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Abstract. Potential frequency standards based on laser cooled atoms are evaluated. We estimate that a standard 
based on an atomic fountain of cesium atoms can have an accuracy of A v / v =  Frequency standards 
based on ion traps are also evaluated. 

1. Introduction 

Molecular beam magnetic resonance methods develo- 
ped by Rabi and colleagues in the 1930s allowed 
accurate measurement of atomic and molecular reso- 
nances and opened up the possibility of developing a 
frequency standard based on an atomic system [ 11. 
The invention of the separated oscillatory field 
method by Ramsey [2] in 1950 significantly improved 
the Q of the resonances and the ability to control 
their perturbations led Zacharias [3] and Essen and 
Parry [4] to develop precise atomic beam clocks based 
on the measurement of the cesium ground state hyper- 
fine splitting. By the mid 195Os, frequency standards 
based on atomic transitions decisively surpassed preci- 
sion macroscopic oscillators such as quartz crystals. 
Over the next ten years, the cesium frequency stan- 
dard developed rapidly, and in 1967 the 13th ConfC- 
rence GCnerale des Poids et Mesures defined the 
second 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 
cesium-1 33 atom. Currently, an ensemble of high- 
performance primary standards and commercial 
cesium clocks is used to measure this splitting and a 
weighted average of their measurements is used to 
define the international atomic time scale. 

Frequency standards are characterized by accu- 
racy and stability. Accuracy is a measure of how a 
given frequency standard agrees with the value speci- 
fied in the definition of the unit of time. The atomic 
beam cesium standard is considered “accurate” at the 
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level of uncertainty of Gv/vw since the frequen- 
cies of atomic clocks made by the national laborato- 
ries of different countries agree with each other at 
this level. For absolute frequency standards, one is 
naturally led to references based on transitions of 
isolated atoms that are not grossly affected by exter- 
nal perturbations such as electric and magnetic fields. 
(The oscillatory field used to measure the transition 
is among the perturbations that must be considered.) 
The reproducibility of these standards hinges on the 
fact that atoms of the same isotope appear to have 
truly identical energy level structures and the effects 
of external perturbations lead to small residual fre- 
quency shifts that are well understood. 

Many applications of frequency standards, such 
as the synchronization of radio signals in long base- 
line radio-astronomy, only require a stable frequency 
source. Stability describes the self-consistency of a 
single device over a period of time, and may be 
defined in terms of the Allan variance [5 ,6 ] .  For an 
oscillator that generates a signal that varies as 
sin [ m o t  + ~ ( t ) ] ,  where q( t )  is the phase noise of 
the oscillator, the fractional instantaneous frequency 
deviation from the nominal frequency wo can be defi- 
ned as y ( t )  = (dq/dt)/o,. If yk is the average value 
of y ( t )  in an arbitrary time interval t k  to t ,+z,  

then the instability can be defined as 
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where ( ) denotes an average over an infinite num- 
ber of intervals. The frequency instability of various 
atomic clocks as a function of the averaging time is 
shown in Figure 1. 
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Figure 1. Frequency instabilities of several oscillators. 
H: hydrogen maser; SCMO: superconducting maser 
oscillator [76]; JPL Hg’: linear mercury ion trap [68]; 
HP Hg’: quadrupole ion trap; NIST [ 10,9] and 
CS1&2[11,14]: primary cesium standards; PSR1937 + 21: 
binary radio pulsar [7] (figure adapted from [68]). 

For short averaging times, the frequency stability 
is usually limited by the counting statistics (“shot- 
noise”) of the measurement. In this regime, n,,(z) is 
given by 

(3) 

where Q = v/Av is the quality factor of the resonance, 
AV the linewidth, S / N  the signal-to-noise ratio, and 
T the data-taking time needed to achieve the given 
signal-to-noise ratio. For very long averaging times, 
counting statistics is no longer an issue, and a,(z) no 
longer decreases as 2- ’”. Typically, the Allan 
variance remains at a constant “noise floor” before 

.uncontrollable, and perhaps unknown, perturbations 
cause the frequency to wander. A battery of indepen- 
dent clocks are then used to keep the relative time 
uncertainty near or below the noise floor of individual 
oscillators. 

Frequency sources that drift in time are still 
useful as frequency references if the drift rate can be 
accurately determined. For example, the millisecond 
pulsar PSR1937 + 21 is measured to be spinning 
down at a rate that is significantly larger than the 
linear drift rates of atomic clock standards[7]. If the 

higher-order derivatives in the spin down rate can be 
shown to be significantly less than the higher-order 
drift rates of atomic clocks, then the pulsar may be 
a more reliable long-term clock than our present 
laboratory standards. 

2. The Limitations of Current Cesium Frequency 
Standards 

Current cesium standards use a thermal beam of 
atoms with average velocities between 90 m/s and 
200m/s. Atoms in a particular hyperfine level are 
first selected using an inhomogeneous magnetic field. 
Using Ramsey’s methods of separated oscillating 
fields [8], a coherence between the I F, mF ) = I3,O ) 
and 1 4,O ) transition is excited in a microwave cavity. 
For a ground state hyperfine splitting of Rw, this 
coherence evolves as exp ( - i o t )  while the atom tra- 
vels to a second microwave cavity. At the second 
cavity, the relative phase of the two states, Acp = @A t ,  
is compared with the phase of the microwave oscilla- 
tor. If the atomic phase and the field in the second 
cavity are in phase, the atom completes the transition 
to the other hyperfine level. The atoms that have 
undergone the transition I 3,O ) + 1 4,O ) are then 
detected by a state selection magnet and hot wire 
detector. 

In the high-performance clocks operated at 
various national laboratories, the distance between 
the separated cavities varies between 0,80 m and 
3,75m, and the observed linewidths, defined by the 
transit time between the two microwave cavities, vary 
between 24Hz and l00Hz fwhm [lo, 11,121. As a 
concrete example of the performance of the present- 
day cesium standard, we give some of the characteris- 
tics of the primary PTB frequency standard 
CS2 [ l l ,  141 and the NIST’s NBS-6 [lo, 91. The Qs of 
these clocks are 9,2GHz/60 Hz = 1,5 x lo8 for CS2 
and 3,3 x lo8 for NBS-6. The systematic frequency 
corrections and uncertainties of these frequency stan- 
dards are shown in Table1 and compared with our 
projection of the uncertainties of an atomic fountain 
cesium clock. By examining the error budget of 
present-day clocks [lo, 11,121, one can appreciate the 
advantages gained by using laser-cooled and 
optically-prepared atoms in the next generation of 
atomic clocks. 

