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Trapped Ions, Laser 
Cooling, and Better Clocks 

D. J. Wineland 

In a recent experiment (I) at the Na- 
tional Bureau of Standards (NBS) in 
Boulder, Colorado, the frequency of a 
particular hyperfine transition in the 
ground state of beryllium atomic ions 
was measured with an inaccuracy of only 
about one part in 1013. In this experi- 
ment, the ions were confined or 
"trapped" in a small region of space by 

tenths of a percent. On the experimental 
side, about 8 years ago a measurement 
(3) of beryllium ion hyperfine structure 
to an accuracy of 3 ppm (parts per mil- 
lion) was made. Since the accuracy of 
this previous measurement is presum- 
ably good enough to satisfy the theorists 
for quite some time in the future, one can 
logically ask why anyone would want to 

Summary. Ions that are stored in electromagnetic "traps" provide the basis for 
extremely high resolution spectroscopy. By using lasers, the kinetic energy of the ions 
can be cooled to millikelvin temperatures, thereby suppressing Doppler frequency 
shifts. Potential accuracies of frequency standards and clocks based on such 
experiments are anticipated to be better than one part in 1015. 

using static electromagnetic fields and 
their kinetic temperature was lowered to 
less than 1 K by a process sometimes 
called "laser cooling." In all of physics, 
only a few measurements can boast a 
higher accuracy; those experiments mea- 
sure similar transitions in neutral cesium 
atoms. 

Experimental spectroscopy (the study 
of the interaction between radiation and 
matter) has traditionally provided a 
means of checking the theory of quan- 
tum mechanics which predicts the inter- 
nal energy structure of atoms and mole- 
cules. In the case of hyperfine structure, 
which represents the magnetic coupling 
between the nucleus and atomic elec- 
trons, the theory quickly becomes very 
complicated. For alkali-like ions, the 
most sophisticated calculations (2) agree 
with experiment at a level of only a few 
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make a better measurement. Briefly, I 
will give three of the reasons. 

1) The primary driver in several labo- 
ratories (including NBS) is to provide 
better clocks and frequency standards. 
The principal use of atomic clocks is in 
navigation and communications, where 
requirements have continued to press 
the state of the art. The way an atomic 
clock works is perhaps apparent in the 
internationally agreed on definition of 
the second: "The second is the duration 
of 9,192,63 1,770 periods of the radiation 
corresponding to the transition between 
the two hyperfine levels of the ground 
state of the cesium-133 atom." A simpli- 
fied model for the practical realization of 
the second involves making a device (an 
atomic beam apparatus) which allows 
one to induce and detect transitions be- 
tween the two ground-state hyperfine 
energy levels. When the frequency of the 
radiation for maximum transition proba- 
bility is attained, the cycles are electroni- 

cally counted; when 9,192,631,770 cy- 
cles have occurred, 1 second has passed. 
Several laboratories are trying to apply 
this same idea to the internal energy 
levels of ions; there is reason to believe 
that the inaccuracy of a time standard 
based on stored ions can eventually be 
much smaller than that of the cesium 
clock, which can have an accuracy of 
about one part in 1013 or less (4). 

2) With the extreme accuracy attained 
with stored ion techniques, it may be 
possible to measure various small effects 
which would otherwise be masked by 
measurement imprecision. As an exam- 
ple, it should be possible to measure 
nuclear magnetic susceptibility as a 
small perturbation to atomic hyperfine 
structure (5). Nuclear magnetic suscepti- 
bility, which has not been measured pre- 
viously, could give a new kind of infor- 
mation about nuclear structure. Trapped 
ions may provide a way to make the 
required precise measurements. 

3) The system itself, laser-cooled 
stored ions, is intrinsically interesting 
and may provide the basis for other 
experiments which are only peripherally 
related to spectroscopy. An example is 
the study of strongly coupled three-di- 
mensional plasmas (6). 

For brevity, this article will only touch 
on some aspects of stored ion spectros- 
copy where laser cooling is employed 
and how they are related to better clocks 
and frequency standards. A recent re- 
view article (7) includes many interesting 
trapped ion experiments which are not 
discussed here. 

