-the-art quartz oscillators, commonly used as
LO in fountain experiments, limit the stability to 1-2 x 10~ 137=1/2,

An improved stability, 4 x 10~"771/2 has been achieved by using a
cryogenically cooled sapphire oscillator as the LO [29]. Utilising the spectral
purity of the sapphire oscillator, it was possible to demonstrate the funda-
mental limit of the atomic fountain stability, that of Quantum Projection
Noise (QPN). During the first Ramsey interaction the atoms are prepared in
a coherent superposition of the two sublevels of the ground state (F = 3 and
F = 4). During the second Ramsey interaction this superposition is projected
onto one or the other sublevel. The noise of detecting e.g. F' = 3 atoms
can be calculated by Poisson statistics as, op—3 = \/Nat p (1 — p) where p is
the probability of detecting the atom in a given state. Quantum projection
noise cannot be removed by the normalization procedure described above.
As the fountain normally operates at frequencies detuned from the centre
of the atomic resonance by half a fringe width, where p = 1/2, the QPN is
at a maximum. For the case of 10° atoms detected every cycle in the ex-
periment of Ref. [29] the QPN dominated and limited the fountain stability
to 6 x 107771/2. The QPN can be reduced by increasing the number of
detected atoms. However, the increased rate of collision between the cold
atoms at the higher atom density will then limit the fountain’s accuracy.

TABLE 1

Major systematic effects with typical relative uncertainties (parts in 10'®) for
caesium fountain and thermal beam standard. (Compiled from data presented
in Ref. [3].)

Effect beam standard fountain
Quadratic Zeeman 1 0.1
Quadratic Doppler 1-3 0.1
Cavity phase difference 4-10 0.2-0.5
Detuning of the u-wave cavity 0.3-1 0.1
Asymmetry of Zeeman populations 0.2-2 0.1-0.5
AC Stark (thermal radiation) 1 0.3
AC Stark (fluorescence) 0-1 0.1
Spin-exchanging collisions — 0.5-14
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In Table I, the major systematic effects and their uncertainties for cae-
sium fountains and thermal beam standards are compared. The inherent
advantage of the use of atoms with small thermal velocities (1-2 cm/s) in
the fountain is the reduction of the uncertainty contribution from most fre-
quency shifting effects, the second order Doppler shift (time dilation) being
the most obvious. The Ramsey method, although developed for the ther-
mal beam device, introduces smaller uncertainties in the fountain, where the
atoms pass twice through a single microwave cavity and hence the problem
of the phase difference between the two arms of the Ramsey cavity is absent.
There remains a distributed phase shift (first order Doppler shift) across the
aperture of the single cavity, but it is smaller for slow atoms. The uncer-
tainty contributions from cavity detuning and the population asymmetry of
the Zeeman sublevels are negligible, as a result of the narrower atomic res-
onances. Further, the narrower resonances allow a much smaller magnetic
field to be used, than is the case for beam standards, in order to resolve the
Zeeman structure. Thus the quadratic Zeeman shift and its uncertainty is
reduced.

The AC Stark effect due to thermal radiation, is not smaller in the foun-
tain, but recent experiments done both in a fountain and in a thermal beam
device have provided new data, allowing a better estimate of the uncertainty
of the effect [30, 31].

The dominant source of systematic uncertainty in caesium fountains is
a frequency shift caused by spin-exchanging collisions, usually neglected in
the uncertainty budget for thermal beam standards.

4. Cold collisions

The last two decades have witnessed several elegant experiments in which
investigations of single channels of collisional reaction were performed and
the possibilities of the manipulation of the process with laser light were
explored [32]. The dominant channel giving rise to a collisional frequency
shift in the atomic fountain is the process in which two atoms approaching
each other exchange their electrons or spins.