2 . 1  Magnetic field effects 

The largest frequency shift is due to the quadratic 
Zeeman shift of 42,7GHz/T2 due to the bias magne- 
tic field used to isolate the mF = 0 magnetic sub- 
levels. Magnetic field inhomogeneity and imprecise 
knowledge of the field strength determine the 
uncertainty in this correction. The magnetic field must 
be large enough to allow the separation of the clock 



Table 1. Sources of systematic frequency offsets for PTB 
CS2 from [ l l ,  141, for NBS-6 from cesium [lo, 91, and 
expected contributions for an optically pumped laser- 
cooled cesium fountain in parts of 

Bias PTB CS2 NIST NBS-6 Fountain 
Magnetic field 317600f 5 53602f 5 7,4f0,10 
Cavity phase 

shift 265 f 10 400 f 80 2k 0,Ol 
Second-order 

Pulling by 
Doppler - 49k 1 -310110 0,003f <0,001 

neighboring 
transitions 1 < O , l  40 f 20 f 0,06 

RF spectrum *4 f 2  f 0,02 
Servo system f < 2  f 15 

resonance from the field-dependent transitions 
(mF # 0). Larger Zeeman splittings also minimize the 
“frequency pulling” due to the presence of nearby 
transitions. 

2 . 2  Frequency pulling by neighboring transitions 

Frequency pulling occurs when the excitation field 
tuned to the mF = 0 -+ 0 transition has a small proba- 
bility of exciting a neighboring transition. For exam- 
ple, the apparent position of the mF = 0 -+ 0 transition 
shifts since the absorption tail of the mF = 1 -+ 1 
transition adds a slight asymmetry to the excitation 
probability of the mF = 0 -+ 0 transition [13,14]. Since 
the mF = - 1 -+ - 1 transition gives a shift of the 
opposite sign, frequency pulling also requires an 
asymmetry of the mF = 1 and - 1 transition intensi- 
ties. Frequency pulling can be minimized by optically 
pumping atoms into the mF = 0 state and depleting 
the mF # 0 states. 

Cesium standards are currently under deve- 
lopment which use lasers to optically pump cesium 
atoms into a particular hyperfine level instead of 
using state selection magnets to filter out atoms in 
the unwanted hyperfine level [15]. The use of lasers 
reduces the population asymmetry in the mF = k 1 
levels as well as any differences in the velocity distri- 
butions for these levels. The frequency pulling may 
be further reduced by optically pumping most of the 
atoms into the mF = 0. 

2 . 3  Cavity phase shifts 

The largest uncertainties in the present-day cesium 
standards are due to cavity phase shifts which are 
often separated into end-to-end and distributed cavity 
phase shifts. End-to-end cavity phase shifts are caused 
by a phase difference between the microwave field in 
the two separated cavities. For example, a variation 
of AL in the length of one arm of the waveguide 

separating the two cavities produces a phase shift 
6 q  = 2 x A L / i ,  in one of the cavity fields where ig is 
the transition wavelength in the waveguide [16]. Since 
the atomic resonance condition is satisfied when the 
phase of the atomic coherence excited in the first 
cavity matches the phase of the field in the second 
cavity, an end-to-end cavity phase shift will give a 
frequency shift 6v/v = 6qAv/xv, where AV is the 
Ramsey fringe linewidth. This end-to-end phase shift 
may be measured by reversing the direction of the 
atomic beam. Phase shifts on the order of 0,5mrad, 
corresponding to a length change AL = 50pm, have 
been observed [9] to produce a fractional frequency 
offset of 4 x Both neutral atom fountain 
clocks and ion trap clocks eliminate the end-to-end 
phase shift since the atoms interact twice with the 
same microwave field. 

In addition to the effects of end-to-end phase 
shifts, phase shifts due to a non-zero Poynting vector 
in the cavities may also cause a frequency shift. In a 
cavity made by shorting the end of a waveguide, the 
finite conductivity of the walls of the waveguide 
results in a slightly attenuated reflected wave relative 
to the incident wave. In an idealized case where an 
end “mirror” has a reflection coefficient of 1 - 6, the 
field is coskxcosot - (6/4)cos(kx + wt )  for a wave 
propagating along the x-axes with k = 2 x / L  Near 
the antinode of the standing wave, the field is 
(1 - 6/4)coskxcos(ot - 6kx/4) so that there is a phase 
shift proportional to 6kAx, where Ax is the change 
in position of the atom relative to the two microwave 
cavities. Thus, due to a small running wave compo- 
nent in the cavity, there is a phase shift in the micro- 
wave field that depends on the position in the cavity. 
Since Ax for an individual atom is proportional to 
its transverse velocity utr, the resulting frequency shift 
is proportional to q,. The shift is similar to the 
familiar Doppler shift, but is reduced by the ampli- 
tude of the running wave 614 and the average trans- 
verse velocity of all of the atoms in the beam. Using 
a shorted waveguide to create the standing wave, 
Bauch etal. [17] at the PTB measured a phase gra- 
dient of 80 pad/”, which, for a typical cesium 
transition Q of IO8, produces a fractional frequency 
offset of 3 x 

The distributed cavity phase shift can be reduced 
by joining the waveguide to a symmetric race track 
cavity, as proposed by De Marchi [18]. The micro- 
wave radiation splits equally into two counterpropa- 
gating paths as it enters the race track, and since 
the ohmic losses for each path are equal. a closer 
approximation to a standing wave is generated at the 
location where the atoms are excited. Analysis by De 
Marchi et al. [19] shows that a quadratic distributed 
phase shift of z 2 prad/mm2 is expected and construc- 
tion techniques should allow frequency errors due to 
distributed cavity phase shifts to be reduced to 

for each 100pm of beam offset. 



in a conventional cesium beam clock. Recent measu- 
rements of Bauch etal. [ l l]  using a ring cavity have 
shown a linear phase gradient of less than 20 prad/mm 
but not the expected quadratic position dependence. 