Trapped Ions 

The principal attraction of the stored 
ion technique is that charged particles, 
including electrons and atomic ions, can 
be stored for long periods of time (days 
are not uncommon) without the usual 
perturbations associated with confine- 
ment [for example, the frequency shifts 
associated with the collisions of ions 
with buffer gases in a more traditional 
optical pumping experiment (8)l. 

Storage has principally been accom- 
plished in four types of "traps": the RF 
(radio frequency) or Paul trap, the Pen- 
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Fig. 1. Schematic representation of the electrode configuration for the "ideal" Paul (RF) or 
Penning trap. Electrode surfaces are figures of revolution about the z axis and are equipotentials 
of +(r,z) = A(? - 2z2). (Cylindrical coordinates are used with the origin at  the center of the 
trap.) Typical dimensions are V? zo = uo = 1 cm. Typical operating parameters are: for the 
Paul trap, Vo - 300 Vlcm, 0 1 2 ~  = 1 MHz; for the Penning trap, Uo - 1 V, B = 1 T. 

ning trap, the Kingdon (electrostatic) 
trap, and the magnetostatic trap ("mag- 
netic bottle"). Magnetic bottles have had 
limited use in high-resolution work be- 
cause the trapping relies on spatially 
inhomogeneous magnetic fields, which 
can cause shifts and broadening of mag- 
netic field-dependent lines. A notable 
exception is the electron g factor mea- 
surements at the University of Michigan 
by H. R. Crane, A. Rich, and their 
colleagues (9). The Kingdon trap (10) is 
perhaps the simplest, using only static 
electric fields for trapping. Since an elec- 
trostatic potential minimum cannot exist 
in a charge-free region, the Kingdon trap 
relies on a dynamical equilibrium for 
trapping (ions orbit around an attractive 
wire). Kingdon traps have been used in 
spectroscopic experiments by Prior and 
his colleagues ( l l ) ,  but so far neither 
Kingdon traps nor magnetic bottles have 
been used in laser cooling experiments, 
and therefore they will not be discussed 
further here. 

The Paul (12) or RF trap uses inhomo- 
geneous RF electric fields to provide 
confinement in a pseudopotential well (7, 
13). It is the three-dimensional analog of 
the Paul quadrupole mass filter. To see 
how it works, we first note that in a 
(homogeneous) sinusoidal RF electric 
field, ion motion is sinusoidal but is 180" 
out of phase with respect to the electric 
force. If the field is somewhat inhomo- 
geneous, it is easy to show that the force 
on the ion averaged over one cycle of the 
driven motion is toward the region of 
weaker field. Since an electric field mini- 
mum can exist in a charge-free region, 
stable trapping can be accomplished. 
Such a trap is shown schematically in 
Fig. 1, where the three trap electrodes 
are shaped to provide an electric poten- 

tial of the form (2 - 2z2) inside the trap. 
For this "ideal" trap shape, an ion is 
bound in a nearly harmonic well; detec- 
tion of the ion well frequencies can then 
be used to perform mass analysis. 

The "ideal" Penning (14) trap uses the 
same electrode configuration as in Fig. 1 
but uses static electric and magnetic 
fields. A harmonic potential well is pro- 
vided along the z axis by static electric 
fields. This, however, results in a radial 
electric field, which forces the ions to- 
ward the "ring" electrode. This effect 
can be overcome if a static magnetic field 
B is superimposed along the z axis. In 
this case the x-y motion of the ions is a 
composite of circular cyclotron orbits 
(primarily due to the B field) and a circu- 
lar E x B drift magnetron motion about 
the trap axis. 