Cold collisions (i.e. between atoms with a temperature in the micro-
Kelvin range) have several unique properties. The temperature, and thus
the momentum, of the atoms is small so the de Broglie wavelength can be
as high as hundreds of nanometres. Thus the “size” of the cold atom is
comparable with, or even larger than, the range of interatomic potential.
The collisions are dominated by low angular momentum processes. Because
of the small kinetic energy of the colliding atoms only the first few partial
waves (s, p and d) contribute significantly to the cross section, which can
be seen in photoassociation spectra [33]. As the atoms become cooler the
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collision energy approaches zero but the collision rate for the dominating
s-wave inelastic process remains finite and reaches a constant, independent
of the temperature of the atoms. This behaviour is known as the Wigner
threshold law or 1/v rule [34].

The key quantity, which describes the effect of collision on the fountain
performance, is the phase shift. This shift is proportional to the atomic den-
sity and the rate of the collisions. The first calculations of the cross section
for the spin exchange process were performed in the context of the hydrogen
maser [35]. In particular, the group from Eindhoven has shown that the
influence of hyperfine structure on the collisional shift becomes significant
for temperatures below 1 K. The first estimates [36] for the caesium fountain
gave a relative shift of the order 10722 n/cm 3, where n is the atomic den-
sity in units of cm 3. The calculated rate of the process (momentum equal
to zero and s-wave scattering) increased as the temperature of the atoms
was reduced but, in the range of 1079 K, it reached the limit.

In an experiment performed by Gibble and Chu the relative shift of
—1.4 x 1072 n/em 3 was measured for a density of 10° cm ™3 at 3 uK [37].
This was confirmed by a more accurate measurement at smaller densities,
performed by the group at LPTF [38]. According to calculation, the value
obtained in these experiments is nearly equal to the predicted threshold for
T — 0 [36].

The accuracy of the calculations of the collisional cross-section and sub-
sequently the collisional shift is limited by the knowledge of the details of
the interaction potential between two colliding atoms. Recently a series of
high-resolution Feshbach resonance spectra for caesium were obtained [39].
These results were used to recalculate the frequency shift and its depen-
dence on collisional energy (i.e. temperature) [40]. The calculations showed
completely different behaviour of the shift as the temperature is reduced.
Figure 4 shows both calculated and measured values of the clock shift. The
shift has a broad minimum around 400 nK and it crosses zero around 100 nK.
It approaches the flat Wigner regime for temperatures less than 0.1 nK (not
shown in the figure). The measurements so far have not reached the region
where the significant variations of the shift are predicted to occur.

Thus a further experimental effort to cool the atoms below 1 uK is
highly desirable in order to verify the theoretical predictions. An issue to be
considered, is the optimum range of the temperatures at which the fountain
should operate, either close to flat parts of the curve from figure 4, or around
the 100 nK region, where the shift is small, but more sensitive to temperature
variations.
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Fig.4. Calculated frequency shift due to collisions between caesium atoms in F' = 3
and F = 4. Curves “(3,0) + (4,m)” and “(3,m) + (4,0)” assume that all Zeeman
sublevels are initially evenly populated. Curve “(3,0) + (4,0)-Therm” includes
average over Maxwell-Boltzman distribution of atomic velocities in the launched
cloud. From Ref. [40].

5. Further cooling

It follows from the previous section that cooling the atoms to lower tem-
peratures does not straightforwardly reduce the collisional frequency shift.
It is however desirable to reduce the temperature of the atomic cloud dur-
ing the launch: the smallest aperture of the system constraining the atomic
trajectories is a hole in the microwave cavity which has a diameter of 10 mm
or less, to restrict the distributed phase shift. For a thermally expanding
cloud of atoms at launch temperatures of 2-5 uK, only 5-10% of the atoms
can fall through this aperture to return to the detection region. This means
that 10-20 times more atoms contribute to the collisional shift than to the
fountain signal. This trade-off between stability and accuracy could be im-
proved for lower velocity spreads, as either fewer atoms (smaller frequency
shift) could be launched to maintain the S/N ratio, or for a given initial
number of atoms a higher S/N could be obtained. Several experiments aim-
ing to achieve temperatures lower than those in a standard molasses have
been performed.
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5.1. Grey molasses

The cooling mechanism in a conventional “bright” optical molasses relies
on the Sisyphus effect and uses lasers red detuned from a F' — F + 1 cycling
transition. The minimum temperature depends on the fluorescence rate and
photon multiple scattering. Tuning the laser to ¥ — F or FF — F — 1
transition results in some atomic states of the ground state manifold being
not coupled to the laser light [41]. By optical pumping, atoms with low
momentum (of the order of single photon recoil) accumulate into those states
where their fluorescence is reduced [42|. These states are not dark states,
as they are motionally coupled to the bright states, hence the name “grey
molasses”.

