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The benign environment and long confinement times obtained with ion storage techniques have led 
to some unique experiments in the area of precision measurements and fundamental constants. This is 
perhaps epitomized by the single electron g factor measurements at the University of Washington in 
which a precision of 4 parts in 10” has been attained. Now, use of lasers to cool stored ions has allowed 
the experimentalist to  approach the goal of unperturbed atomic ions nearly at rest; most recently, spec- 
troscopy has been performed on single “cold” trapped ions. Stored ion experiments in‘the area of pre- 
cision measurements and fundamental constants will be briefly reviewed. These include experiments on 
e-/e+ g factors, mass spectroscopy, lifetimes, and atomic spectroscopy. The intent is to emphasize the 
unique environment provided by ion storage techniques for these measurements. 
Kev words: atomic ion spectroscopy; electron g factor; fundamental constants; ion storage; mass spec- 
troscopy; precision measurements. 

1. Introduction 
The purpose of this paper is twofold. The first purpose is 

to outline “trapped ion” experiments of the last decade 
which have contributed to the area of precision measure- 
ments and fundamental constants. The second purpose is 
to emphasize why the stored ion “environment” is partic- 
ularly well suited to the area of precision measurements. 

The main advantage of the stored ion technique is that 
the ideal of an unperturbed species at  rest in space is ap- 
proached to a high degree. Specifically, charged parti- 
cles such as electrons and atomic ions can be stored for 
long periods of time (essentially indefinitely) without the 
usual perturbations associated with confinement (for ex- 
ample the perturbations due to collisions with walls or 
buffer gasses in a traditional optical pumping experi- 
ment). These unique properties were exploited most no- 
tably by Dehmelt and co-workers [ l ]  before 1970; since 
then,that group and others have continued to extend these 
techniques with dramatic results. 

Unfortunately, there is a price to be paid for this prop- 
erty of long storage times with small perturbations-the 
number of particles that  can be stored is typically small 
(9 loG for a “trap” with centimeter dimensions); the 
resulting low densities are governed by the competition 
between space charge repulsion and the confining elec- 
tromagnetic forces obtained under normal laboratory con- 
ditions. These low numbers, of course, require very sen- 
sitive detection techniques and preclude many types of 
experiments-for example spectroscopic experiments on 
complex molecular ions where only a small fraction of the 
ions is in a given state. Although some effort has been 
made to increase the number of ions by space charge neu- 
tralization [3,  31 and t rap “arrays” [4], these methods in- 
troduce other experimental complications. In spite of the 
low numbers obtained, sensitive techniques have been de- 
veloped to  detect simple species such as  electrons and 
atomic ions so that siiigle electrons [5, 61 and ions [7, 81 
have been observed. 

Since the iritent is to discuss experiments relating to 
precision measurements and fundamental constants, 

many interesting experiments. using store1 ion tech- 
niques are not discussed in this paper. The reader is re- 
ferred elsewhere to experiments on, for example, photo- 
detachment [9, 101, chemical reactions [ll], electron-ion 
recombination [12], charge transfer [13,14], and non- 
neutral plasma studies [XI. Also, more general reviews 
are available [l, 16, 171. 

In Sec. 2, methods of trapping are briefly reviewed. In 
Secs. 3-6, experiments on electrons/positrons, mass 
spectroscopy, atomic spectroscopy, and lifetime measure- 
ments are  described with emphasis on the ion’s environ- 
ment. In the last section, speculations about other fu- 
ture experiments are made. 

2. Ion Trapping Methods 
Four types of traps have been useful: the rf (or Paul) 

trap, the Penning trap, and electrostatic and magneto- 
static traps. These traps and their relevant properties 
are briefly described here. More detailed descriptions are 
given elsewhere [ l ,  161. 

2.1 The rf Quadrupole Trap 
The ideal rf or Paul [18] trap uses hyperbolic elec- 

trodes in a vacuum apparatus as shown in Fig. 1. These 
electrodes are symmetric about the z axis, so we can 
describe the potential in cylindrical coordinates. If an al- 
ternating voltage of frequency R is applied between the 
endcaps and ring electrode, then the instantaneous po- 
tential inside the trap is given by (following the notation 
of Ref. [l]): 

+(T,z )  = A(r2 - 2z2), A = Ao COS R t .  (1) 

An ion experiences an rf electric field such that its mo- 
tion (the “micromotion”) is 180” out of phase with 
respect to the electric force. Because the electric field is 
inhomogeneous, the force averaged over one period (T = 
2dR)  of the micromotion is in a direction of weaker field 
amplitude (independent of the sign of the charge), i.e., 
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(a) rf or Penning trap 

= Bo i (required for Penning trap) 
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by  d r ,  z )  = const. 