Both the Paul and Penning traps can 
provide long-term confinement. Storage 
times of days are not uncommon; in the 
first single-electron (Penning trap) ex- 
periments (15) the same electron was 
used in experiments for several weeks! 
This long-term storage is important in 
spectroscopy because (i) "transit time" 
broadening (the broadening of transi- 
tions due to the time-energy uncertainty 
relation associated with the time the ion 
stays in the trap) can be made negligible 
and (ii) the average velocity <v> of the 
ions approaches zero. The latter is im- 
portant because it can make averaged 
first-order Doppler frequency shifts neg- 
ligible. Suppression of such first-order 
Doppler shifts is perhaps the chief ad- 
vantage over the atomic beam method; 
for example, residual first-order Doppler 
shifts (due to the net velocity of the 
atomic beam) are the main limitation to 
accuracy for the cesium beam frequency 
standard. (Actually, even though 

<v> -+ 0 for the traps, the first-order 
Doppler effect is proportional to <k.v>, 
where k is the wave vector of the radia- 
tion. For spatially inhomogeneous radia- 
tion fields. shifts can occur. If the life- 
time of the ion's internal transition is 
long compared to the periods of ion 
motion, these effects result in asymmet- 
ric sidebands at the ion motional fre- 
quencies; however, the "pulling" 
caused by these sidebands can be ex- 
tremely small.) 

The perturbation of the ions' internal 
structure due to trapping can be ex- 
tremely small. Perhaps the most trouble- 
some frequency shifts are caused by 
electric fields. Shifts which are linearly 
de~endent on the electric field are absent 
because the average electric field 
<E> = 0. (We know that because if 
<E> # 0 the ions would leave the trap.) 
Second-order shifts can be quite small. 
As an example, the shift of the ground- 
state hyperfine frequency of Hg+ ions, vo 
(Hg+), has been calculated (16) as Svlvo 
(HgC) = - 1.4 x lo-'' E', where E is in 
volts per centimeter. Radio-frequency 
electric fields in an RF trap may be as 
high as 300 Vlcm; this could give a 
fractional shift of 10-13. However, for 
small samples of laser-cooled ions elec- 
tric fields can be smaller than 1 mVlcm 
(13,  yielding negligible shifts. (The re- 
storing electric forces become less as the 
ion's kinetic energy is reduced.) Of 
course, there are also shifts associated 
with electric fields due to ion-ion colli- 
sions, but these are expected to be small- 
er than the trapping fields (17). 

In most cases the magnetic field (B) of 
the Penning trap (typically about 1 T or 
lo4 gauss) causes large frequency shifts 
to the ions' internal structure. The ener- 
gy separation of the beryllium hyperfine 
transition mentioned in the introduction 
goes to zero at zero magnetic field (1); 
therefore, in some sense, the energy 
separation is entirely due to the external 
magnetic field. This might be regarded as 
a severe disadvantage, except that this 
transition and some others become inde- 
pendent of magnetic field to first order at 
certain magnetic fields. Second-order 
field dependence can be small; for the 
beryllium example Avlvo = -0.017 (ABI 
B)', SO if the field is held to lo-' of the 
nominal field (this can be done with a 
superconducting magnet), the fractional 
shifts are only 1.7 x 10-la. Thus, mag- 
netic fields can strongly perturb the in- 
ternal structure but these perturbations 
may only be a philosophical disadvan- 
tage. For the clock application we do not 
care about their existence if they can be 
made reproducible and stable; more- 
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Fig. 2. Microwaveloptical double resonance spectrum of 24Mg'. Inset shows relevant energy 
levels of "Mg' in a magnetic field. With the laser tuned to the transition shown, the ions are 
pumped into the 2S112 (MJ = -112) ground state and a two-level system is formed with this 
ground state and the excited 2P3n (M, = -312) state. When incident microwaves are tuned to 
the (M, = - 112) t, (M, = + 112) ground-sate Zeeman transition, these levels are nearly equally 
populated, which causes a decrease in fluorescence scattering from the ions. Transitions in 
other ions are detected in a similar way to this example. [From (27)l 

that was used for cooling was the 6s2S10 
- 6 p 2 ~ l n  transition (A = 493 nm). A 
second laser (A = 650 nm) was required 
to empty the metastable state to 
which atoms could decay from the 'p10 
state. More recently, laser cooling ex- 
periments on trapped ions have been 
carried out at Seattle (20) and Orsay (29). 
In addition, laser cooling on neutral 
atomic beams has also been observed 
(30). 

