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1. Abstract 

Optical technologies, for manipulating the population distribution and motions 
of atoms and ions, developed over the last two decades, are being applied to new 
classes of atomic-frequency standards. Current results are already impressive, but the 
concepts promise to improve accuracy by many orders of magnitude. In this article, 
we describe a new generation of optically pumped primary standards, the emergence 
of cooled-atom frequency standards, and the amazing potential of standards based on 
stored ions. 

2. Introduction 

Since the beginning of atomic timekeeping, primary frequency standards have 
been based on thermal-atomic beams of cesium. The choice of the transition and 
approach were no doubt influenced primarily by the technolosy available at the time. 
See Raniscy 119831 and Formati [1985] for reviews of the early historical 
development of the technology. Most current primary standards are based on 
magnetic state selection in thermal atomic beams. The general technology has been 
well reviewed [Airdoin, 1992; Vatiier atid Aiidoiti, 19891, and current primary 
standards based on this technology are reviewed by Mirtigall(178Gj. 

The recent development of tunable diode lasers has had a positive influence on 
Primary standards, Optical methods for state preparation and detection can now 
replace the earlier maznetic methods, resulting in higher accuracy and improved 
shon-term stability. These methods should carry the technolop of thermal, atomic- 
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beam frequency standards to practical limits. Radically new methods will be needed 
to achieve hrther advances. Fortunately, two such methods are under very active 
development. 

Cooled-neutral-atom frequency standards are in a very early stage of 
development. compared, for example, to atomic-beam standards. While not 
promising as high an accuracy as the stored-ion standards described below, cooled- 
neutral-atom standards offer higher signal-to-noise ratio at potential accuracies that 
are still well beyond those of present cesium-beam standards. One approach, the 
atomic fountain, is being developed in several laboratories. An attractive feature of 
this approach is the use of neutral cesium. This allows continued use of the present 
definition of the second. 

Stored-ion frequency standards are also in an early state of development. 
However, they have certain hndamental advantages. The ions whose resonances 
determine the frequency of the standard are surrounded by a vacuum (or, in some 
cases, a low-pressure buffer gas), and do not make contact with the material walls of 
the chamber. Thus, their fiequencies are not significantly perturbed. The time during 
which an ion can be observed is much greater than for an atomic beam, or even a 
laser-cooled atomic fountain, The long observation times lead to dramatically higher 
resonance 0 ’ s .  In the case of laser-cooled devices, Doppler shifts of all orders are 
very small. It is quite possible that an ion-based frequency standard might prove to be 
more reproducible than those based on cesium, so, with a suitable change in the 
definition of the second. it could become a primary-frequency standard. 

3. Standards based on optical pumping of thermal barns 

Conventional, thermal-atomic-beam frequency standards use magnetic state 
selection and detection: see Airh i t i  (19921 for a review of the technology, and 
Mi/tigall[f986] for a review of existing primary standards. The technical concept has 
remained essentially the same for 40 years, and has been developed almost as far as it 
can be. The limits to the accuracy and stability of these standards largely result from 
several side effects of the Stem-Gerlach magnets. used for state selection and 
detection. Still, the magnets provide initial-state preparation and final-state analysis. 
which are necessary in any thermal-atomic-beam standard. Long ago, Kasder [1950] 
pointed out that the interaction of atoms with resonant light could be used to modify 
the population distribution within an ensemble of atoms, as well as to detect the 
result of RF-excited transitions within the atoms. The process has come to be known 
as “optical pumping.” It promised great benefits in stability and accuracy, if applied 
to the problem of state preparation and detection in atomic-beam frequency 
standards. However. it did not become practically usehl until the development of 
long-lived, highly efficient diode lasers, which are used for optical communication 
and data storage. The general physics and applications to atomic physics have been 
reviewed by Cohctl-Taiiiioiiai arid Kostler [f 964 and Happer 119721, while the 
application to atomic-beam frequency standards is detailed by Aildoin [ 19921. 



3.1 Optical pumping: state preparation and detection 

As an example of optical state preparation, refer to the partial energy-level 
diagram for cesium, shown in Figure . I .  Many different combinations of resonance 
transition and light polarization will lead to optical pumping. We take a simple but 
relevant example. Light. resonant with the transition F = 4 F' = 3 is absorbed by 
atoms in the F = 4  state. The excited atoms in the F ' = 3  state decay by 
spontaneous emission of a photon, in about 30 ns, falling with nearly equal 
probability to either of the two ground-state hyperfine levels. After just a few such 
interactions. all of the population originally in the F = 4 state is transferred to the 
F = 3 state. Optical-pumping rates and the resulting population distributions for 
many different pumping schemes have been studied [Avilu el ul., 1984. 
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Figure 1. A partial energy-level diagram for cesium. 

Preparing the optical state in this way has many advantages over magnetic-state 
selection. For the example just given, approximately 2/16 of the atoms are prepared 
in the initial "clock" state, as opposed to only 1/16 for magnetic-state selection. 
Other, more-complex pumping schemes can be used to pump all the atoms into the 
initial clock state [Cutler, 1984; A d u  el a/.. 19871. Furthermore, if the optical beam 
is orthogonal to the atomic beam, the process is not velocity selective. This produces 
a more intense and spatially homogenous atomic beam. The increase in atom use is 
more than an order of magnitude higher than that of some magnetically operated 
systems. The result is better clock stability, and the ability to evaluate the effects of 
cavity-phase shift with more precision [De Mmchi e/ a/., 19881. An additional benefit 
is the elimination of Rabi pulling [De Mnrchi e /  ai.. 19841. This is because, for most 



pumping schemes, the Zeeman substates have a symmetric population distribution 
about the clock state. More importantly, they all have the same velocity profile. 

Just as important as the process of optical state preparation is the process of 
state detection afier the clock transition is excited. If, as in the example above, the 
clock’s initial state is the F = 3 level, then the desired final state would be F = 4 .  
Again referrins to Figure 1, and remembering the quantum-mechanical selection rules 
of AF = 0,kl , light resonant with the F = 4 + F’ = 5 transition results in excited 
F‘ = 5 atoms, which can decay only to the F = 4 level from which they came. This 
is called a cycling transition. and allows many photons to be “scattered” from each 
atom. This quantum multiplication (one microwave photon absorbed resulting in 
many visible photons being scattered) leads to the desired unit detection probability. 
Furthermore, unlike a conventional hot-wire detector, the detection region is not 
physically blocked, and is transparent to the passage of other beams. The atomic- 
beam reversal required for the evaluation of cavity phase shift therefore does not 
involve moving ovens and/or detectors. In fact, both atomic beams can be operated 
simultaneously, as shown in Figure 2. Limits to the attainable signal-to-noise ratio, 
for various pumping and detection schemes, have been determined [Dimurcq el of., 
19931. 