(b) Orbitron trap 
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FIGURE 1. Electrode configuration for f, Penning, and orbi- 
iron ion traps. All electrode sufaces are figures of revolution 
about the axial (2) direction. I n  a practical orbitron trap, it is 
desirable to make thx center electrode as thin as possible to 
reduce ion loss f r o m  collisions. 

towards the center of the trap. For s1 sufficiently high, 
this restoring force gives rise to a pseudopotential 

*(r , z )  = - eA8 [(7)2 + 4(212] 
MR2 

where F and Z are the positions of the ion averaged over 
T, e is the ion charge, and M is the ion mass. The result- 
ing “secular” motion is 

In more detail, we have for the z motion: 
- - 

2 = 20 11 + 3 cos s1 t j  cos S,t, R 
where we require sl/iiz >> 1. 

For ease of comparison with the Penning trap, it will 
be useful to  consider the case of a spherical pseudo- 
potential well in the rf trap. This is accomplished by 
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simultaneously applying a static potential between the 
ring and endcaps so that 

If we choose 
= (Uo + Ao COS CU)(r2 - 2 ~ ~ ) .  

In this case: 

2w, 
2 = 2 0  1 + -  cos Rt cos 3,t - I  R 

L -1 

where 
- - 2eA0 % = o r = -  M R f  

Approximate experimental values for stored atomic ions 
are such that T O  -- 1 cm, A0 is a few hundred volts/cm2, 
R/2n is a few MHz, and R/G, = 10. 

If the secular motion is “cold” then we expect the 
maximum density of ions to be given when the force from 
the space charge potential +; cancels that due to the 
trap. In this case, for the pseudo-potential given by Eq. 
(2), the ion cloud is a uniformly charged sphere of charge 
density p with internal potential 

+i = (2G) np (T2 + 22). 
Therefore for a well with 2eA,f’/M 0’ = 10 V/cm2, the 
condition +i = - 9 ( ~ ,  z )  gives a density n = 3.3 x 
107/cm3. In practice, attainable densities are approxi- 
mately 1 to 2 orders of magnitude lower due to  “rf 
heating”-a process which couples kinetic energy from 
the micromotion into the secular motion. One way this 
happens is through collisions with background gas. How- 
ever, a t  high vacuum other coupling mechanisms can 
occur partly due to the presence of impurity ions  or 
imperfections in the trap electrodes. This process can 
give kinetic energies of ions of as much as electron volts 
and shortened storage times of less than 1 s. If one uses 
a light buffer gas such as He to provide viscous damping 
[l] then storage times of many days can be achieved 
[19,20]. However, this increases perturbations due to 
collisions; therefore, for experiments on large numbers of 
ions in an rf trap, there appears to be a practical trade- 
off between the temperature of the ions and possible per- 
turbations due to collisions with a cooling buffer gas. 
However, this is not a fundamental limitation and one 
hopes i t  will be solved in the future. 

We note that in principle, densities could be increased 
by increasing the rf field strengths; in practice, higher 
densities (close to 109/cm3 [Zl]) have been achieved by de- 
creasing the electrode dimensions. This, of course, may 
not increase the ion number and it also may increase the 
rf heating because the field imperfections may be rela- 
tively larger. 

I t  is interesting to note that the methods proposed for 
trapping of neutral particles in laser beams [22] are very 
analogous to the rf trapping of charged particles. In the 
laser beam case, the outer atomic electron experiences 
net forces in the (inhomogeneous) laser field. But since 
the electron is bound to the nucleus, dispersive effects 



occur. If the laser is tuned above the frequency of an 
electronic transition, similar to an ion in a rf trap, the 
atom is forced to regions of low field intensity. If the 
laser is tuned below resonance, the atom is forced to re- 
gions of high field intensity. 

2.2 The Penning Trap 

The Penning trap [23] uses the same electrode config- 
uration as the rf trap (Fig. 1) but now A in Eq. (1) is a 
constant U o  such that the charged species see a static po- 
tential well along the z axis. We have +T = 
Uo(r2 - 2z2). This causes a repulsive potential in the 
x -y plane which can be overcome by superimposing a 
static magnetic field along z (B = B #  1. For a single ion 
in the trap, the equations of motion are [ l ,  241 

2 + w,22 = 0, 

.. 1 r = -w,2 r - i w c i - ,  
2 
eB 0 
Mc ' wc = - 

where 
r = 2 + iy. 