In both kinds of traps, it has become 
customary to describe the resulting ion 
kinetic energy in terms of temperature; 
however, this must be interpreted with 
caution. For a cloud of ions in a Penning 
trap it is theoretically possible (31) to 
cool the cyclotron and axial energy to 
approximately hAvJ2. Equating this en- 
ergy to kBT where kB is Boltzmann's 
constant, we get T = 1 mK for Av, = 43 
MHz (Mg'). However, the kinetic ener- 
gy in the magnetron motion depends on 
the space charge density and size of the 
cloud (6) and can be much larger than 
this for more than a few ions in the trap. 
In a similar vein, for a cloud of ions in an 
RF trap, the energy of motion in the 
pseudopotential well can be cooled to 
the same limit as the cyclotron or axial 
motion in a Penning trap (28). However 
space charge repulsion tends to push the 
ions toward the edge of the cloud where 
the energy in the driven motion can be 
much larger than this. These problems 
(17) which can cause undesirable sec- 
ond-order Doppler shifts can be sup- 
pressed in both traps by going to very 
small numbers of ions4own to one. 

Single Ions 

In subsequent Heidelberg experiments 
(19) single ions were observed in an RF 
trap by laser fluorescence scattering. 
Figure 3 is a photograph of a single Ba+ 
ion. The size of the image determined the 
extent of the ion motion; therefore the 
temperature in the pseudopotential well 
was measured to be between 10 and 36 

e- mK. [The driven motion "temperature" 
will be equal to or larger than this (13, 
13.1 Laser cooling of single Mg' ions in 
Penning (32) and RF (20) traps has also 

Fig- 3. Photographic image of a single Ba' ion been accomplished. The lowest tempera- (indicated by arrow) localized at the center of 
a miniature R F  trap (zo 0.2s mm,. The tures attained are those of the Seattle 
lower part of the figure is a drawing of the trap group (201, where the temperature in at 
electrodes in the same orientation as in the least two directions of the pseudopoten- 
photograph. [From (19)] tial motion was determined to be less 

than 20 mK. [Cooling in all directions 
will be straightforward (19).] In both of 
the magnesium experiments, the tem- 
perature was determined from the Dopp- 
ler broadening on the optical cooling 
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over, these perturbations are physically 
interesting since they can sometimes be 
calculated with high precision. 

A third feature of the traps may be 
regarded as either a disadvantage or ad- 
vantage. Typically, the number of ions 
that can be trapped is rather small. Den- 
sities in the range of lo5 to lo7 cm-3 are 
typical; therefore the total number of 
ions may be quite small. Fortunately, 
atomic ions can be sensitively detected; 
this is apparent in the single-ion experi- 
ments discussed below. In many spec- 
troscopic experiments it is anticipated 
that the signal-to-noise ratio can ap- 
proach the theoretical limit (18)-that is, 
that it can be limited only by the statisti- 
cal fluctuations in the number of ions 
that make the transition. We note that if 
we could obtain much higher densities 
by using larger confining fields then we 
would lose one of the advantages of the 
technique because electric field frequen- 
cy shifts would become troublesome in 
very high resolution work. 

The small sample sizes can actually be 
regarded as an advantage in a couple of 
ways. First, the small numbers imply 
that the ions can be confined to a small 
region of space-down to dimensions on 
the order of 1 km or less for single ions 
(19, 20). This means that field imperfec- 
tions-deviations from the quadratic 
electric potential or deviation from uni- 
formity of the magnetic field in Penning 
traps-can be quite small over the ion 
sample. Therefore accuracy in magnetic 
field-dependent studies (mass spectros- 
copy, g factor measurements) can be 
extremely high. Second, in single-photon 
absorption spectra it is desirable to satis- 
fy the Lamb-Dicke criterion (21)-that 
is, confinement to dimensions sAl2a, 
where A is the wavelength of the radia- 
tion. When the Lamb-Dicke criterion is 
satisfied, first-order Doppler effects 
(broadening or sideband generation) are 
suppressed. For optical wavelengths this 
condition can be met only for single 
confined ions. 