\ I State Preparation h e r ( s )  \ 

uorescence 

Figure 2. A schematic diagram of an optically pumped cesium-atomic-beam 
frequency s ta ndr rd . 

The Stern-Gerlach magnets are eliminated when these optical methods are 
used. This allows much better magnetic-field homogeneity in the microwave- 
interrogation region. as well as eliminating hlajorana transitions [Schrlider arid 
Bairch, 19931. 

These advantages do not come without a price, however. A by-product of 
optical-state preparation and detection is fluorescence light, some of which travels 
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down the beam tube to the microwave-excitation region. This has the potential to 
introduce a frequency bias, called the AC Stark shift. Calculations and measurements 
show that this is not a concern in properly designed standards [Brillef, 1981; Shirley, 
1985; Hisadome, 1991; Ohshima et a/., 19911. Also, the velocity-nonselective-state 
preparation means that both the average velocity, and the velocity spread in the 
atomic beam, are larger than in magnetically-state-selected machines. The higher 
velocity decreases the transit time, and broadens the clock transition for a given 
machine length, thus putting a greater burden on the line-centering requirement for 
the fiequency-control sewo. Even more serious is the fact that the greater velocity 
spread increases the coupling between microwave power, and the velocity of the 
atoms that effectively contribute to the signal. This complicates, and ultimately limits, 
the evaluation and control of the second-order-Doppler shift. 

A final point about the optical-state preparation and detection is that the 
Iaser(s) must have adequate Ah4 and FM control, to avoid degradation of the signal- 
to-noise ratio [ Diniarcq el a/. ,  1993; Ohshima et a/., 1989~1. Monolithic, Fabry- 
Perot diode lasers have excessive FM noise, resulting From spontaneous events inside 
the gain medium [Ositiski atid Binis, 1984. This noise couples with the optical-state 
preparation and detection in ways that degrade the overall signal-to-noise ratio and, 
hence, the stability of the standard. The existing primary standards, to be described 
below, all use external feedback to reduce the diode-laser FM noise. As of this 
writing, we know of no fiequency-standard experiments, using monolithicdiode 
lasers, which employ some kind of internal linewidth reduction (for example, 
distributed-Braggreflection feedback). 

3.2 Characteristics of existing primary standards based on optical pumping 

There are currently three primary standards that are based on optical-state 
preparation and detection, for which evaluations have been published. All use similar 
optical-pumping schemes: single laser pumping into the F = 3 level, followed by 
detection on the F = 4 -+ F' = 5 cycling transition. All are currently using some 
form of extended-cavity optical feedback for line narrowing on simple, monolithic 
Fabry-Perot laser diodes. In all three, the M e l d  region extends over the regions of 
optical-state preparation and detection. The most significant differences between the 
machines is in their microwave cavity designs. 

3.2.1 National Research Laboratory of Metrology (Japan) 

The first to come into operation and be evaluated was at the Japanese National 
Research Laboratory of Metrology (NRLM) [Ohshiniu, 1988; Ohshima, f989b; 
Koga el al., 19891. It is called NRLM-111, and its geometry is based on their previous 
standards, which used magnetic state selection [Ahkoa'otnll atid Koga, 19851. The 
microwave cavity is 0.96 m long. The cavity uses the conventional E-plane bend 
(transverse C field), with shorted waveguide ends, and atomic-beam windows R/2 



from the short. The atomic-beam cross section is 3.2 x 3.2 mm. A single optical- 
interaction zone is placed 22 cm from each end of the Ramsey cavity. The frequency- 
control-servo system uses slow square-wave modulation and blanking during the 
resulting switching transients. The microwave power and C-field current run open- 
loop. The measured short-term stability (characterized by c , , ( r )  a r-’” ) is limited 
by their reference clock, but modeled stability, based on measured signal-to-noise 

The published evaluation ratio and line Q, indicate o, , ( r )  = 1.1 
[Ohshinla. 1989~1 is dominated by uncertainty in cavity-phase shift, and has a total 
uncertainty (rms average of errors) of 0.69 x 

, 0 - l Z r - l / 2  

3.2.2 Laboratoire Primaire du Temps et des Frkquences (France) 

A second machine has been developed by the Laboratoire Primaire du Temps et 
des FrCquences (LPTF) at the Paris Observatory [de Clercq e/ a/., 19931. It is similar 
to the NRLM machine, in that its microwave cavity uses the conventional E-plane 
bend with atomic-beam windows A/2 from the shorted ends of the waveguide, and a 
drift region 1.01 m long. The atomic beam windows are 3 x 8 mm. Two zones of 
optical interaction are separated by 34 cm and 24 cm from each end of the cavity. 
Generally, the zone farther from the cavity is used for state preparation, while the 
zone closer to the cavity is used for detection. Two different frequency-control-servo 
systems have been employed, both of which use slow square-wave modulation and 
blanking during the switch transients. In one. both the Cfield and the microwave 
power can be operated under closed-loop control. The short-term stability is 

1994 is dominated by the uncertainty in the cavity-phase shift. and an “unexplained 
shift.” The total (rms) uncertainty of the standard is I .  1 x 1 O-l3. 

characterized by CT ,,( r )  = 5.8 10.-13 r -112 . The published evaluation [Roirru el ul., 

3.2.3 National Institute of Standards arid Technology (United States) 

The US National Institute of Standards and Technology (NIST) has also 
developed an optically pumped primary standard [Dru//itrger el a/., 19911. It is called 
NIST-7. Its microwave cavity differs from the other two devices just described, in 
that it uses an H-plane cavity (longitudinal C-field), with ends terminated in a ring 
structure designed to minimize distributed-cavity-phase shift [De Marchi el a/. , 
19881. .The drift region is 1.55 m long. The atomic-beam windows are 3 mm in 
diameter. Two zones of optical interaction are located at each end of the microwave 
cavity. The optical-state-preparation zone is 29 cm from the cavity, while the optical- 
detection zone is 14 cm away from the cavity. Several different frequency-control- 
servo systems have been employed to search for different forms of systematic errors 
[ h i v e  e/ a/., 19941. During normal operation, a fi~lly digital system, employing slow 
square-wave modulation and blanking of transients. is used In  this system, the C 
field and the microwave power are under closed-loop control. The Short-term 
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stability is characterized by a,.(r) 5 7 x r - ' I2 . New evaluation techniques, 
which allow several of the very small systematic effects to be evaluated with simple 
low-precision measurements, have been developed [Shirley et al., 19951. The 
published evaluation [Lee el al., 19951 is dominated by uncertainty in the cavity- 
phase shift. and correction for second-order-Doppler shift. The total (linear sum) 
uncertainty of the standard is I x IO-l4. 