2 . 4  Other systematic effects 

Other major systematics in the current cesium stan- 
dards include servo system offsets and pulling due to 
rf spectral impurities which are reduced with a higher 
Q transition. The second-order Doppler shift is due 
to the time dilation in the moving frame of the atoms 
and is - v2/2c2 and its magnitude is shown in 
Table 1. This frequency offset may only be decreased 
by reducing the velocity of the atoms. For laser- 
cooled atomic clocks and ion clocks, the use of slow 
atoms significantly decreases the second-order Dop- 
pler shift and all of the other systematics listed above 
(see Table 1). 

3. Improving Frequency Stability 

The short-term frequency stability described by (3) 
may be improved by increasing the Q of the resonance 
(going to higher frequencies and/or narrower line- 
widths) or by improving the signal-to-noise. Improve- 
ment of the long-term stability is determined by how 
effectively the oscillator can be shielded from the 
myriad noise sources that are responsible for the 
long-term drifts. While it is often straightforward to 
estimate the short-term performance of a potential 
frequency reference, estimates of the long-term drift 
and accuracy ultimately are based mostly on an extra- 
polation from previous experience or on hunches in 
cases where the proposed technology represents a 
more radical departure from the past. 

To reduce the linewidth AV, a longer interaction 
time is required. In the conventional cesium stan- 
dards, larger Ramsey cavity separations are impracti- 
cal since a homogeneous magnetic field must be main- 
tained over the interaction region and since the SIN 
will be reduced due to the decrease in the total num- 
ber of atoms ultimately detected. It is possible to use 
laser cooling techniques to decrease the atomic velo- 
city without sacrificing the counting rate. Below, we 
summarize laser cooling techniques which have been 
used to obtain linewidths of x 2Hz and are limited 
by the fall of atoms under gravity [20]. Even narrower 
transition linewidths (as narrow as 900 pHz [21]) have 
been obtained with electromagnetically trapped ions. 

The exploration of atomic standards based on 
higher transition frequencies is also under way. These 
include THz clocks based on fine structure transitions 
in Mg [22] and potentially on a mid-infrared Ba’ [23] 
and a Yb’ [24] transition. Extension to even higher 
transition frequencies, in the visible or ultraviolet 
spectrum, are also being considered. The synthesis 

and counting of the oscillations of coherent visible 
fields is still an experimental challenge. Possible coun- 
ting schemes include phase locking an optical fre- 
quency subharmonic to a rfe- cyclotron orbit in a 
Penning trap [25, 261 or successive frequency down- 
conversion with non-linear sum and difference fre- 
quency generation [27]. 

4. Frequency Standards Using Neutral Atoms 

4 . 1  Cooling methods 

In the last half-dozen years, very powerful methods to 
manipulate atoms at a distance have been developed. 
These techniques can be used to prepare the external 
degrees of freedom of the atom before a precision 
spectroscopic measurement is made. The mani- 
pulation steps employed can be separated from the 
measurement portion of the spectroscopy, and can 
be arranged so as not to perturb the measurement. 
Fundamentally, laser cooling, trapping and other 
manipulation techniques should be viewed as a means 
of creating better sources of atoms that go beyond 
traditional atomic beams. 

Since the electric, magnetic and electromagnetic 
forces that can be exerted on atoms are feeble relative 
to the forces that can be exerted on charged particles, 
the first necessary step to manipulating atoms is to 
cool them so that their random thermal motion is a 
small fraction of their center of mass motion. The idea 
that neutral atoms may be cooled by the momentum 
transfer of laser photons was proposed by Hansch 
and Schawlow [28] in 1975. Shortly after the slowing 
and stopping of a Na atomic beam was demonstrated 
in 1985 by two groups from the NIST [29], Chu 
et al. [30] observed three-dimensional cooling (optical 
molasses). 

Optical molasses consists of counterpropagating 
laser beams directed along three orthogonal axes. The 
laser frequency is tuned to the red of the atomic 
resonance so that a moving atom is Doppler shifted 
into resonance with the laser beam propagating 
against the atomic motion and out of resonance with 
the copropagating beam. The atom preferentially scat- 
ters photons from the counterpropagating laser beam 
and each absorbed photon changes the velocity of the 
atom by a photon recoil velocity defined by 
v,, = h k,/m, where k, is the wavevector of the light 
and m is the mass of the atom. For cesium, the recoil 
is 3,5mm/s for each 852nm photon absorbed. Each 
absorbed photon is re-radiated, but the spontaneously 
emitted photons have an equal probability of being 
radiated along or against the direction of motion so 
the spontaneous emission produces no average velo- 
city change. Although the photon recoil per scattered 
photon is small, the excited state lifetime is 3011s 
and x lo7 photons may be scattered per second. 



Therefore, a resonant laser beam may deliver a rela- 
tively large acceleration of z 35,000m/s2. 

The minimum theoretical temperature predicted 
by the theory of two-level atoms is given by 
k, T = hr/2[31], where r is the excited state natural 
linewidth and k, is the Boltzmann constant. In the 
initial optical molasses experiments, this minimum 
temperature of 240pK was achieved with Na 
atoms[30]. For cesium this Doppler cooling limit is 
120 pK, which corresponds to speeds of 
D,,, = (3 k ,  T/m)’I2 = 15 cmjs. 

Lett et al. [32] discovered that atoms can be 
cooled to much lower temperatures if they are shield- 
ed from the Earth’s magnetic field (I B I < 5 pT) and 
the light is tuned several linewidths to the red of the 
resonance. A new theory of laser cooling has emerged 
that depends on the combination of optical pumping 
effects, the ac Stark shift, and the motion of the 
atoms in light fields with polarization gradients [33]. 

To see how these effects conspire to cool atoms, 
consider an atom with magnetic sub-levels moving in 
a laser field composed of two orthogonal linearly- 
polarized counterpropagating beams. The resulting 
field has polarization gradients because the local 
polarization changes from positive helicity to linear 
to negative helicity. An atom in a region of positive 
helicity will optically pump into the mF = + F state. 
This Zeeman sub-level is the most ac Stark-shifted 
state and if the light is tuned below the atomic reso- 
nance, the shift is to lower energy. Thus, an atom 
will optically pump into the lowest energy state. 