For high-resolution spectroscopy, 
Paul and Penning traps have many desir- 
able features in common, but they differ 
in some important respects. The magnet- 
ic field of the Penning trap may be a 
disadvantage in some experiments but it 
may also be the clear choice for magnetic 
field-dependent studies. The RF trap is 
able to provide tighter spatial confine- 
ment and may be the best choice for 
optical frequency standards (where it is 
desirable to satisfy the Lamb-Dicke cri- 
terion), although the Penning trap can 
nearly satisfy the Lamb-Dicke criterion 
on optical transitions in certain cases. 

Heating mechanisms in the Paul trap 
(due to the large RF  fields) are typically 
more severe than in the Penning trap. 
This can be an important problem for 
large numbers of stored ions. 

Laser Cooling 

The experiments of Dehmelt and col- 
laborators (13) in the 1960's showed the 
ability of the stored ion technique to 
obtain very high resolution in atomic 
spectra. Prior to 1970, the ground-state 
hyperfine transition in the 3He+ 
(vo = 8.7 GHz) ion was measured in an 
RF trap with a line width of only 10 Hz 
(22), but the accuracy was limited by the 
second-order Doppler shift (Avlvo = 

-112<v2>1c2) to 10 HZ (C = speed of 
light). The second-order Doppler effect 
is due to relativistic time dilation. Be- 
cause the atoms are moving, their time 
proceeds slower than a laboratory ob- 
server; this effect must be accounted for. 
The relatively large second-order Dopp- 
ler frequency shifts imposed by the high 
velocities of the stored ions and the 
difficulty of measuring their velocity dis- 
tribution have historically been the main 
limitation to achieving high accuracy in 
stored ion spectra. 

In 1975 proposals were made (23, 24) 
to get around this general problem of the 
second-order Doppler shift by a process 
commonly called laser (or sideband) 
cooling. The idea is outlined for the case 
of an atom with internal (optical) transi- 
tion frequency v, having natural (radia- 
tive) line width Av,. Assume that the 
atom is constrained to move in a har- 
monic well along the z axis (one-dimen- 
sional model of the ion trap). Therefore 
its velocity is given by v, = vo cos 2avvt, 
where v, is its oscillation frequency in 
the well and we assume v,>>Av,. When 
observed along the direction of the mo- 
tion, the spectrum in the laboratory con- 
tains the central resonance line (at fre- 
quency v,) with sidebands generated by 
the first-order Doppler effect at frequen- 
cies v, + nu, having intensity ~ , ~ ( v ~ v , l  
CV,) (with n a positive or negative inte- 
ger); here, J,, is the Bessel function of 
order n. This spectrum is a simple fre- 
quency modulation (FM) spectrum 
where the frequency modulation is sup- 
plied by the first-order Doppler effect 
(21). If we irradiate the atom with pho- 
tons of frequency vL = v, + nu,, the fre- 
quencies of the resonantly scattered pho- 
tons occur at v, and nearly symmetrical- 
ly around v, at the sideband frequencies 
v, i v,, v, f 2vv, . . . . Therefore, al- 
though photons of energy h(v, + nv,) 

are absorbed, on the average photons of 
energy hv, are reemitted; when n is 
negative, this energy difference causes 
the kinetic energy of the atom to de- 
crease by nhv, per scattering event. 