3.3 Performance limits of optically pumped standards 

Two aspects of performance are important to primary standards: short-term 
stability and accuracy. Long-term stability follows from accuracy. Good short-term 
stability is necessary only to the degree that measurements to evaluate the accuracy 
can be carried out in a time span where the various systematic effects are stable. The 
high efficiency of use of the atomic flux in optical pumping leads to adequate short- 
term stability, as indicated by the presently operating standards: Frequency 
measurements with a statistical uncertainty of the order of I x IO-I4 can be.made in a 
few hours. 

Accuracy is more correctly described in terms of the uncertainties in magnitude 
of the various systematic fiequency biases. Many of the potential systematic 
frequency biases scale as the reciprocal of the Q of the atomic line, and we may be 
tempted to try to desisn a standard with hisher 0. However, none of the presently 
operating standards is limited by this type of error. All three of the machines have a 
substantial uncertainty in the evaluation of the cavity-phase shift, but for very 
different reasons. The NRLM and LPTF machines are limited to about one part in 
l O I 3  by the uncertainty in the contribution of the distributed-cavity-phase shift, 
resulting from their cavity design. The NIST machine has been limited, in the 
evaluation of end-to-end-phase shift. at several parts in IO15, simply by the duration 
of the frequency measurements made. 

The ultimate limit to optically pumped, thermal-beam technology seems to be 
the second-order-Doppler shift, and its dependence on microwave power. The shift is 
-3 x 1 0 ' 3  at optimum power. and its control to 1% requires control of the 
microwave power to about 0.1 dB, about the limit of present technology. This 
implies a limit to uncertainty of the order of several parts in 1015. Very carefbl 
ensheering of a power servo, or some clever, new servo technique, may allow this 
limit to be reduced. However. at that point, we would be faced with errors that scale 
with the reciprocal of the atomic line 0. and very difficult engineering challenges 
would have to be overcome. There seems to be no reason to address these problems, 
because of the rapid emersence of the new technologies outlined below. These 
promise enhancements of the observed Q of the atomic line by orders of magnitude 
over thermal-atomic-beam technology. 



4. Standards based on cooling of neutral atoms 

In this section, we discuss advanced primary frequency standards, primarily 
microwave standards, that will use recent advances in laser cooling and trapping of 
neutral atoms. 

4.1 Concepts of laser cootirig 

4.1.1 Introduction 

Laser cooling of neutral atoms has developed rapidly since the first deceleration 
of an atomic beam (Phillips atid Me" 19821. Numerous advances in trapping and 
cooling have produced temperatures in cesium. in three dimensions, as low as 700 nK 
[Kastbcrg et al., 19951 and, in one dimension, as low as 23 nK [Reichel el al., 1994. 
Much of the development of laser cooling has been performed with alkali atoms, due 
to the advantageous level structure and convenient transition wavelengths. It is 
especially fortuitous that cesium is an ideal candidate for laser cooling. This allows 
rapid incorporation of advances associated with atom cooling in next-generation 
cesium-frequency standards. 

4.1.2 Deceleration techniques 

Laser-cooling techniques have relatively low capture velocities ( vmpmm 
c 10-2Ods). well below the typical velocities (200-1000 ds) of a thermal atomic 
beam. It is therefore necessary to decelerate the atoms from these typical beam 
velocities, until they are slow enough that they can be captured, stored, and cooled to 
very low velocities with laser cooling. 

Deceleration is performed by using a counter-propagating laser, resonant with a 
strong cycling transition. On average, an atom is decelerated by one photon-recoil 
momentum for every absorptiodemission cycle, reducing its velocity by vmc = hk/m 
(3.5 m d s  for Cs). To decelerate an atomic beam to low velocities requires Scattering 
on the order of IO5 photons. If the deceleration laser is tuned to be resonant with an 
atom exiting the oven, it will be far off resonance by the time the atom is near zero 
velocity. since the Doppler shift during deceleration changes by many (-IO2) 
linewidths. This would prevent an atom from scattering enough photons to decelerate 
significantly. Two primary techniques have been developed to circumvent this 
difficulty, and to maintain resonance over the entire deceleration. 

4.1.2.1 Zeeman deceleration 

In Zeeman deceleration [Phillips arid Metcalf, 1982; Walhoirr e l  al., 19931, a 
spatially varying magnetic field is used to compensate for the varying Doppler shift. 
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Typical Zeeman decelerators are -1 m in length, and have maximum magnetic fields 
in the 50-150 mT range. To avoid optical pumping to a hyperfine state uncoupled 
from the laser, the decelerating laser is circularly polarized. In addition, a bias 
magnetic field is often applied, to make use of high-field-selection rules to further 
suppress transitions to the wrong hyperfine state. While this has been applied 
successfully to Na, the hyperfine splitting in Cs is too large for convenient bias fields, 
and thus Cs has never been decelerated with the Zeeman technique. Due to the 
different magnetic-field dependence of the repumping transition, compared to the 
primary slowing transition. it is not possible to apply a second laser frequency that 
will act as a repumper over the entire deceleration region. 

4.1.2.2 Chirped deceleration 

Another common technique used to decelerate a beam of atoms is to “chirp” 
the laser frequency, to remain resonant with a group of atoms during the entire 
deceleration time [Prodatr atid Phillips, 1983; Erlmer er al., 19851. This technique is 
inherently pulsed. For a thermal beam of Cs atoms, the laser must be chirped 
0.25 GHz to deceIerate atoms with an initial velocity of 250 d s .  This requires a 
minimum stoppins distance of 0.5 m, although a somewhat longer .region is typically 
used. The lengh of the slowing region is dictated by the maximum velocity to be 
decelerated ( L  = v i  r/v,,, , where L is the minimum length required to slow an atom 
with velocity v0, and r is the lifetime of the excited state). A shorter slowing region 
may not result in much loss of flux, due to the increased solid angle available. For 
chirped slowing, a repumping laser is also chirped, to optically pump any atoms that 
fall into the wrong hyperfine level’back into the cycling transition. 

4.1.3 Capture from thermal vapor 

The increased solid angle for a shorter slowing region can be extrapolated to 
the limit where there is no slowing region at all, and we simply capture atoms out of 
the low-velocity tail of the thermal distribution in a vapor cell [Cable el a/., 1990; 
Moriroe er a/., f9VO]. This has been successfully applied, especially for capture into a 
magneto-optical trap (MOT, see below). The number of atoms trapped is 
proportional to 1):. where vC is the capture velocity (typically 10-20 d s ) ,  which 
depends on trap parameters: laser-beam size, intensity. detuning, and magnetic-field 
gradients. These techniques have been refined such that 3.6 x 1010 Cs atoms were 
captured from a thermal vapor [Gihble el ol.. 19921, using large laser beams and 
relatively high laser power. 