If the atom in the positive helicity region moves 
into the negative helicity region in a time comparable 
to the optical pumping time, the atom will find itself 
in a mixture of Zeeman levels with higher internal 
energy. This increase in the internal energy comes at 
the expense of the kinetic energy, but is dissipated by 
spontaneously emitted photons during the continuous 
optical pumping process. This mechanism has been 
used to cool cesium atoms to a temperature of 2,5 pK, 
corresponding to a one-dimensional rms velocity of 
1,l cm/s, 3,5 times the photon recoil velocity [34]. 

Improved cooling methods continue to be develo- 
ped. Velocity trapping of helium atoms in coherent 
Zeeman sub-states has been used to cool atoms along 
one dimension to a temperature of 2pK, a factor of 
2 below the temperature corresponding to the rms 
velocity of a single photon recoil [35]. More recently, 
another velocity trapping technique based on stimula- 
ted Raman transitions, and broadly applicable to any 
atom with a hyperfine structure, has been used to 
cool sodium atoms to temperatures under 1/20 times 
that of the single photon recoil limit [36]. With this 
technique, it should be possible to cool cesium atoms 
in three dimensions to less than IOnK. 

4 .2  Funnels and traps 

Atomic beams slowed by laser cooling methods enable 
the Q of the resonance to be increased by increasing 
the drift time between the two Ramsey regions. 
Exceptionally slow atomic beams are perturbed signi- 
ficantly by gravity, and the limit of a slow atomic 
beam is an atomic fountain (see below), where laser- 
cooled atoms launched upwards with a sufficiently 
low velocity return to the launch position under the 
influence of gravity. 

Atoms slowed from a thermal beam spread out 
because the transverse velocities increase slightly 
during the cooling process and these components 
become a more significant portion of the total velo- 
city. Thus, a beam of atoms slowed to a few hundred 
cmjs would quickly spread out and dissipate. Groups 
at Stanford [37] and Bonn [38] have developed an 
“atomic funnel” which can be used to produce high 
flux slow-atomic beams or a continuous atomic foun- 
tain. The Stanford funnel accepts atoms with a large 
velocity spread and cools them into a localized and 
collimated beam. Because of the dissipative properties 
of optical molasses, the brightness of the atomic beam 
is not a conserved quantity as it would be for an 
optical beam. A figure of merit for an atomic beam 
is the peak phase space density defined as the number 
of atoms per A x  Ay Az Avx Avy Avz.  The Stanford fun- 
nel was used to create a beam of atoms with a flux 
of lo9 atoms per second at a velocity of 270cm/s and 
a temperature of 200 pK, corresponding to an increase 
in the phase space density of more than four orders 
of magnitude. The Bonn funnel achieved a tighter 
transverse compression by using a tapered magnetic 
field, but did not cool the longitudinal velocity. 

If a clock is based on a continuous beam of s l o ~  
atoms, the laser cooling techniques must not perturb 
the atoms during the measurement. Thus, the cooling 
light and the light scattered by the atoms that are 
being cooled cannot be present when the clock meas- 
urement is being made. Similarly, any magnetic fields 
used to prepare the atoms must be properly screened 
from the measurement portion of the apparatus. 

An alternative to a continuous slow beam of 
atoms is a pulsed beam in which a large number of 
atoms is collected for a period of time and cooled 
before being launched at the desired velocity. The 
advantage of such a trap is that the cooling light and 
magnetic fields that are used to process the atoms 
can be turned off during the “measurement” portion 
of the experiment. 

An appropriate collection device is a trap that 
can accept atoms over a large region of space and 
with a large velocity spread. Currently, the trap of 
choice is the magneto-optic trap, first demonstrated 
by Raab etal.[39]. This trap was loaded from a 
slowed sodium beam and trapped x lo7 Naatoms. 
More recently, Monroe etal. [40] have shown that 



3 s 2 x lo7 cesium atoms can be captured directly from 
the low-velocity tail of a thermal distribution found 
in a low-density vapor cell. By using larger (4cm) 
laser beams and larger (20 MHz) detunings, Gibble 
et al. [41] have shown that 4 x 10” cesium atoms can 
be collected in less than 0,2seconds. The maximum 
capture velocity in the Stanford trap is roughly 
3 x io3 cm/s. 

4 . 3  Atomic fountains 

In 1953, Zacharias proposed an atomic fountain in 
which atoms from the low-velocity tail of an atomic 
beam would pass upward through a microwave 
cavity, travel ballistically to an apogee, and return 
through the same cavity due to the acceleration of 
gravity[3]. The attempt was unsuccessful since all the 
slow atoms in the atomic beam were scattered out of 
the beam by fast atoms that overtook them. The 
first successful atomic fountain had to wait for the 
development of laser cooling and trapping techniques. 
In the first atomic fountain, Kasevich et al. [20] trap- 
ped and cooled - 5 x lo7 atoms in 0,5seconds. The 
magnetic field needed for the magneto-optic trap was 
turned off and the light intensity decreased to allow 
further cooling with polarization gradients and opti- 
cally pumped into one of the hyperfine levels. The 
atoms were then launched using a single upwardly 
propagating laser beam. In subsequent fountains, 
lower launch temperatures have been achieved by 
polarization gradient cooling into a moving frame by 
shifting the frequencies of the upward and downward 
propagating laser beams so that the polarization gra- 
dients move upwards at the desired launch 
velocity [37,42,43]. 

In the first Na fountain [20], and in the more 
recent cesium fountain of Clairon etal. [43], 2Hz 
linewidths were observed. The 2 Hz linewidth corres- 
ponds to Ramsey field interactions separated in time 
by Tf = 0,25s, corresponding to a fountain height of 
7,7 cm above the position where the atoms interact 
with the microwave radiation. Although one could 
create fountains several meters high, this is impracti- 
cal for frequency-standard applications since a uni- 
form magnetic field must be maintained over the 
entire trajectory, and in such very high fountains, 
most atoms would not return through the field- 
interaction region due to their non-zero transverse 
velocities. 