Experimentally, as the cooling requires blue detuning of the laser beams,
direct capture of the atoms from a vapour is not possible and the grey
molasses is applied after an initial phase of bright molasses. A temperature of
1.1 pK was measured after 1 ms cooling for atomic densities below 109 cm™3
[43]. The temperature was also found to increase linearly with the density
at a rate of 0.6 uK/(10'° atoms/cm=3).

5.2. Raman cooling

Raman cooling also relies on accumulation of atoms with low momenta
(even lower than photon-recoil) while those atoms with higher momenta
undergo cycles of optical pumping and Raman transfer. During an optical
pumping pulse atoms scatter photons in a random direction having a chance
to end up in an arbitrarily narrow class near zero momentum. Velocity
selective Raman pulses are used to “recycle” those atoms with momenta
falling outside the narrow class. Raman pulses of specially tailored form
were used to avoid excitation of the slowest atoms [44, 45]. An experiment
with Cs atoms in one dimension reached temperatures as low as 3 nK [45].
Cooling in two and three dimensions is also possible [46], but requires a
rather complicated and long sequence of optical pulses. In the fountain the
cooling has to be applied after the launch and completed within 2-3 ms
because of laser beam size limitations.

A simpler experiment where only two Raman pulses are used to select
atoms with the smallest velocities in the horizontal plane is more applicable
to the fountain [47, 48]. An atomic sample with ‘horizontal’ temperature
of 100 nK can be created in a fraction of a millisecond; the velocity spread
along the vertical is not relevant, as it does not reduce the number of detected
atoms. As this is not a cooling process and the majority of faster atoms are
removed, this loss would have to be compensated for by loading more atoms
into the MOT (e.g. from a beam).
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5.8. Adiabatic cooling

Adiabatic cooling can be performed if the atoms are initially held in
a periodic potential well, or optical lattice. The populations of the differ-
ent vibrational levels of the well are proportional to the Boltzmann factor
exp{—hw'/kT}, where h and k are the Planck and Boltzmann constants re-
spectively, w the vibrational frequency, and T the vibrational temperature.
With a gradual (adiabatic) reduction of the lattice potential, achieved by
reducing the intensity of lasers creating the lattice, the energies of the vi-
brational levels are lowered [49]. The adiabaticity condition is fulfilled if
the rate of change of the energy of the levels is slow compared to the fre-
quency of oscillation of an atom within a vibrational level. More precisely,
the Boltzmann factor remains constant with decreasing w only if T' decreases
as well. This uncomplicated experimental scheme is now routinely used in
caesium fountains, where the cooling beams provide a quasi-instantaneous
optical lattice. A linear reduction in intensity is applied for 1 ms leaving the
atoms at temperatures around 1 pK [50, 51].

5.4. Raman sideband cooling

The group in Stanford has recently developed a possible route for cooling
atoms to very low (sub-pK) temperatures [52|, which is attractive in the
context of testing the predicted dependence of the collisional frequency shift
on temperature in the sub pyK range. The cooling comprises two stages.
Atoms in an optical lattice are transferred to the lowest vibrational level by
Raman sideband cooling and then released from the lattice adiabatically, as
described above.