4.1.4 Doppler cooliiig 

For a simple two-level atom. the lowest temperature achievable is known as the 
Doppler-cooling limit. It is found by equating the damping rate, due to the Doppler 



effect, to the heating rate. due to the stochastic nature of photon scattering [Leu el 
al., 19891. The Doppler limit is kBTDaPpI,, = h y / 2 .  where y is the width of the 

excited state. For Cs. this corresponds to 125 pK, and the root-mean-square thermal 
velocity I),,,,~ = 9 c d s .  

4.1.5 Polarization-gradierit coolirig 

In 1988. it was discovered [Le// e/ af., 19881 that the temperature of a sample 
of laser-cooled Na was -10 times lower than the Doppler limit of 240 pK. This was 
subsequently explained [Dalibard ami Coheti-Tatrtior@, 1 9891 as being due to the 
interplay between the multi-level nature of the atoms, and the effects of optical 
pumping and spatially varying optical potentials (light shifts). This new type of 
cooling, known as polarization-gradient cooling. produces a very strong damping 
force over a velocity range substantially less than Doppler cooling. Nonetheless, a 
significant fraction of the atoms can be cooled by this effect. and threedimensional 
temperatures in Cs were sometimes as low as 2 pK [Sdomon el a/., 19901. 
Experimentally and theoretically, the limit to polarization-gradient cooling is found to 
be about lOTnccO,.,. where TRecoil = rt'k'/mkB is the temperature associated with the 
recoil of a single photon. For Cs. the minimum temperature for polarization-gradient 
cooling yields v,,,,~ = 1.1 c d s .  These low polarization-gradient-cooling temperatures 
will substantially improve the performance of a laser-cooled frequency standard over 
one operated at the Doppler limit. 

4.1.6 Other cooling mechanisms 

Temperatures well below the single-photon-recoil limit have been achieved in 
one and two dimensions, using an effect known as velocity-selective coherent- 
population trapping (VSCPT). This cooling mechanism relies on the creation of a 
"dark state:" a velocity-dependent coherent superposition of ground Zeeman 
sublevels that is uncoupled from the excited state due to quantum interference. For 
long interaction times, the momentum width of such a state can be very small (sub- 
recoil). The state has nonzero-momentum components (the state is a superposition of 
frtk momenta), but with a small spread around them. Recent results, in metastable 
He [Rardorc e /  ol., 19941, have found one-dimensional temperatures of 0 . 0 6 T ~ ~ ~ ~ ~ l .  
Such techniques require a J + J transition, and will be degraded by nearby 
hyperfine structure, as is the case in Cs. 

A similar technique that also relies on velocity-space optical pumping is Raman 
cooling, developed at Stanford [flaiidwi e,  01.. 1994. In this technique, atoms are 
subjected to a carefully tailored set of Raman and optical-pumping pulses that induce 
transitions between the ground-hyperfine levels. The pulse-excitation spectrum is 
designed so that atoms that find themselves very near zero velocity after a 
spontaneous emission have no probability of re-excitation. Repeated cycles of pulses 
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accumulate atoms around I J  = 0. Raman cooling is most effective in one dimension 
(due to additional phase space in higher dimensions) [Davidsoti cf a/.. 19941. Recent 
application of Raman cooling in Cs.[Reichd e/ a/.. 19941 has produced a one- 
dimensional temperature of only 23 nK. 9 times below TRccoil. 

4.2 Molasses arid h4OTs 

The minimum laser-cooling temperatures quoted above were achieved in what 
is known as optical molasses. Optical molasses involves a confiyration of laser 
beams tuned slightly below (-5 MHz) the resonance. This provides viscous 
confinement and cooling of atoms, due to both Doppler cooling and polarization- 
gradient cooling. A typical configuration consists of three orthogonal pairs of 
retroreflected-laser beams, with intensities near saturation. The dapture velocity of 
optical molasses is dominated by Doppler-cooling effects, and is typically about 
10 m / s .  Molasses temperatures are very sensitive to magnetic field, and the 
achievement of the lowest temperatures requires residual fields of less than 1 pT. In 
fact, this necessity of small magnetic fields is conveniently compatible with the 
stringent stray-field requirements of Frequency standards. 

Recent results of laser cooling. in a four-beam configuration known as an 
optical lattice (where atoms are trapped in optical-potential wells), have found 
temperatures in Cs down to about 1 pK [Kusfbicrg el ai., 19951. Application of 
adiabatic coolins (where the intensity of the lasers is reduced adiabatically over 
-200 ps) have produced three-dimensional temperatures of 700 nK [Kusfberg el al., 
1994. Such techniques should be compatible and applicable to advanced Frequency 
standards. 

The magneto-optical trap (MOT) has provided a robust way to increase the 
capture velocity and, hence, the number of confined atoms. It is essentially a 
molasses geometry, with an added quadrupole-magnetic field. The spatially varying 
field produces a spatially varying restoring force, creating a true trap. The increased 
capture velocity allows MOTs to capture en0ug.h atoms from the low-velocity tail of 
a thermal distribution, making possible a much more compact apparatus [Monroe el 
a/., 19901. The most critical drawbacks of MOTs, for primary frequency standards, 
are their requirement of -1 mT/cm gradient fields, and the impact on a Frequency 
standard from the associated fringing fields. Since the lowest temperatures are 
achieved in zero field, it is necessary to switch off the MOT field, which may have an 
adverse impact on the magnetic shielding of a frequency standard. 

4.3 The atomic fountain 

4.3.1 Techiiiq ues 

Laser-cooled neutral-atom frequency standards are based on the concept of an 
atomic fountain, first attempted, albeit unsuccesshlly, by Znchurius [ 19541. Atoms 



22 R. E. Driilliriger. S. L. Rolstori. arid W. M. 1ta1ro 

are launched upward and pass twice through the same interaction region, once on the 
way up, and once on the way down. This forms the two interactions, separated in 
time, to produce Ramsey fringes, with the resolution determined by the time between 
interactions. This time, T = ( 2 h / ~ ) " ~ ,  can be very long: T = 0.5 s, for a fountain 
height of h = 30cm. The correspondingly narrow linewidth allows for substantial 
improvements in clock performance. One other important feature of the atomic 
fountain is that there is only a single microwave cavity, so that effects present in 
traditional standards. due to cavity differences (for example, end-to-end phase shifts), 
are eliminated. 

The origjnal Zacharias experiment failed because the thermal-beam source did 
nor have a sufficient flux of slow atoms. Laser-cooled sources can provide the 
necessary flux. Low temperatures are important, so that the spread of the sample 
during the long flisht time is small enough that there is a usable number of atoms in 
the interaction region during the second interaction. A sample of Cs atoms, at 2 pK, 
will spread only 1.1 cm in 1 s, so 40% of the atoms fall within a 1 cm interaction 
region. By contrast. if the Cs atoms were at the Doppler limit of 125 pK, they would 
spread to 9 cm, and only -0.7% of the atoms would be usable. 