4 . 4  Systematicfrequency shijits in an atomic fountain 

In a laser-cooled atomic fountain, the end-to-end 
cavity phase shift is eliminated since only one cavity 
is used and only the distributed-cavity phase shift 
need be considered. When cesium atoms are cooled 
to a temperature of 2,5 pK, this corresponds to a one- 
dimensional velocity spread of 1,l cm/s. If an atom 

has a transverse velocity equal to this rms velocity, a 
fountain time Tf of 0,25 second implies the atom 
would be shifted by a distance of 2,75 mm with respect 
to its original position in the cavity at the time of the 
second n/2 pulse. With the measured 20 prad/mm 
distributed phase shift[ll], this atom would add a 
fractional frequency shift Av/v - 7 x The total 
phase shift would be determined by an average over 
all the atomic trajectories. If the average transverse 
velocity can be controlled to 1% of vrmS (within 
100 p a d  of vertical), the fractional shift would be 
x for a shorted waveguide cavity, and conside- 
rably less for a more sophisticated cavity design. 

The frequency pulling by neighboring transitions 
and the quadratic Zeeman shift dictate the choice of 
the bias magnetic field [13]. “Off-resonant” neigh- 
boring transitions are excited because the atoms are 
in each of the microwave cavities for only a small 
fraction of the Ramsey measurement time. The enve- 
lope of the Ramsey fringe pattern (the so-called “Rabi 
pedestal” for thermal beams) has a frequency width 
equal to the inverse of the time spent in each of the 
cavities. Slow atoms will spend roughly two orders of 
magnitude more time in the cavity, thus significantly 
reducing the frequency pulling. Also, it should be 
possible to optically pump most of the atoms into 
the I F, mF ) = I 3,O ) state. To estimate the frequency 
uncertainty, suppose 90% of the atoms are optically 
pumped into the mF = 0 state, and there is a 10 YO 
residual asymmetry of the remaining 5 YO of the atoms 
in the mF = & 1 states. A bias field of 4 x 10-’T 
will split the neighboring transitions by 280Hz and 
produce an error in the frequency shift of less than 
Av/v x 6 x for a Ramsey envelope fwhm of 
50Hz[13]. The 4 x 1O-’T bias field produces a frac- 
tional quadratic Zeeman shift of 7,43 x The 
field may be controlled to better than 1 YO or 
4 x 10-”T, which corresponds to a frequency error 
of less than 

In the next generation of clocks, shifts due to 
black-body radiation become important [U, 451. For 
cesium, the shift of the ground state transition fre- 
quency is - 1,69 x (T/300K)4. This shift is due 
to the ac black-body Stark shift which can be evalua- 
ted using the quadratic dc Stark shift and the rms ac 
field [45]. An accuracy of can be reached at 
300K if the temperature is controlled to f 0,4K. 

Zacharias originally constructed an atomic foun- 
tain in order to measure the gravitational red shift of 
an atomic resonance as a function of the average 
height of the atom above the microwave cavity [46]. 
The shift of a clock frequency of height h above 
the Earth’s surface is Av/v = gh/c2, where g is the 
acceleration due to gravity. In a fountain, this fre- 
quency shift is of the same order as the second-order 
Doppler shift given by Av/v = - v2/2c2. The velocity 
of an atom on a fountain trajectory is correlated with 
its height and, integrating the phase shifts associated 



with both effects, yields Av/v = g2  T:/24 c2 = gh,/3 c2 
which is 2,8 x for a Tf = 0,25 s and h, = 7,7cm 
[48,49]. However, the gravitational shift indicates that 
a clock elevation change of 1 m produces a fractional 
frequency shift of 1,l x so that the absolute 
elevation of a clock will have to be known to 
better than 1 m. 

Recently, Tiesinga et al. [47] have reported a cal- 
culation of the spin-exchange induced frequency shift 
in a cesium atomic fountain. They predict a fractional 
shift of cm3 x n where n is the cesium den- 
sity. A density of % IO8 atoms/cm3 gives a shift of 

and if the atomic density can be measured and 
controlled to * 1 %, an accuracy of may still 
be possible. A density of lo8 atoms/cm3 implies that 
only = IO' atoms may be used per launch giving 
SjN = 3 x lo3 and a projected Allan variance of 
oY( t )  - 3 x 10-'4z-112, whereas an SjiV of lo5 could 
be achieved if more than 10" trapped atoms were 
used [41]. This pressure shift appears to be the most 
troublesome systematic effect of an atomic fountain 
microwave clock and clearly deserves study. 

4 . 5  Optical clocks using neutral atoms 

Clocks based on atomic fountains and two-photon 
optical transitions have been proposed [48,49]. An 
optical clock might consist of a laser frequency-locked 
to a stable Fabry-Perot interferometer for short-term 
stability, while long-term accuracy would come from 
an atomic transition. Since a number of materials 
have exceptional dimensional stability at low tempera- 
tures, cryogenic Fabry-Perot cavities will undoubtedly 
be explored. 

Two-photon optical clocks present problems 
both in terms of the power needed to drive the transi- 
tion and of the ac Stark shift. Resonant enhancement 
of the transition is unlikely since an intermediate state 
of opposite parity in between the two clock states 
would allow a fast decay path to the ground state. 
Thus, candidate atoms typically have states of oppo- 
site parity near or above the higher clock state. The 
transition rate between the clock states for a two- 
photon transition is given roughly by l /z  - Q, Q2/A, 
where Q l ,  = ( d )  E,,,/h are the Rabi frequencies of 
each of the transitions to the intermediate virtual 
state and A is the frequency detuning from that 
state [50]. Each of the laser beams will also induce an 
ac Stark shift on the order of Q:, , /A .  Thus, the phase 
shift induced by the light during the 7~12- rc/2 pulse 
sequence is on the order of (Qf/A + Q : / A )  z - 2 cycles 
of phase, independent of the pulse duration. 

The structure of the hydrogen 1 S and 2 S states 
is typical of the energy level structure that produces 
a metastable state. Since this particular case has been 
treated in detai1[48], we will use it as a numerical 
example. The 2s  state has a natural linewidth of 
0,65 Hz and decays predominately by a two-photon 

transition. The ac Stark shift has been calculated to 
be A(u/4rt = 1,671Hz, where the intensity I is given 
in units of W/cmZ. Assuming the transition frequency 
is also roughly given by this amount, an estimate of 
the required laser power can be made. For an atomic 
fountain time of 0,2 s, the launch velocity of the atoms 
is - 100cmjs. If the 4 2  pulse time is - 5 x 10-3s 
(0,5 cm laser beam diameter) I = 600 W/cm2. Mirror 
technology has improved such that Fabry-Perot cavi- 
ties can be made with a finesse of well over 100,000 
and an intensity build-up of over 10,000. With suita- 
ble build-up cavities, large-area laser beams suitable 
for optical clocks will not be easy to construct, but 
are at least imaginable. 