Atoms distributed among different vibrational levels of the potential
wells of the lattice are optically pumped to one Zeeman sublevel of the
ground state (F' =3, mp = 3 for caesium) (I in figure 5). A small magnetic
field (56 pT) brings three different vibrational states of three magnetic
sub-levels into degeneracy |F = 3, mp = 3,n), |F = 3,mp = 2, n — 1),
and |F =3, mp = 1,n — 2). Strong Raman coupling equalizes populations
of these states, effectively transferring the atoms from vibrational state n
(mp = 3) to states n — 1 (mp = 2) and n — 2 (mp = 1). Additional laser
beams optically pump the atoms back to the mp = 3 sublevel (II). This op-
tical pumping does not change the vibrational quantum number so, after one
cycle, atoms are moved to the |F' = 3, mp = 3,n—2) state (III). Subsequent
cooling cycles (IT-IIT) transfer the atoms to the lower vibrational levels until
the ground state is finally reached [53]. The Stanford group implemented a
degenerate scheme, where the laser beams creating the lattice potential also
provided the Raman coupling. To make matters simpler experimentally, the
MOT lasers can be used. In a caesium fountain this technique can either be
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Fig.5. Degenerate Raman sideband cooling. Atoms are transferred to the lowest
vibrational state by optical pumping and Raman coupling between vibrational
states for different Zeeman sublevels.

applied after the launch, where atoms are cooled in a co-moving lattice, or
it could be used to launch the atoms. The first approach seems to be more
effective: atoms moving at 5 m/s were cooled down to 150 nK [52].

6. Future prospects for microwave standards

Caesium fountains now have an accuracy of about 1 x 10715 and can reach
a stability better than 1 x 107'° in 10% seconds or less [54]. A small num-
ber of effects of similar size contribute most of the systematic uncertainty:
distributed cavity phase, other Zeeman sublevels, blackbody radiation, and
cold collisions. The last of these is the largest. In addition, a reduction in
the cold collisional shift can result in improved stability. There is potential
to improve fountain performance further both in systematic uncertainty and
stability.

6.1. Systematic shifts

Various techniques for lowering the temperature of the atoms have been
reviewed in Section 5. Schemes have also been developed to reduce the av-
erage density without using exotic cooling schemes, whilst maintaining the
average number of detected atoms. Various forms of “juggling”, where sev-
eral clouds of atoms are simultaneously in ballistic flight have been proposed.
Juggling schemes can be constructed where there is little interaction between
the atom clouds, which may be of individually lower density. The clouds
may be launched to different heights so as to avoid passage of one cloud
through another [55, 56] or multiple clouds to the same height [57]. The
latter has been demonstrated experimentally to perform studies of quantum
scattering of ultra-cold atoms. A related approach is that of a continuous
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cold beam, launched from a modified MOT [58]. Atoms are launched con-
tinuously on a parabolic path with a small horizontal velocity component,
by moving molasses and are cooled to about 5 uK. Stability comparable to
pulsed fountain devices has been demonstrated. All these departures from
the conventional fountain have in common that, to control AC Stark shifts,
carefully designed light baffles are necessary, to screen atoms undergoing the
Ramsey interaction from fluorescence due to the cooling lasers.

Recent measurements of the cold collisional shift in rubidium show that
it is 30 to 50 times smaller than in caesium [59, 60]. The reproducibility
and long-term stability of a rubidium fountain can thus be expected to be
better than in caesium. Furthermore, it has been shown that the collisional
shift in rubidium can be compensated for by means of the so-called cavity
pulling effect. The total field in the cavity is phase shifted by the microwave
radiation from the atoms themselves, giving rise to a density dependant
frequency shift. The cavity resonance parameters can be chosen such that
these two shifts cancel one another, so as to offer further improvement to
long-term stability [59].

Operating a fountain at lower temperatures can, in principle, reduce the
blackbody radiation effect. For example, at 273 K the shift in a blackbody
is 30% smaller when compared to 298 K. Cryogenic operation of a fountain
may reduce the uncertainty in the blackbody shift to parts in 10™'7 provided
a blackbody field can be approximated.

There are a number of approaches to reducing the distributed cavity
phase shift (first order Doppler effect). These include a reduction in the
velocity of the atoms as they pass through the microwave field, reduction
of the size of the travelling wave component, improved homogeneity of the
phase distribution across the aperture of the microwave cavity, and better
retracing of the atom path. The latter would be improved by the use of
much colder atoms. The use of higher ) cavities might be explored in order
to reduce the travelling wave component, but the ) is limited by the atom
density, and higher ) makes the effect of cavity pulling harder to control.