This explanation in terms of sidebands 
(24) is easily visualized for v,>>Av,. 
For all experiments done so far 
Av,>>v,; however, the above conclu- 
sion is still valid. An alternative explana- 
tion (23) for this limit (note that when 
v, + 0 the atoms are free) is that when 
vL<v,, the atom predominantly interacts 
with the incident radiation when it 
moves toward the source of radiation 
and Doppler shifts the frequency into 
resonance-that is, when vL(l + vZlc) 
= v,. In the absorption process, the pho- 
ton momentum is hrst transferred to the 
atom, causing its momentum to change 
by hlh, where h is Planck's constant. 
Since the remission occurs nearly sym- 
metrically in the *z directions, the net 
effect is to change the velocity of the 
atom by Av, = hlMA (M = mass of the 
atom). If Av,<<v,, then the kinetic ener- 
gy of the absorber decreases by an 
amount Mv,Av, = nhv,. The cooling 
process is weak in that it takes about lo4 
scattering events to do substantial cool- 
ing below room temperature; it is strong 
in that, for allowed transitions, the reso- 
nant scattering rate can approach 10' 
sec-'. Clearly, however, we require a 
situation where a two-level system is 
approached in order to have lo4 scatter- 
ing cycles; hence we usually think in 
terms of simple atomic systems. 

Laser cooling was first observed in 
1978 in experiments at both NBS (Boul- 
der) and Heidelberg University. In the 
NBS experiments (25), the temperature 
of Mg+ ions was monitored by observing 
the induced currents (26) in the trap 
electrodes of a Penning trap. At magnet- 
ic fields of about 1 T a two-level system 
is formed in 2 4 ~ g +  (the most abundant 
isotope) by driving the 3s2s112 (Mj = 

- 112) e 3P2~312 (Mj = -312) transition 
with linearly polarized light (see inset in 
Fig. 2). From the selection rule 
AMJ = 0, i 1 ,  the ion must fall back to 
the original ground state. In addition, 
because other allowed transitions are 
driven weakly, about 16117 of the ions 
are pumped into the M j  = -112 ground 
state (27). In these experiments, cooling 
to ~ 4 0  K was observed and was limited 
by the noise in the induced current de- 
tection. 

In the first Heidelberg experiments 
(28). cooling was observed through the 
increased storage time of Ba+ ions in a 
miniature Paul trap. (Separation between 
the end caps 2z0 = 0.5 mm.) The line 
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transition. For temperatures below 
about 0.1 K this Doppler broadening 
contributes only a small part of the total 
line width, which is now primarily due to 
radiative decay. Therefore, very low 
temperature becomes difficult to mea- 
sure. In the future this problem may be 
circumvented by probing narrow optical 
transitions as described below. In any 
case, the amount of cooling that has 
already been achieved gives a significant 
reduction in the second-order Doppler 
shift correction. If we can assume, for 
example, that magnesium ions have been 
cooled to 10 mK, then the second-order 
Doppler shift correction is about one 
part in 1016. 

Spectra 

Strongly allowed transitions, which 
are desirable for the laser cooling, are 
perhaps not so interesting for high-reso- 
lution spectroscopy since the resolutions 
are limited by the radiative line width (as 
in the case of Mg' above). For high- 
resolution spectroscopy we usually think 
in terms of optical pumpingldouble-reso- 
nance detection schemes. A simple ex- 
ample which is characteristic of the 
method is shown in Fig. 2. In this case, 
the object was to detect the (Mj,= - 112) 
* (Mj = +1/2) ground-state Zeeman 
transition. The ions are both laser-cooled 
and pumped into the 2 ~ 1 1 2  (Mj = -112) 
ground state as discussed above. The 
fluorescence (scattered) light intensity is 
monitored while a microwave generator 
whose output is directed at the ions is 
frequency swept through the Zeeman 
transition. When the resonance condi- 
tion is satisfied the ground-state popula- 
tions are nearly equalized; this causes a 
decrease in the scattered light, which is 
then the signature of the microwave res- 
onance. This example is illustrative of 
the various detection schemes used but it 
is not so interesting for high-resolution 
spectroscopy since here the line width of 
the transition was limited by magnetic 
field fluctuations. 