Laser-cooled atoms need to be launched in a way that does not introduce 
excess heating of the atoms. This is accomplished with "moving molasses:" the laser 
beams with upward components are shifted up in frequency by an increment AX and 
vice versa for downward components. The atoms therefore see a moving optical 
field, with a velocity of Y = ??f . The atoms laser-cool into equilibrium with this 
moving field, and when the lisht is suddenly switched off, the atom cloud is left 
moving upward uniformly, with only the relative velocity spread due to the laser- 
cooling limits, not the launch velocity (typically 1-4 mls). 

4.3.2 Prototype standards 

The atomic fountain was first successhlly demonstrated on the 1.77 GHz 
microwave transition in Na [Kawvich cr a/., /989]. although in this case, the atoms 
never left the cavity. which was pulsed to produce the two Ramsey zones. 
Nonetheless, the 2 Hz linewidth was a powefil demonstration of the potential of the 
atomic fountain. An atomic fountain in Cs was first demonstrated in Paris [Chiron el 
a/., 1991). A Cs fountain was constructed at Stanford, and used to measure the 
important effects of collisions between the cold atoms and the associated line shifts 
[Gibble arid Chit. 19931. 

Atomic-fountain Cs standards are under development in several laboratories 
around the world. The group at LPTF in Pans has recently reported preliminary 
results of an operational fountain [Surirardli rr a/., 19941. The fountain uses optical 
molasses, loaded from a vapor cell. It is launched using one-dimensional moving 
molasses, followed by horizontal cooling after the atoms are at the final velocity. The 
flight time can be adjusted to be between 0 and 700 ms, yielding a narrowest 
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achievable linewidth of 700 mHz. The stability of the fountain has been measured to 
be o y ( r )  = 6 x 10-13~-”2, which is a factor of five higher than expected for the los 
atoms detected per cycle. The LPTF group believes that this is due to a limitation 
from local-oscillator-frequency noise. The accuracy has not yet been evaluated. 

4.3.3 Optical atomic-fountain standards 

The concept of the atomic-fountain fiequency standard can also be applied to 
optical transitions: the most promising is a Doppler-Free two-photon transition. There 
are a number of candidates for a standard with a Q of greater than 1014. including a 
UV transition in Ag [Huff el al., 19891, and an IR transition in metastable Xe 
[Rolsfort and Phillips, 19911. This high 0, coupled with the large numbers of atoms 
available, produce an extraordinary potential stability (better than at 100 s). The 
two most challenging issues affecting the stability will be the AC Stark shift 
(comparable to the linewidth, for a x/2 pulse [Rolsfon and Phil/@, f99f]), and the 
effect of collisional shifts, which are currently completely unknown. 

4.3.4 Performance limits 

To estimate the stability of a microwave Cs atomic fountain, we assume the 
following set of parameters: a launch of 106 atoms every second, with a Ramsey time 
of 0.5 s (to allow for reloading). We will assume that the atoms are all optically 
pumped into the F = 3. mF = 0 Zeeman sublevel before entering the interaction 
region, and that 40% of the atoms will be within the useful interaction region on the 
downward traverse of the cavity. Since the number of atoms from shot to shot will 
invariably fluctuate, it will be necessary to measure both the number of atoms that 
have made the transition, and those that did not, with a precision of 10-3 or better. 
We then find an Allan variance of 1 x at 10 s. This will clearly place significant 
demands on the flywheel oscillator, a challenge that we will not address here. (The 
LPTF fountain is using a hydrogen maser for this application.) 

This good stability will allow rapid evaluation of effects that are important in 
determining the accuracy of the standard. Second-order-Doppler shifts and 
gravitational-red shifts are reduced to with uncertainties below due to 
the use of slow atoms. The use of a single high-Q cavity, and the narrow lines 
afforded by the long interaction time of the fountain, should reduce the effects of 
distributed cavity-phase shifts and cavity pulling to levels substantially below 
conventional standards, to 10-16 or less. The compact size of the fountain will allow 
good magnetic shielding, and the narrower linewidth will permit operation at.low C 
fields ( 4 . 1 - 1  pT), which will reduce uncertainties due to masnetic fields to 10-l6 or 
less, as well. 



By far the most challenging issue affecting the accuracy of the Cs atomic 
fountain will be the shift due to collisions between the cold atoms. This pressure shift 
is large, measured by Gibble and Chii E19931 to be 5 mHz, at a density of 
3.5 x los cmJ for Cs atoms in the ntF = 0 state. If we assume that extrapolation to 
zero density at a precision of 5% of the shift is possible, this will require operating at 
a density of IO6 cmJ, to achieve a IO-'' accuracy. It is clear that we do not want any 
atoms that can contribute to the shift. but not the signal. Thus, it will be important to 
optically pump the sample: the colder the transverse temperature, the more atoms 
that make it back through the cavity for the second interaction. This limit on density 
is four to five orders of magnitude below typical MOT densities and will prevent 
MOTS from being used directly as the source of atoms. Optical molasses alone is 
attractive, since it offers more than sufficient density (typical density -108 cm-3) and 
has no magnetic fields. It is nonetheless clear that understanding and characterizing 
the collisional shift will be of primary importance in the evaluation of a laser-cooled 
Cs standard. 

5. Standards based on stored ions 

Great progress has been made in recent years in applying trapped atomic ions 
to frequency standards. Devices containing many ions have demonstrated extremely 
high stabilities at microwave frequencies. Optical transitions of single ions have been 
observed with very high resolution. and there is much interest in using single-ion 
devices as frequency standards. The following section will describe the types of ion 
traps, the methods of cooling ions in traps, and the current status and future 
prospects of ion-trap frequency standards. Some general reviews on ion traps and 
their applications to spectroscopy are given in [Wiiwlaiid et al.. 1983; Paul, 1990; 
Blau el al., 1992; 7honpson, 1993; Werlii. 19931. Itatlo [I9911 and Werrh 11994 
deal specifically with the applications of trapped ions to frequency standards. 

5.1 Ion traps 

An ion trap is a device which uses electric fields. or a combination of electric 
and magnetic fields, to suspend ions in space. The two main types are called Penning 
traps and Paul (or RF) traps. 

5.1.1 Penning traps 

The Penning trap uses static electric and magnetic fields. The electrostatic 
potential is 
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A typical electrode configuration used to create such a potential is shown in Figure 3.  
A uniform magnetic field, 13, is applied along the symmetry (z)  axis of the trap. The 
two endcap electrodes are held at the same potential, Uo, relative to the ring 
electrode. Here. ro and zo are lengths.that depend on the electrode geometry. The 
sign of Uo is chosen to generate an electric field that forces the ion back toward the 
center, if it is displaced in either direction along the z axis. However, if the ion is 
displaced radially (that is, in the x - y  plane), it is subjected to an electric force that 
forces it away from the center. The mapetic field is required to provide radial 
confinement. A single ion undergoes simple harmonic motion along the z axis, and a 
superposition of two circular motions in the x - y plane. 