6.2. Stability

Given that the atom number has been set so as to reach the desired cold
collision uncertainty, the stability may be increased by a reduction in noise
or an increase in the (). It has been suggested that the quantum projection
noise could be reduced by the use of quantum correlated atoms [28]. Local
oscillators with stability at the 10 ~'4 level at 1 second are required, if a
future fountain is to reach its uncertainty limit at the 10716 level in no more
than 1 day of averaging. In addition to cryogenic sapphire a technique with
great promise is frequency synthesis by mixing the optical comb frequencies
of a mode-locked femtosecond laser described in Section 7 [61].
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A Ramsey fringe width substantially below a second is impractical in
the presence of gravity. However there are experiments in preparation to
exploit the microgravity environment of space. Interaction times of some 10
seconds are expected and some experiments are well advanced, with sched-
uled operation in 2005 [62]. The interaction time in microgravity is limited
by the expansion of the atom cloud leading to loss of S/N overtaking the
improvement to the ). It is planned to overcome this by launching multiple
atomic clouds in a manner similar to that described above.

6.3. Frequency transfer

Comparison of the frequency of fountains in standards laboratories can
be accomplished using satellite time transfer. Two-way satellite time and fre-
quency transfer has been demonstrated with uncertainties at about 10~1°[63].
Increased bandwidth and more data collection through continuous operation
has the potential to improve on this. A transportable caesium fountain has
been constructed and can be used at the 1071 level [64].

7. Optical frequency standards

In order to go beyond the level of frequency stability projected for the
best caesium or rubidium fountain microwave standards, optical frequency
standards based on forbidden transitions in laser-cooled atoms and ions are
being developed at a number of laboratories world-wide. The frequency of an
optical transition is of the order of 10° times greater than that of the ground
state hyperfine splitting in caesium or rubidium. Some of the atom or ion
species used for optical frequency standards have forbidden transitions with
a natural linewidth of 1 Hz or less, comparable to the width of the Ramsey
fringe in a microwave fountain. This increase in the @ of the transition
should in principle yield a similar increase in relative frequency stability.

The majority of laser-cooled optical frequency standards have been devel-
oped with the initial object of providing improved standards for realisation
of the SI metre. The SI metre is directly related to the SI second through the
assigned value for the speed of light in vacuum. However, because precision
length metrology is performed by optical interferometry and because of the
historical difficulty of directly comparing microwave and optical frequencies,
there has been a need for secondary frequency standards at optical frequen-
cies. This has been met through the development of lasers stabilised to
saturated absorption features in gases or vapours, such as molecular iodine.
In the visible region of the spectrum, the relative frequency reproducibil-
ity of these molecular standards is limited to a few parts in 10''. The mis
en pratique of the realisation of the metre [65] lists the optical frequency
standards which have been adopted by the CIPM, including laser-cooled
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standards based on %°Ca, and #Sr*. Neither of these species is necessarily
the most promising candidate for the ultimate optical frequency standard
but either is probably the most fully characterised of its type. The brief
survey which follows is confined to those atom and ion species currently be-
ing pursued as laser-cooled standards, neglecting some interesting systems
which are at present only being studied in thermal beam experiments, of
which the most notable is atomic hydrogen [66].

7.1. Cold atom optical frequency standards

An optical fountain frequency standard using laser-cooled neutral atoms
was proposed even before the demonstration of the caesium microwave foun-
tain [67, 68]. Most of the standards which are being developed make use
of Ramsey interferometry on a narrow-linewidth optical transition such as
the 'Sy—3P; intercombination line in the alkaline earth elements, magne-
sium, calcium, and strontium (Fig. 6(a)). Calcium is the most fully devel-
oped of these systems as a frequency standard, with MOT-based devices
at PTB [69] and NIST [70]. These devices build on earlier work using
Ramsey interferometry on a calcium thermal beam. Laser cooling of these

repumper
cooling lock cooling
clocl
3/2
clock

Fig.6. Representative term diagrams for laser-cooled optical frequency standards
using (a) alkali earth atoms e.g. “°Ca or (b) alkali metal-like ions e.g. 88Sr*.