A more interesting example is given by 
the ground state (MI = -312, M j  = + 112) 
* (MI = - 112, M j  = + 112) nuclear spin 
flip hyperfine transition of 2 5 ~ g ' .  At 
a field of about 1.24 T. the first deriva- 
tive of this transition frequency with 
respect to magnetic field goes to zero; 
therefore the transition frequency be- 
comes highly insensitive to magnetic 
field fluctuations. At this field, the reso- 
nance shown in Fig. 4 was measured (33) 
with a line width of only 0.012 Hz. The 
oscillatory line shape results from the 

1.88 1.90 1.92 

RF frequency-291 996 250 (Hz) 

Fig. 4. Graph of a hyperfine resonance of 
trapped "Mg+ ions. The oscillatory line 
shape results from the use of the Ramsey 
resonance method, implemented by applying 
two coherent RF pulses 1.02 seconds long, 
separated by 41.4 seconds. The solid curve is 
a theoretical line shape [From (32)l 

use of the Ramsey method (34) in the 
time domain: two phase coherent RF 
pulses 1.02 seconds long separated in 
time by 41.4 seconds were used to drive 
the transition. In order to avoid light 
shifts, the laser was shut off while the RF  
transition was driven. 

A similar transition was used for the 
beryllium "clock" mentioned in the in- 
troduction. For the beryllium case, the 
most important limitation to accuracy 
was caused by a second-order Doppler 
shift. This resulted because when the 
laser was off during the RF transition 
period (about 20 seconds), the ions were 
heated slightly due to background gas 
collisions. This problem can be sup- 
pressed in the future by using cryogenic 
pumping. 

Frequency Standards and Clocks 

In a frequency standard or clock, mea- 
surement imprecision (8~,,,,~l~o) is ap- 
proximately equal to (Q SIN)-', where 
Q E vdAvo and SIN is the signal-to-noise 
ratio for detecting the number of ions 
that have made the transition. If the 
radiative line width is small enough, then 
the experimentally observed line width 
(Avo) need only be limited by the length 
of time taken to induce the transition. 
Because of this, Avo is probably indepen- 
dent of the species of trapped ion used. 
Therefore, we would like to use as high a 
frequency (vO) as possible in order to 
increase Q and reduce measurement im- 
precision. This is the single disadvantage 
of either Mg' or Bef ions, since the 
interesting "clock" transitions are only 
around 300 MHz (Q 2 10l0). A better 
ion for a laser-cooled microwave clock is 
perhaps Hg' (18) (vo = 40 GHz for 
lg9Hg'). Very important frequency stan- 
dard work has already been accom- 

plished with this ion (33 ,  but laser cool- 
ing is much harder to achieve than for 
Be' or Mg' (partly because the 194-nm 
cooling radiation is difficult to produce), 
and has not been done yet. 

A logical extension of this idea is to go 
to much higher frequency-for example, 
to use a narrow optical transition. The 
anticipated Q in this case can be ex- 
tremely high, 1015 or more. A number of 
transitions in various ions have been 
proposed (7); Dehmelt (36) was the first 
to suggest that such extremely high reso- 
lution spectroscopy could be carried out 
by using single-photon transitions in, for 
example, single group IIIA ions. For 
instance (36), the 'So ++ 3 ~ o  transition in 
T l f  (A = 202 nm) has a Q = 5 x 1 0 ' ~ .  
For such single-photon optical transi- 
tions, it is desirable to approximately 
satisfy the Lamb-Dicke criterion; this is 
most easily accomplished with single 
trapped ions. Others (37) have proposed 
using two-photon Doppler-free transi- 
tions, for example the 2 ~ 1 1 2  -+ 2 ~ 5 1 2  tran- 
sitions in Hg+ (A = 563 nm, Q = 
7 x 1014). Two-photon optical transi- 
tions with equal frequency photons have 
the advantage of eliminating the first- 
order Doppler effect for a cloud of many 
ions, where it is impossible to satisfy the 
Lamb-Dicke criterion. They ultimately 
have the disadvantage that the rather 
large optical fields necessary to drive the 
transition cause undesirable a-c Stark 
shifts. 