1 E= Bo? (required for Penning trap) 
m 

~4 = A(x2 + y2 - 2z2) 

A =  V / ( r i  + 2 2 ; )  

v = uo + VOCOS at 

(Vo= 0 for Penning trap) 

1 I 

Figure 3. Penning or spherical Paul trap electrodes. 

Motion along the z axis is stable, because work has to be done to increase :'. 
On the other hand, if the orbit of an ion is displaced radially outward, its potential 
energy decreases. Hence, energy conservation does not prevent the ions from' being 
lost from the trap. However, conservation of the z component, L, , of the canonical 
angular momentum of the ions leads to radial confinement. In a real trap, Lz is only 
approximately conserved. because of collisions with neutral molecules, and because 
of deviations of the trap electric and magnetic fields from cylindrical symmetry. 

5.1.2 Spherical Paul traps 

In a Paul or RF trap, an oscillating electric field provides confinement, and a 
magnetic field is not required. The most commonly used form of Paul trap-which we 
call the spherical Paul trap. to distinguish it from the linear Paul trap-uses an 
electrode configuration like the Penning trap (Figure 3). To be more precise, the 
electric potential has the form 



26 R. E. Driilliriger. S. L. Rolsfori. arid W. M. Itmo 

Here, U,, and KO are the static and RF potentials. Dynamic trapping is possible for 
some range of values of (Io, Vo , and R . With such values, the time-averaged force 
(the force averaged over a period of the oscillation) confines an ion in all dimensions. 
The static part of the electric potential can be adjusted to vary the ratio of the radial 
and axial restoring forces. The trajectory of an ion is a superposition of a driven 
motion, at frequency R, and a low-frequency motion, due to the time-averaged 
force. The driven motion is called the micromotion. and the low-fiequency motion is 
called the secular motion. 

5.1.3 Linear Paul traps 

A schematic drawing of a linear Paul trap is shown in Figure 4. An RF potential 
is applied between the rods. The phase of the potential at each rod differs by 180' 
fiom that of the two that are nearest to it. In the region between the rods, the RF 
electric potential is approximately 

Here, R is the distance from the central axis to the surface of one of the rods. This 
creates a time-averaged force that attracts an ion to the central axis. An electrostatic 
potential, applied to the electrodes at the ends, prevents the ions from escaping along 

A 

vo cos R t 

Figure 4. Linear Paul trap electrodes. 

the axis. In such a trap, the RF fields approach 0 along a line, rather than at only a 
point. In this trap, the kinetic energy of the micromotion is less than in a spherical 
Paul trap with the same number of ions and the same radial restoring force. Traps of 
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this type have been constructed by several groups for frequency-standard applications 
[Preslage e/ al., 1991; Raizeti el al., 1992; Fisk et al., 19931. 

5.1.4 Other types of traps 

Other forms of traps may prove useful for Frequency standards. A “racetrack” 
trap can be made by connecting the ends of the rods into rings. Mg ions have been 
lasercooled in a racetrack trap [Waki e/ a/., 19921. The electric potentials described 
by Equations (1 -3) are all of quadrupole form. The use of an octupole potential in an 
RF trap has been demonstrated [Wulz et a/., 1994. Such a trap may have advantages 
for the storage of large numbers of ions at relatively low kinetic energies. 

5.2 Ion-cooling methods 

Trapped ions can easily gain several electron volts of kinetic energy, equivalent 
to temperatures of thousands of K. from electric fields in the trap. Since the ions are 
well isolated thermally fiom their environment, they do not quickly cool to room 
temperature. On the other hand, this thermal isolation makes it possible to cool the 
ions, using a weak process like laser cooling, to less than 1 K, in a room-temperature 
apparatus. 

5.2.1 BufTer gas 

Collisional cooling with neutral gas molecules is a simple way of cooling ions in 
a Paul trap. Ciiflrr el nl. [ 19851 have collisionally cooled I9’)Hg+ ions in a Paul-trap 
frequency standard with helium gas. The secular motion was cooled to near room 
temperature, but the micromotion was hotter. Other frequency standards, using 
buffer-gas cooling. have been reported by Prrsfage er a/. [ 1991 J (Hg+), by Schtiier e/ 
ul. [I9921 (Yb+), by Tanini era]. [I9953 (Yb+). and by Fisket al. [I9951 (Yb’). 

Collisional cooling with neutral atoms. without the application of additional 
forces, is not feasible for ions in a Penning trap. This is so because there ,is no 
restoring force in the radial direction. Collisions would quickly drive the ions out of 
the trap. However, it is possible to use a combination of collisional cooling and RF- 
sideband excitation [%\)urd CI a/., 19911. Collisions with buffer-gas molecules will 
cool the axial and cyclotron motions. but heat the magnetron motion. RF excitation 
can  be used to couple the magnetron and cyclotron motions, so that their excitation 
is exchanged. Thus, collisional cooling of the cyclotron motion is transferred to the 
magnetron motion. 



5.2.2 Doppler laser cooling 

Doppler laser cooling is a very effective method for cooling certain kinds of 
ions to very low temperatures [Sfetiholn7, 1986; Wiiielatid mid llano, 1984. The 
basic idea is to irradiate the ions with light having a frequency slishtly lower than that 
of a strong resonance line of the ion. Ions moving toward the source of the light 
absorb and re-radiate photons at a high rate, because the Doppler shift brings the 
light closer to resonance. The ions lose energy. since they absorb the momentum of 
the photons. When the ions move away from the source of light. the Doppler shift is 
away from resonance, and photons are scattered at a low rate. The velocity is 
damped, on the average, The minimum temperature, T ~ o p p l ~ ,  that can be obtained in 
this manner is given by koTbpp,cr zc: h y / 2 ,  where k, is Boltzmann’s constant, h is 
Planck’s constant divided by 2n. and y is the radiative-decay rate of the upper state. 
For typical cases. Tb,,der is about 1 mK. This kind of laser cooling is called Doppler 
cooling, to distinguish it from other kinds of laser cooling [Coheii-Tatitior@ and 
Phillips, 19901. 

5.2.3’Sympathetic laser cooling 

Unfortunately, the nearly resonant light field perturbs the transition frequencies 
of the ion. One way of dealing with this problem is to turn off the light used for 
cooling for short periods. Another way is to simultaneously trap two species of ions. 
One species is continuously laser cooled. It cools the other species by long-range 
Coulomb collisions. The cooling radiation for one species does .not perturb the 
resonance frequencies of the other species very much. This cooling method, called 
sympathetic laser cooling, was demonstrated by Larsoir el ul. [19886). 