elements can be achieved on the 'Sy—! P} resonance transition; although this
transition is rather weaker and at shorter wavelength than the equivalent
28, /272P3 /2 transition of the alkali metals rubidium and caesium, laser cool-
ing and trapping in the MOT configuration has been achieved for all three of
these elements. The most abundant isotope of calcium, 4°Ca, being an even
isotope with zero nuclear spin, lacks hyperfine structure. This prevents the
sub-Doppler cooling mechanisms used to obtain very low temperatures with
the alkali metals from working. The Doppler-limited width of transitions in
atoms in the MOT remains much greater than the 400 Hz natural linewidth
of the 657 nm intercombination line. Ramsey fringes in the fluorescence
intensity of spontaneous emission from the 3P; state are obtained through
Doppler-free excitation in a Ramsey—Bordé atom interferometer [71]|. A laser
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at 657 nm is pre-stabilised by locking to a stable high-finesse Fabry—Perot
cavity in order to achieve 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 fractional
frequency stability of 4 x 10 1°7-1/2 has been reported [73] with a projected
improvement of a factor of 40 |70].

The intercombination line in strontium is rather broader than in calcium,
with 7 kHz natural linewidth. The larger transition rate makes second-stage
cooling to the recoil limit on this transition more feasible [67]. Strontium
can be trapped in a MOT using the 'Sy~ P; resonance transition at 461 nm
and can be further sideband cooled on the 689 nm intercombination tran-
sition [74-76]. This is the first step towards obtaining low enough atom
temperature to be able to exploit the longer interaction time attainable us-
ing the fountain geometry. Although the strontium intercombination line is
relatively broad, this species has two other narrow transitions which may be
candidates as optical frequency standards, the 'Sg—' Dy two-photon transi-
tion at 993 nm, with 500 Hz linewidth, and the very weak ' So—! P, magnetic
quadrupole (M?2) transition at 671 nm, which has a linewidth of about
1 mHz. Strontium also has an odd isotope, 87Sr, which could be cooled to
the recoil limit on the resonance transition. A two-photon transition with
0.6 Hz linewidth at 661 nm in '©?Ag has also been identified as a possible
standard and work towards a silver fountain is in progress [77-78|.

Potential limitations to the accuracy obtainable with optical frequency
standards using the Ramsey-Bordé technique include the stringent limit
placed on shifts of the optical phase between the Ramsey interactions in the
interferometer and also the cold collisional shift [69]. The AC Stark shift is
also problematic, especially for two-photon transitions.

7.2. Trapped ion optical frequency standards

A single ion, stored in an electrodynamic trap, can be laser cooled to
the Lamb-Dicke regime, in which the first-order Doppler shift due to the
ion’s motion is eliminated. The detection of a weak transition is facilitated
by the use of the quantum jump technique. (For a review of ion trapping
techniques, see [79].) It has been speculated that a trapped ion optical fre-
quency standard could yield a reproducibility of 1 part in 10'® [80]. Electric
quadrupole (E2) transitions, with linewidths of about 1 Hz, are usually used
as the spectral reference. A number of different ion species are being investi-
gated to assess their suitability as standards. Ions with alkali-like electronic
structure (figure 6(b)), which include Ca™, Sr™, Ba™, Yb™, and Hg™, have a
strong 251/272P1/2 transition which permits high resonant scattering rates,
making them well suited for laser cooling, although in general the electric
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dipole (E1) branching decay of the 2P /5 level to the lower-lying ?Ds 5 level
results in the need for an additional repumping laser to maintain the cooling
cycle. The reference transition most commonly addressed is the quadrupole
25’1/272D5/2 transition. An odd isotope, with mp = 0 — mp = 0 Zeeman
components, is preferable; in particular, "Hg® and '"'Yb* have nuclear
spin !, and therefore comparatively simple hyperfine structure.

The strontium ion is particularly attractive as a practical optical fre-
quency standard [81, 82| as all the wavelengths required can be obtained
using compact diode laser systems. The cooling and repumping transitions
are at 422 and 1092 nm whilst the 55251/274d2D5/2 reference transition is
at 674 nm. At NPL, three similar traps have been compared, providing the
first tests of the reproducibility and stability of ion-trap optical frequency
standards [83]. As a frequency standard, 38Sr™ suffers from the disadvantage
of being an even isotope and hence subject to first order Zeeman shifts. The
trapping of 87Sr*, which has nuclear spin %, and hence a rather complex
hyperfine structure, is also being studied at NPL [84].