Already, in experiments at Heidelberg 
and Washington (38), the two-photon 
2 ~ 1 / 2  -+ 2 ~ 1 1 2  -+ 2 ~ 3 1 2  stimulated Raman 
transition in Ba' has been observed. In 
these transitions, the first-order Doppler 
effect is present; its magnitude (for co- 
propagating beams) is the same as that of 
a single laser beam at the difference 
frequency. Present results (38) are limit- 
ed by laser line width broadening, but 
such transitions should also be extreme- 
ly narrow; the lifetime of the 2 ~ 3 1 2  state 
in Ba' is 17.5 seconds (39), which would 
give an intrinsic Q of 1.6 x 10 '~ .  

For single ions, optical spectra should 
give precise temperature information 
through the intensity of the motional 
sidebands generated by the Doppler ef- 
fect (35, 40). In the near future, the 
resolution of the sideband structure in 
the transitions noted above will probably 
be limited by the laser line widths. This 
problem might be alleviated by driving a 
stimulated Raman transition between 
two nearly degenerate levels in the elec- 
tronic ground state of the ion. In 2 4 ~ g f ,  
for example, the 'SlI2 (Mj = - 112) + 

2 ~ 1 1 2  (Mj = -112) -+ 2S1/2 (Mj = +1/2) 
transition could be driven by using two 
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laser beams separated in frequency by 
the M j  = -112, and M j  = + 112 ground- 
state frequency difference. The effects of 
the laser line width would be suppressed 
by generating the two laser lines with a 
phase modulator (41); the line width of 
the overall transition would be limited by 
the ground-state lifetime. The intensity 
of the motional sidebands would depend 
on v (kl - k2), where kl and k2 are the 
wave vectors of the two laser beams and 
v is the ion velocity. Thus the angle 
between the beams could be chosen to 
optimize the temperature information. 

Conclusions 

The projected accuracy for optical fre- 
quency standards is extremely high. As 
an example, in In', the line width of the 
'so -+ 3 ~ 1  "cooling" transition is about 
1.3 MHz; this implies a second-order 
Doppler shift of lo-'' or lower. Other 
systematic shifts can occur (1, 7, 13, 16, 
18, 33, 35-38, 42) but it is not unreason- 
able to think they will be controllable to 
this level. These extreme accuracies 
make important the problem of measure- 
ment imprecision, since the signal-to- 
noise ratio on a single ion will be about 
one for each measurement cycle. Practi- 
cally speaking, this means that a long 
averaging time will be required to reach a 
measurement precision equal to these 
accuracies. In fact, for a while, the accu- 
racy and resolution may be limited by 
laser line width characteristics (line 
width and line width symmetry); howev- 
er, the potential for extremely narrow 
lasers also exists (43). 

With the great potential for the optical 
frequency standards, one can logically 
ask why we bother thinking about RF or 
microwave frequency standards, where 
the desired large numbers of ions (to 
increase signal-to-noise and measure- 
ment precision) causes unwanted sec- 
ond-order Doppler effects (17). At pre- 
sent, the answer concerns the utility of 
optical frequency standards within cur- 
rent technological limitations. To use 
such devices as clocks as in communica- 
tions and navigation, one must count 
cycles of the radiation. At microwave 
frequencies this is straightforward. At 

optical frequencies it is technically feasi- 
ble but very hard (44); it has not been 
done yet. To illustrate further, one might 
also have asked why we do not push the 
frequency even higher, that is, make a 
clock based on narrow Mossbauer tran- 
sitions in bound nuclei. Here, however, 
the technological problems become even 
more apparent. In spite of the technical 
problems of making an optical "clock," 
optical frequency standards will, of 
course, find many immediate uses. An 
obvious class of experiments are cosmo- 
logical in nature; for example, more pre- 
cise measurements of the gravitational 
red shift will arise. In any case, the 
potential accuracy for stored ion spec- 
troscopy in all spectral regions seems 
extremely high. Frequency standards 
and clocks with inaccuracy of one part in 
10" appear very reasonable; eventually 
they could be orders of magnitude better 
than this. 
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