The above estimate of the needed optical power 
and the anticipated Stark shift based on the hydrogen 
atom is expected to be roughly true for all transitions 
where the connection to the intermediate states is via 
two electric dipole (El) transition matrix elements. 
Some candidate clock transitions proposed involve an 
El and an MI transition. In those cases, the ac Stark 
shift will be greater by an amount equal to the ratio 
of the E l  to M1 matrix elements since a higher 
intensity must be used to drive the transition. 

Frequency standards based on one-photon tran- 
sitions of neutral atoms have also been considered. 
Elimination of the first-order Doppler shift is neces- 
sary and can be done in a number of ways. Analogous 
to the microwave clocks, the clock excitation can 
be done with a standing wave. Unfortunately, the 
equivalent distributed phase shift problem becomes 
severe because of the much shorter wavelength. 
Indeed, in the standard Ramsey configuration. 
the atoms must be prevented from interacting 
with the adjacent anti-nodes of the light because 
the opposing phase destroys the fringe contrast. 
Godone et al. [22] have used a mask to observe the 
601 GHz 3P1 - 3P0 fine structure transition in Mg. 
For even shorter wavelengths, the structural stability 
and positioning of the masks will be a major problem. 

The first-order Doppler shift and the problem of 
the small scale of the optical wavelengths can be 
eliminated more elegantly by exposing the atoms to 
a sequence of pulses that is a generalization of the 
basic Ramsey pulse sequence of two 4 2  pulses. 
Baklanov et al. [51] pointed out that optical Ramsey 
fringes would be visible if the atoms traversed three 
standing-wave regions separated by equal distances. 
Optical Ramsey fringes could also be visible if the 
atoms passed through a series of four travelling-wave 
regions [52]. These proposals were followed by experi- 
mental demonstrations [53, 541. 

The basic physical idea behind these rather com- 
plicated mathematical treatments is the recognition 
that there is a one-to-one correlation between a transi- 
tion that is Doppler-free and a transition that is 
photon recoil-free. In a two-photon Doppler-free 
transition, the excitation of the transition is recoilless 



since the transition through intermediate virtual states 
is made with photons which provide opposing 
momentum kicks. Both of the optical Ramsey fringe 
methods proposed rely on the fact that the atoms 
receive photon impulses from opposing directions; 
these impulses are both “stored” and “canceled” in 
the long-lived atomic coherences. 

4.6 Neutral atom traps and atomic clocks 

Measurement times accessible in an atomic fountain 
have an upper limit on the order of one second. One 
obvious way to avoid the constant tug of the Earth’s 
gravitational field on the clock atoms is to construct 
a satellite-based, laser-cooled clock. Cesium atoms 
can be cooled with polarization gradient molasses to 
velocities on the order of Icm/s. If the atoms were 
then allowed to spread into a volume on the order 
of N 103cm3, the measurement time would increase 
by an order of magnitude over an Earth-bound clock 
where the atoms would fall to the bottom of the 
vacuum system. More important: both the atomic 
density and the collision-induced shifts would be 
greatly reduced. Since the atoms will spread over 
distances larger than the wavelength of the microwave 
radiation, a multiple pulse technique (e. g. the three 
or four pulse technique) developed for optical Ramsey 
fringe measurements would have to be applied in 
order to preserve the fringe contrast. 

Another method of improving the Q of the 
microwave resonance is to trap the atoms. Atoms can 
be trapped for times limited by the quality of the 
vacuum system. As an example, the storage time of 
atoms in a magneto-optic trap is on the order of 100 
seconds in a vacuum of N IO-’ Pa. The fundamental 
problem with this idea is that the trap depends on 
position-dependent energy shifts of the atom, and 
these shifts usually play havoc with any ultra-precise 
measurement. If an atomic clock based on an atom 
trap is feasible, the trapping perturbations must shift 
the relevant energy levels of the clock transition by 
equal amounts. 

As an example of the problems encountered in 
constructing an atomic clock based on a trap, consi- 
der the magnetic trapping of cesium atoms in the 
atomic states I F, m F )  = I 4, - 1 ) and 13, + 1 ). 
These two states have the same electron Zeeman 
energy shift as a function of the magnetic field, but 
the nuclear spin portion of the Zeeman shift does not 
cancel. At a field of l,2mT, the quadratic shift of 
the mF = f 1 energy state cancels the nuclear spin 
portion of the shift, but we calculate that the trapping 
field gradients needed to support the atoms against 
gravity would induce perturbations that are unaccep- 
table for atomic clocks. Even in a satellite, a magnetic 
trap that only has to contain 1 pK atoms would 
produce large perturbations. 

As another example of an atom trap that may 
be used for clock work, consider an atomic trampo- 
line where the atoms are in freefall for most of the 
time, but reflect suddenly from an evanescent sheet 
of light generated by total internal reflection at a 
glass-vacuum interface [55]. If the glass surface is 
curved (e. g. by optically contacting a plano-concave 
lens to a prism) the trampoline becomes a hybrid 
optical/gravity trap. In order to reflect from an 
evanescent wave that extends a distance 1 from the 
surface, an atom with velocity v must have its energy 
level ac Stark shifted, which produces a phase shift 
of 

Acp = (AE/h) dt - 2 mvl/h radians [SI. 