The ytterbium ion is the most versatile of the various ion species un-
der consideration, having reference transitions in the visible, infrared, and
microwave regions of the spectrum. Recent work has used the odd isotope
1"Iyb*. This ion has three candidate transitions in the optical spectrum.
The 411 nm 281/272D5/2 transition was originally proposed by Werth [85]
and has been investigated as an optical frequency standard at NPL [86]. A
standard based on the 435 nm 25’1/272D3/2 transition has been constructed
at PTB [87]. At NPL recent work has concentrated on the 467 nm 25 o—
’F; /2 electric octupole (E3) transition which is the narrowest known res-
onance in the optical spectrum, with @Q ~ 10?4, the 2F7/2 level having a
radiative lifetime of ten years [88, 89].

Mercury ions have been extensively studied by the NIST group [70]. If
the full potential of optical standards is to be realized, lasers with linewidth
less than the natural linewidth of the reference transition are required. The
NIST group has stabilized the output of a dye laser at 563 nm to obtain
0.6 Hz linewidth [90]. This radiation is frequency doubled to 282 nm, the
wavelength of the 251/272D5/2 transition in '""Hg®. An interaction time
limited 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 A
elements also have potential as optical frequency standards [92], with single,
laser cooled indium ions being trapped by groups at the University of Wash-
ington [93] and at Garching [94]. In™ has a similar electronic structure to
the alkaline earth atoms such as calcium. The proposed reference transition
is not the intercombination line but the strongly forbidden 1853 Py tran-
sition, which, in isotopes with non-zero nuclear spin, has a small E1 decay
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rate due to hyperfine mixing with states having electron angular momentum
J = 1. Because both levels have J = 0, and hence no electronic quadrupole
moment, the transition is free of the quadrupole shift arising from coupling
to the trapping electric field gradient, which is one of the limiting systematic
effects for alkali-like ions. Because the !Sp—!P; transition is in the VUV at
159 nm, cooling has to be performed on the 231 nm intercombination line,
whilst the 1.1 Hz natural linewidth reference transition is at 236 nm.

7.8. Femtosecond optical frequency comb

Until the beginning of the present century, the precision intercompari-
son of optical and microwave frequency standards could only be achieved
by means of a harmonic frequency chain. This consists of a number of
oscillators at progressively higher frequencies (microwave Gunn oscillators
and klystrons, far-infra-red alcohol lasers, CO, lasers, etc.) phase-locked
through electronic beat frequencies obtained in fragile harmonic-mixing de-
vices (metal-insulator-metal diodes, Schottky diodes). The complexity of
these chains has limited their construction to a handful of laboratories
around the world. The multiplication of the microwave frequency to very
high harmonic introduces sources of noise which limit the precision which
can be achieved. The most precise measurement of a laser-cooled optical
frequency standard which has been made using a harmonic frequency chain
is that of the °Ca standard at PTB, with a relative uncertainty of 1 x 10712
[95].