5.2.4 Other laser-cooling methods 

Other kinds of laser cooling have been demonstrated with trapped ions. 
Resolved-optical-sideband cooling has been used to cool a single ion to the zero- 
point energy [Dirdrich el a/. . 19891. Polarization-gradient cooling has been 
demonstrated in a “racetrack” trap [Birkl CI ul., 19941. This type of cooling is based 
on optical pumping between Zeeman sublevels, which are light-shifted differently by 
a nearly resonant standing-wave field [(.i,liLJti-Totitioildii~i arid Phillips, 19901. 

5.3 Ion-frequency standards 

5.3.1 BuITer-gas-cooled standards 

Research on optically pumped microwave-frequency standards, based on large 
numbers of ions stored in Paul traps, has advanced greatly in recent years, To date, 
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these standards have used buffer-gas cooling, rather than laser cooling. Thus, the 
second-order-Doppler shifts are relatively high, (approximately a pan in 10l2), but 
the stability can be very good. because of the combination of high Q and high signal- 
to-noise ratio. Most of the recent research has focused on Hg+ and %+, although 
some other ions have been considered. 

5.3.1.2 Hg+ 

Major atid Werfh [I9731 were the first to observe the 40.5 GHz ground-state 
hyperfine transition of 1g9Hg+. The Q of the resonance was approximately lolo. The 
detection of the resonance was based on optical pumping. The ground electronic 
state of H$ has the electronic configuration Sd06s 2Sln. An RF-excited lamp, 
containing the 202Hg isotope, emits 194 nm radiation that drives I99Hg+ ions in the 
F = 1 hyperfine level of the ground state to the Sd06p *Pin state. The ions can then 
decay to either the F = 0 or F = 1 hypefine levels. The lamp eventually pumps 
most of the ions to the F = 0 state. If microwave radiation near the 40.5 GHz 
resonance is applied, some ions are driven to the = 0 sublevel of the F = 1 state. 
Then they can be excited to the Sdo6p 2Pl, state by light from the lamp. When they 
decay, the 194 nm photons are detected. 

Jarditio CI al. [1981] made the first Frequency standard based on this system. 
, for 10 s e r <3SOO.s, where r is the time They measured CT ,,( r )  = 3.6 

interval in seconds. This stability was comparable to that of some commercial Cs 
atomic clocks. Buffer gas for cooling was not deliberately introduced, although the 
background Hg vapor probably provided some cooling. 

1 o-l I ?-I12 

This basic system was developed hrther by Culler CI al. [198/,  1984. They 
introduced He buffer gas to reduce the temperature of the ions. The number of ions 
was about 2 x 106. The resonance linewidth was 0.85 Hz. so the Q was 
approximately S x 10'0. The results of a 1 IS  day test showed fractional frequency 
fluctuations of 7.6 x 10-15 for integration times of 1 day [Culler el ai., 1984. The 
frequency difference between two standards was between 1 and 2 parts in lo1), 
which is some indication of their accuracy. 

The group at the NASA Jet Propulsion Laboratory [Preslage el a/., 1991; 
7joelkcr ei a/., 19931 has demonstrated a 199Hg+ frequency standard based on a 
linear RF trap. The frequency standard was operated with a Q of 2 x I O i 2 .  The short- 
term stability of the device was better than a, , (r)  = 7 x r-1'2 . Measurements of 
stability have been made out to IO days. 7Joelk~r C/ al, [I9931 anticipate that a 
stability floor of 1O-Io, and an accuracy of 10-14 may be achievable. 



5.3.1.2 Yb+ 

There bas also been much experimental progress with microwave-frequency 
standards based on Yb+. Unlike Hg+, lasers rather than lamps must be used for 
optical pumping. Schirier r~ al. [1992] and Baucti el al. [/995] have observed a 
linewidth of 16 mHz on the 12.6 GHz ground-state hyperfine transition of 171Yb+. 
They reported o,,(T = 100 s) = 5 x IO-l3.  Their apparatus used a spherical Paul trap 

and a He buffer gas. Casdorfjet a/. [/99f] have reported a,,(r) = 2 x I O - ” T - ” ~  for 

a 171Yb+-based frequency standard, which used a spherical Paul trap. 

Fisk el al. [/993; 19951 have demonstrated a I71Yb+ frequency standard, based 
on buffer-gas-cooled ions in a linear Paul trap. They have reported a linewidth of 
800 pHz on the 12.6 GHz transition. This corresponds to a Q of 1 5  x 
currently the highest reported for microwave spectroscopy. The high phase stability 
required for this measurement was derived fiom a sapphire-loaded superconducting- 
cryogenic-resonator oscillator. The stability of the Yb+ frequency standard was 
measured to be CY ,,(r) = 3.7 for f c3000 s. 10-1 3 r-112 

5.3.2 Microwave transitions using laser-cooled ions 

One of the largest sources of systematic uncertainty in buffer-gas-cooled ion- 
trap frequency standards is the second-order-Doppler shift. Lower temperatures and, 
hence, lower second-order-Doppler shifts, can be achieved by laser cooling. 
However, the number of ions which can be laser cooled in a spherical Paul trap is 
relatively small, and the potential signal-to-noise ratio is correspondingly low. Two 
traps, which are better suited to laser-cooling clouds of many ions, are the Penning 
trap and linear or racetrack Paul traps. 

5.3.2.1 9Be+ in a Penning trap 

Bollitigcr el al. [1985] demonstrated the first frequency standard based on 
laser-cooled ions. This standard was based on a 303 MHz hyperfine transition in the 
ground electronic state of 9Be+. The first derivative of the frequency of the transition 
between the ( niI = -3 / 2 ,  “iJ = 1 / 2 )  sublevel and the ( niI = -1 / 2, ”iJ = 1 / 2 )  
sublevel approaches 0 at a value of the magnetic field near 0.8194 T. A frequency- 
doubled CW dye laser was used to generate 313 nm radiation to laser cool and 
optically detect the ions. 