Now consider an atom in a coherent superposi- 
tion of the I F, mF ) = I 4,O ) and I 3,O ) states reflecting 
from the evanescent wave. The part of the atom in the 
I 4,O > state will see a repulsive potential a exp (- z/O, 
where a - L$/A is the ac Stark shift in a field of Rabi 
frequency and detuning A .  The part of the atom 
in the 13,O > state sees a repulsive potential 
B exp (- z/O, where B - SZ:/(A + Avhf) and Avhf is the 
hyperfine splitting of the ground state. The phase 
difference between the two states generated during a 
bounce arises because the difference in strengths of 
the repulsive potential for the two states. Because the 
repulsive barrier is exponential, the barrier height 
difference is equivalent to a shift in the location of 
the potential for the [ 3,O) state relative to the poten- 
tial for the I4,O) state by amount Iln(a/P). An atom 
in a coherent superposition of the two states will 
separate slightly, and this separation is equivalent to 
a slight phase shift. The accumulated phase difference 
between the two states during a full bounce is given 
by 6cp = (mv 1/2 h) In (a//3) = n (I/&,) (a - p)/a where 
I, ,  is the de Broglie wavelength and the last equality 
is valid in the limit when A % AV,,. 

We have previously pointed out that if two laser 
frequencies are used to construct the repulsive barrier, 
the phase-shift difference can be made to be zero [55]. 
However, in order to minimize the requirements on 
the frequency stability of the two lasers, the laser 
detuning should be as large as possible, which implies 
that the atoms must be dropped from as low a height 
as possible. There is another advantage to dropping 
the atoms from a low height. The phase shift per unit 
time is independent of the height of the drop for an 
integer number of bounces, but if one atom completes 
10 bounces while another atom (dropped from a 
lower height) completes 10,5 bounces during the time 
of the measurement, there will be a phase shift 
between the two atoms. Thus, it is advantageous to 
have the atoms complete many small bounces rather 
than a few large bounces. The minimum height of a 
bounce is determined by the initial temperature of 
the atoms. If a cesium atom was dropped from a 
height of 2 x 10-3cm, its gravitational potential 

s 



energy would correspond to a kinetic energy of 
3 pK [56]. 

5. Frequency Standards Based on Trapped Ions 

Ion trap technology offers a tantalizing alternative to 
neutral atom clocks in both the microwave and opti- 
cal regimes. In this section, we will briefly discuss the 
Penning and the rf (Paul) traps in the context of 
frequency standards. For a more extensive review of 
ion traps and their application as frequency stan- 
dards, the reader is referred to several excellent review 
articles [56,57]. 

5 . 1  Laser cooling in ion traps 

As with neutral atom clocks, the performance of 
ion trap clocks are greatly improved by laser-cooling 
techniques. Laser cooling of ions was proposed by 
Wineland and Dehmelt [58] in 1975 and first demons- 
trated with Ba’ by Neuhauser et al. [59] in 1978. As in 
the free atom case, the technique relies on a Doppler- 
shifted atom interacting with a red-detuned laser, but 
there are two regimes in ion trap cooling [60]. In the 
“weak binding” case, where the vibrational frequency 
52 of the ion in the trap is much less than the relaxa- 
tion rate y of the cooling transition, laser cooling 
is directly analogous to Doppler cooling of neutral 
atoms. 

In the “strong binding” case (52 % y), the ion 
has absorption lines at w, w i 52, plus higher order 
sidebands. If the ion is illuminated by light at fre- 
quency 0-52, the ion will be cooled: in the frame of 
reference of the ion, it is constantly absorbing light 
at 0-52 and emitting symmetrically about frequency 
w. This “sideband cooling” process continues until 
the ion is “optically pumped” predominately into the 
lowest vibrational state of the trap. Diedrich et al. [61] 
were able to cool a single 198Hgt ion in a Paul trap 
so that the ion occupied the lowest energy state of 
the trap 95 YO of the time, corresponding to a tempera- 
ture of 47pK. 

5 . 2  Penning traps 

The Penning trap consists of two “endcap” electrodes 
and a ring electrode held at fixed, opposing potentials. 
Ions experience an electrostatic force that is confining 
along the axial direction and anti-trapping in the 
radial direction. A uniform, axial magnetic field con- 
fines the ions radially by inducing a combined cyclo- 
tron motion due to the B field and a magnetron 
motion due to the drift in the E x B field. 

The use of Penning traps as a frequency standard 
will require close control of a large magnetic field. It 
is necessary to use a microwave transition between 

atomic states whose energy level splitting is field inde- 
pendent in a non-zero field. In this case, the second- 
order shifts will define the accuracy of the frequency 
standard. For example, the transition 

/ F , m , ) =  / 1 > 1 ) + ~ 2 , 1 )  

in the ground state hyperfine transition of 210 Hg’ 
has been proposed as a microwave standard [62]. 
The 25,9 GHz transition is first-order magnetic field 
independent at B = 0,534T. This case yields a sensiti- 
vity of Av/v % 1,7 x if B can be controlled to 
better than AEIB= IO-’  over the spatial extent of 
the ion cloud. As another example, Bollinger et al. [21] 
have investigated the field-independent 303 MHz 

1 m,, m, ) = 1 - 1/2,1 I2 ) -+ 1 - 3/2,1 I2 ) 
transition at B = 0,81941 which has a smaller field 
sensitivity of - 0,017(A\B/B)2 = - 1,7 x lo-’* for 
ABIB = conditions which may be achieved with 
superconducting magnets. 

The Penning trap has the advantage that two 
different ion species may be trapped simultaneously. 
If one of the ion species is laser cooled, Coulomb 
collisions in the trap will cool the other ion species 
[63,64]. The advantage of this so-called “sympathetic 
cooling” is that steady cooling forces can be applied 
to the clock atom without disrupting its internal states 
by the application of cooling light. Thus, long Ramsey 
interrogation times can be used. For example, Bollin- 
ger etal. [21] laser cooled 26Mg+ ions in order to 
reduce the thermal motion of the ’Be’ clock ions. 
They observed a 900pHz transition for TR = 550s. 
corresponding to a Q of 3,4 x 10” and a stability of 
3 x 10-12~- ’ /2 .  The second-order Doppler shift was 
reduced to 5 x although the accuracy was limi- 
ted to due to an anomalously large pressure 
shift, The Penning trap is ideal for precise studies of 
transitions in large magnetic fields and has recently 
been used to search for anomalous spin-dependent 
forces [65]. 