This situation has been revolutionised by the advent of optical frequency
combs based on mode-locked femtosecond lasers. The concept that, in the
frequency domain, the train of pulses from a mode-locked laser corresponds
to a grid or “comb” of discrete laser frequencies, uniformly spaced by the
repetition rate of the laser pulses, is a quarter of a century old [96]. How-
ever, it is only within the last few years that three developments have come
together to produce a metrological tool of unprecedented utility. The first
is mode-locking of solid state lasers such as Ti:sapphire by the Kerr effect
in the laser crystal [97]. Allied to this is the development of all-solid-state
frequency-doubled Nd:YAG and Nd:YVO pump lasers with low amplitude
noise. In the first optical frequency measurement using a femtosecond laser
comb, the bandwidth of the comb generated by a mode-locked Ti:sapphire
laser producing 75 fs pulses was about 20 THz [98]; the final development is
the use of self-phase-modulation of the pulses in photonic crystal fibre [99]
or microstructure fibre [100] to broaden the comb to cover over 300 THz or
more than one octave in optical frequency [101, 102]. The comb frequencies
are uniformly spaced by the pulse repetition rate frequency fr which cor-
responds to the round-trip time of the pulse within the laser cavity. This
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frequency can be compared or stabilised to a microwave frequency standard
to high precision. However, the absolute frequencies of the comb modes are
not integer multiples of fr. For each round trip within the laser cavity,
the difference between the phase and group velocities results in a phase dif-
ference A¢ accumulating between the phase of the optical carrier and the
pulse envelope (figure 7). In the comb due to the train of pulses emitted
from the cavity at fr, this phase difference gives rise to a frequency off-
set fo = A¢ fr/2m, commonly called the carrier envelope offset frequency.
Using an octave-span comb, fp can be directly measured as the rf beat fre-
quency between modes from the green region of the comb and the second
harmonic of modes from the infra-red region of the comb [101]. The fre-
quency v of laser stabilised to an optical reference is thus determined from
its rf beat frequency A with an adjacent mode of the comb, the frequencies
fr and fp, and the mode number m:

V= mfR + f() + A s
where m and the signs of the beat frequencies are determined experimentally,

requiring that the optical frequency v is known a priori to an accuracy of a
few tens of MHz.

(a)
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W R v
b
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Fig.7. The pulse train from a mode-locked femtosecond laser represented in (a)
the time domain and (b) the frequency domain, illustrating the generation of a
frequency comb with modes at frequencies f,, determined by the pulse repetition
rate fr and the carrier envelope offset frequency fo.
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Femtosecond combs are now being used to compare the frequencies of
many of the optical frequency standards described above with microwave
standards. At NIST and PTB, the Hg" [103] and Yb™ [104] ion traps and
Ca MOT standards [103, 105] have been compared to caesium fountains.
The ion trap comparisons have been made with a fractional frequency un-
certainty of 1 x 10~". At NPL, femtosecond comb measurements of the Sr+
and Yb" ion traps are underway [106]. Alongside these measurements, the
uncertainty and instability introduced into the optical-to-microwave com-
parisons by the comb is being investigated. Comparison of two comb-based
frequency chains has shown a fractional accuracy of 5 x 10716 [102] and a
fractional instability of < 6.3 x 1076 [107]. These measurements provide
confidence that the femtosecond comb will not be a limitation to the oper-
ation of a cold atom or ion frequency standard as an optical clock, i.e.as
a frequency standard producing an microwave output which can input to
the generation of a timescale. Such operation has been demonstrated at
NIST using Hg™ [108], by stabilising the comb to the optical, rather than
the microwave standard.

8. Conclusions

The application of cold atom techniques to caesium primary frequency
standards has enabled the fountain geometry to be implemented, nearly four
decades after it was first proposed. The use of atoms with thermal velocities
of 1 cm/s or less, together with the atom path reversal that is intrinsic to the
fountain geometry, leads to large reductions in several systematic frequency
shifts. These advances have, in the course of about a decade, produced
an order of magnitude improvement in the realisation of the SI second,
compared to thermal beam caesium standards. The limiting frequency shift
in the caesium fountain is that due to spin exchange collisions between cold
atoms.

The application of novel cooling techniques may lead, in the next decade,
to a further improvement in accuracy and stability in microwave atom foun-
tains, towards 1 x 10716, However, the femtosecond comb now provides an
accurate means for linking optical and microwave frequencies. Advances in
the accuracy and stability of measurements on optical frequency standards
using forbidden transitions in laser-cooled neutral atoms and trapped ions
can now be readily verified by comparison both with each other and with
the caesium fountain. Hence, it is likely that there will be a number of
highly stable optical standards created, having better reproducibility than
microwave fountains. Frequency ratios between some of these will be known
to greater accuracy than the realisation of the SI second.
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The richness of possibilities ensures that the application of ultracold
atoms for ultrastable frequency standards in both the microwave and optical
regions of the spectrum will continue to be an exciting field in the coming
years.

The authors thank G.P. Barwood for careful reading of the manuscript,
P.S. Julienne for permission to use figure 4 and H.S. Margolis for supplying
figure 7.
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