In the most recent version of the ‘‘Be+ frequency standard, sympathetic-laser 
cooling was used [Hollittger et a/., 1991). Magnesium ions were trapped at the same 
time, and were continuously laser cooled. The number of 9Be+ ions was 5000 to 
10 000. A sequence of optical and RF pulses was used to transfer the ions to the 
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( mf = -1 / 2 ,  mJ = I I 2)  sublevel. The Ramsey two-pulse-resonance method was 
then used to drive some of the ions to the ( mf = -3 / 2 ,  ni, = 1 / 2)  sublevel. Then, 

pulses were applied to bring ions, which had remained in the 
(mf = -1 / 2 ,  = 1 / 2)  sublevel, back to the ( ml = 3 / 2, mJ = 1 / 2)  sublevel. The 
313 nm source was then turned back on, and the fluorescence intensity was 
measured. The intensity was proportional to the ( mI = 3 / 2 ,  mJ = 1 I2) population. 
If ions were left in the (m, = -3 / 2, mJ = 1 / 2 )  sublevel, there was a decrease in the 
intensity. The time between the two RF Ramsey pulses was sometimes as long as 
550 s, although 100 s was more typical. With T = 550 s , the width of the resonance 
was 900 pHz. The stability was better than 3 x 10-’2r-”2 for lo3 s < T < 1 0 4  s .  
However, there was a frequency shift with change in pressure. This limited the long- 
term stability of the standard to about 3 x 10i4. The uncertainty of the second-order- 
Doppler shift, though, was only 5 x lO-I5. The longest time that the standard was 
operated continuously was about 10 hours. 

5.3.2.2 1g9Hg+ in a linear Paul trap 

Frequency standards based on Paul traps suffer fiom high second-order- 
Doppler shifts, due to the micromotion. Witielaiid et a!. [1990] proposed to use a 
linear RF trap to confine a single string of ions, such as IwHg++. along the central 
axis. The ions could be laser cooled. and would have negligible micromotion. Such a 
standard might combine high accuracy and high stability. 

To test these ideas, linear Paul traps have been built for 199Hg+ ions (Raizeti el 
al., 1992; Poitrsch et al., 1994. “Crystallized” strings of laser-cooled ions have been 
observed. The 40.5 GHr hyperfine transition has been observed in a string of ions 
with a linewidth of 0.25 Hz. In the latest version, the trap and surrounding chamber 
are at a temperature of 4 K (Poitsch et d.. 19941. This eliminates problems due to 
collisions with neutral molecules, and reduces frequency shifts due to blackbody 
radiation. 

5.3.3 Optical transitions using laser-cooled ions 

An optical-frequency standard might be based on a transition with a narrow 
natural linewidth. The Q could then be so high that (he signal from even a single ion 
could yield good stability, as well as good accuracy. The upper state of the transition 
must be metastable. Direct detection of the photons emitted by such a transition 
would be very difficult. 

Sensitive detection of a single ion can be carried out by a double-resonance 
method called electron shelving [Dehiiieh, 19821. An example of an atomic level 
structure that is suitable for this method is shown in Figure 5. First. a pulse of 
resonant radiation is applied at wavelength A 2 ,  to t ry  to drive the transition to the 
metastable state. Then, in a time less than the lifetime of the metastable state, another 



pulse of radiation is applied at wavelength 2,. This radiation is resonant with a 
transition from the same lower state to a short-lived upper state. If the atom is 
shelved in the metastable state, no R, photons are emitted from the short-lived state. 
If the atom is in the lower state after the 1, pulse, it can absorb and emit 2 ,  photons 
at a high rate. Thus. the absorption of a single R 2  photon, which drives the atom to 
the metastable state, results in the absence of many 2 ,  photons. Individual l.2 

transitions can be detected, even if not all of the it, photons are detected. 

5.3.3.1 Hg+ Single-ion optical spectroscopy 

Hg+ has a level structure which is suitable for an optical-frequency standard. 
The 586s2 ,Dj, state is metastable, -ivith a lifetime of about 90 ms. The 194 nm 
transition from the ground SdI06s2 SIn to the Sdo6p 2 P l ,  state can be used for laser 
cooling. and for detection by electron shelving. Some hyperfine components of the 
281.5 nm transition in 199Hg+ are nearly independent of magnetic field, near zero 
field. One of these is the transition from F = O  in the ground state to 
(F  = 2 ,  niF = 0 )  in the upper state. Recently, Bergqiris/ e/ a/. [ I994  observed this 
transition with a linewidth of under 80 Hz. The resonance line Q is over and is 
the highest ever observed in an optical transition. The laser frequency was servoed to 
the single-ion resonance for periods of several minutes [Bcrgqiris/ er a/., 1994. 
Further work on this system might yield a frequency standard with 
c , , ( r )  = 10-'sr-''2 and an accuracy ofone part in 10'8 [Wirre/atidcia/., 19901. 

5.3.3.2 Ba+ Single-ion finestructure transition 

Wii@d cf at. [1994 have investigated the use of the 12.5 pm, 5d2D3Q - 
5d 2D, fine-structure transition in Ba- as an optical-frequency standard. This line 

can be driven with an optically pumped ammonia laser. The natural linewidth of the 
transition is less than 0.02 Hr. The transition was observed in a single trapped ion, 
with a linewidth of 30 kHz. The transition frequency was measured to an accuracy of 
1 kHz, by comparison to a phase-locked-laser chain. 

5.3.3.3 Other single-ion optical transitions 

Experimental work has been done with other ions which can be laser cooled, 
and which have narrow optical transitions. In some cases, the transitions have been 
observed with relatively high resolution. In  Ba+, for example, Nagoririrey ef  al. 
[1990] have observed the I .76 pm 6s2SIn - 5d2DSn transition with a linewidth of 
about 40 kHz. Similar observations have been made by Si~v"v e/  nl. [1994]. Among 
the other ions that have been studied experimentally for use in a single-ion optical 
frequency standard are Sr+ [Hnniwodef a/.. 199-11, Yb+ [Bell et a/., 1992; Lchniifz et 



5.4 Performance limits of ion standards 

For trapped-ion frequency standards, there is usually a trade-off between short- 
term stability and accuracy. The high-stability limit is currently represented, by the 
199H3’ buffer-gas-cooled microwave standard [Uoelker el af., 19931. The high 
stability is largely a result of the high 0 and the large number of ions. However, there 
are systematic uncertainties which limit the accuracy: the largest (at present) is the 
second-order-Doppler shift. The magnitude of the shift is on the order of 10-12. 
Control of this shift. by control of the number of ions, may be feasible to about IO-l4.  

A laser-cooled standard, like the 199Hg+ linear Paul trap, has the potential of 
higher accuracy, mainly because the Doppler shifts are very small (on the order of 
10-18) [Witrelaride/ a/., 1990; Witrelairdet al., 19871. Other shifts, such as those due 
to collisions or-external electric and magnetic fields, also appear to be controllable to 
about this level. However, the short-term stability is likely to be less than for buffer- 
gas-cooled standards, because of the small number of ions. 

The ultimate accuracy might be achieved by a single-ion optical-frequency 
standard [Witletatid el at., 1990; Wirrrlaid el al.. 1984. Because of the extremely 
high line Qs that might be achieved @eater than 101j), good stability could also be 
achieved. As already stated, the second-order-Doppler shifts should be extremely low 
for a laser-cooled standard. Other shifts, such as those due to blackbody radiation or 
electric-field gradients, may be controllable to the 10-l8 level. 
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