5 . 3  Paul traps 

The Paul trap uses the same electrode configuration 
as the Penning trap except that, instead of radial 
trapping by a magnetic field, confinement is obtained 
by applying a radio frequency potential to the 
endcaps relative to the ring electrode. The alternating 
potential causes the ion to undergo small amplitude 
oscillations (“micromotion”) in phase with the driving 
fields. For sufficiently small oscillations, the total 
energy of the ion approximates its kinetic energy. 
Since the kinetic energy is minimized at the center of 
the electrode structure where the applied fields are 
zero, the ion is trapped in a region predominately 
free of external fields. At the center of the trap the 
micromotion vanishes, and the motion becomes 



increasingly larger as the ions approach the electrode 
surfaces. 

A 40,5GHz microwave clock based on the 
Ig9Hg+ ion ( I  = 1/2) was constructed by Cutler et al. 
[66], and its short-term frequency stability is shown 
in Figure 1. Approximately 2 x lo6 ions were stored 
in the trap, their space charge being sufficient to 
repel ions from the trap center, thereby producing 
substantial micromotion. The second-order Doppler 
shift of this clock was Av/v = 2 x The ion 
cloud was cooled by introducing 3,8 x 10-7Pa of 
neutral He, which also produced a frequency shift due 
to dephasing collisions of Av/v = 7,6 x 10-7Pa-1. 

One way to increase the number of trapped ions 
without paying the price of increased micromotion is 
to alter the trapping potentials so that they are confi- 
ned in a line at the center of an alternating quadrupole 
field[67]. In this geometry, the "center" of the trap 
(the zero field region) is not a point but a line. 
Confinement along the axial dimension arises from 
the space charge of the neighboring ions and the 
endcap potentials. 

A frequency standard based on a linear ion trap 
has been demonstrated by Prestage et al. [68]. They 
used the 40,5 GHz transition, Ig9Hg+ ground state 
hyperfine transition and a 202Hg lamp for preparation 
and detection, and observed a 30mHz linewidth with 
a Q of 1,4 x 1OI2 (about 250 times larger than the 
cesium fountain). They used 5 x lo' ions cooled to 
room temperature by 7,5 x 10-'Pa of He. With a 
160 mHz linewidth, they obtained a short-term stabi- 
lity of 2 X 10-13~-1/2 ,  as shown in Figurel. For 
longer times the instability measurement was limited 
by their H-maser reference oscillator. The dominant 
frequency shifts were the second-order Doppler shift 
due to the micromotion (2 x 10-l2), a quadratic Zee- 
man shift of 0,24(B/T)2 = 1,5 x due to the 
2,5 pT bias field, the second-order Doppler shift due 
to the 300K thermal motion of the ions (3 x 10-l3), 
and a pressure shift due to the He cooling gas. 

The logical limit to confining ions along an elon- 
gated axis is to cool the ions to the point where a 
single string of ions is trapped. Both a quadrupole 
storage ring trap [69] and a linear trap [70] have 
been recently shown to trap a single-crystal ion 
when the ions are laser cooled [71]. Raizen et al. [70] 
have laser cooled a string of 33 199Hgf ions in a 
linear rf trap and obtained a fractional resolution 
of 6,2 X with a 250mHz linewidth. For 50 
individually detected ions, a short-term stability of 
~ ~ ( 7 )  = 5,5 x 10-147-1/2 is expected for a Ramsey 
interaction time of 100s. The Doppler cooling limit 
is 1,l mK which implies a second-order Doppler 
shift of - 2 x lo-''. The Stark shift due to the 
trapping potentials has been calculated to 
be 6v/v  = - 1,4 x 10-l' (E/Vcm-')2 and the 
Stark shift due to black-body radiation is 
- 9,9 X lo-'' (T/300K)4[45]. 

6. A Comparison of Ion and Neutral Atom Clocks 

Ion traps offer several advantages over clocks based 
on neutral atoms. Since ions may be trapped for 
months[72], the Qs of microwave resonances can be 
made very high. The trapping electric fields, although 
potentially bothersome, can be introduced so that the 
energy levels of the ions are not greatly perturbed. 

Another advantage of ion trap clocks over neu- 
tral atom clocks is that the trap can localize laser 
cooled ions to regions significantly smaller than an 
optical wavelength. Under these conditions, the first- 
order Doppler shift of a single photon transition is 
effectively suppressed and ion traps appear to have 
advantages over neutral atom fountains for optical 
frequency standards. The suppression of the first- 
order Doppler shift was first pointed out by Dicke 
[73], who showed that if non-dephasing collisions 
confined atoms to dimensions less than 4 2 x ,  the 
absorption and emission line is narrower than the 
Doppler width. 

Dicke line-narrowing, in the context of an ion 
trap, can be understood by analyzing the absorption 
of emission process in terms of transitions in the 
internal degrees of freedom of the ion (the atomic 
transitions) and the external degrees of freedom (tran- 
sitions between the vibrational levels of the trap). If 
a,X1) and Ib,xz) are two states of the ion where 
a )  and I b ) are the internal states and 1 x1 > and 
x 2  ) are the vibrational eigenstates, the transition 

amplitude can be shown to be proportional to 
( a l p . & l b )  (+1 le-ik.RI+2), where R is the center 
of mass position coordinate of the ion and k is the 
photon wavevector [74]. Thus, if e-ik.R - 1 (the dipole 
approximation for the external degrees of freedom), 
the transitions will be predominately between the 
same vibrational states. The absence of transitions to 
other vibrational levels is equivalent to the elimination 
of Doppler broadening. 

The localization of the ion to small dimensions 
also means that the amount of laser power needed to 
cool the ion or excite its clock transition is quite 
modest. Preliminary work on the development of an 
optical standard based on a laser-cooled Hg ion and 
an ultraviolet clock transition has been done. Stabili- 
zation of the laser frequency is a major engineering 
project: to date, a resonance linewidth of 80Hz has 
been obtained [75]. 

The primary disadvantage of ion trap atomic 
clocks is the limited number of atoms that can be 
trapped. More than 10" neutral atoms per second 
can be trapped and used in an atomic fountain 
clock [41], while the Paul trap works best with a 
single ion. On the other hand, frequency shifts due to 
collisions may limit the number of neutral atoms that 
can be used in a frequency standard while linear or 
torroidal Paul traps may be able to trap hundreds of 
ions in ideal trapping conditions. 



Ultimately, the superior technology will not only 
depend on the best short-term stability, but on engin- 
eering feasibility and the understanding and control 
of systematic effects that can only be studied after 
prototype clocks of both varieties are built. 
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