Therefore 

z = zo cos w,t and r = rce-'uc' + r,,,e-"lff' 
where 

Some useful expressions are: 

w2 + w,2n = wcw (w = w, or w;), 

wc + w, = wc, 

w;% = w,2/2. 

given by V, = 1200 Bi (6 + 2 zD/M where V ,  is in 
volts, Bo in tesla, M in u (atomic mass units) and dimen- 
sions in cm. This same mechanism limits the densities 
achievable in the Penning t rap since space charge also 
gives radial electric fields. If the axial and cyclotron tem- 
peratures are low enough, then we can approximate the 
equilibrium distribution of the ion cloud [271 by a uni- 
formly charged ellipsoid which has an (internal) potential 
O f  

where a and b are constants. The r motion of an individ- 
ual ion is now given by Eq. (4) with 

+ i ( T )  = (2B) Trp (UT2 + bz2) 

2 3M 
where wz is the axial frequency for a single ion in the 
trap. For a spherical distribution, a = b = 1; and the 
maximum density allowable (argument of square root 
term kept positive) is given by (using &(z  ) = -+T(z 1): 

or 
n < 2.7 x 109Bf lM 

where Bo is in tesla and M in u. For Bo = 1 T, M = 
100 u, n < 2.7 x 107/cm3 which is similar to the rf t rap 
case. In experiments a t  the National Bureau of Stand- 
ards (NBS), densities within a factor of about 3 of the 
theoretical maximum have been observed as indicated by 
the space charge shifted magnetron rotation frequency. (4) 

Typical operating conditions in a Penning trap are such 
that f x  electrode spacings about 1 cm, Vo is a few volts 
and Bo is larger than a few tenths of a tesla. The re- 
quired large magnetic field can either be an advantage or 
disadvantage, depending on the experiment. I t  should be 
noted that the magnetron motion (the r,,,e-'w#,!f term) is 
in an unstable equilibrium in the trap. Fo r  example, if 
collisions with background neutrals occur, the ions will 
diffuse out of the trap. (When the magnetron velocity is 
much less than the velocity of the neutrals, r,,, random 
walks in the r-y plane with step size --rC.) This is a po- 
tential disadvantage when compared to the rf trap for 
which all three degrees of freedom (x, y, z )  are in stable 
equilibrium. In practice however, this is not a limitation 
because ions can be stored for days in a room tempera- 
ture apparatus [25] and electrons for weeks [5] in an 80 K 
apparatus. Moreover, the technique of sideband or radia- 
tion pressure cooling [6, 21, 25, 261 can reverse this diffu- 
sion process. 

If the voltage V o  applied to the electrodes becomes too 
high, then the radial electric field is high enough to over- 
come the ev x B/c magnetic force and the ions strike the 
ring electrode in exponentially increasing orbits (argu- 
ment of square root in Eq. ( 5 )  becomes negative). For 
singly ionized atoms, the voltage where this occurs is 

(5 )  2.3 Electrostatic Traps 

The orbitron t rap [28] has the advantage of simplicity 
and although lifetimes are observed to be relatively 
short, precision lifetime and spectroscopic measurements 
have been made by Prior and his colleagues a t  Berkeley 
[29,30]. 

The orbitron traD is Durelv electrostatic and has axial 

( 6 4  
(6b) 
(6c) 

symmetry as  s h o h  in Fig. ib. A potential which is use- 
ful is given by the general form [311: 

4 = A ( r 2  - 2z2) + Bln( rh I ) ,  
because a harmonic well is provided along the z axis. The 
equations of motion for the 2-y plane are not solvable 
analytically, but the motion is basically composed of pre- 
cessing orbits about the z axis [32]. Storage times in such 
a trap should be shorter because a single collision with a 
background neutral is sufficient to cause an ion to collide 
with the center electrode and be lost. Also the cooling 
discussed in Sec. 6 would be more difficult to realize. 
Nevertheless, with a trap whose electrodes approximate 
equipotentials of this function, trapping times of about 
one second were achieved by Knight [31] a t  a pressure of 

Pa (=IO-& Torr). (The center electrode was a 100 
km dia. wire.) 

An axial magnetic field superimposed along the z axis 
has been investigated theoretically [33]; in this case, 
storage times should increase dramatically. Ions will 
eventually be lost by diffusing in towards the center elec- 
trode; therefore, storage times should be comparable to 
that of the Penning trap. However, the frequency of the 
drift motion about the center of the trap will depend on 
the distance from the z axis; for the Penning trap this 
drift (magnetron) frequency is independent of radial posi- 
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tion (neglecting space charge) and may be part of the 
reason for the slow evolution of the ion cloud under the 
influence of the ion-ion collisions. A possible advantage 
over the Penning t rap is that experiments may be possi- 
ble a t  much lower magnetic fields [33]. 

2.4 Magnetostatic Traps 
Magnetic bottles are of course used extensively for 

plasma confinement and also in ion spectroscopy. The 
disadvantage in terms of spectroscopy appears to be that 
rather large magnetic field inhomogeneities are required 
for trapping, thus causing inhomogeneities and broaden- 
ing in paramagnetic ion line shapes. The main application 
in terms of precision measurements has been the Michi- 
gan e’/e- experiments [34]; these are reviewed by A. 
Rich a t  this conference. 

3. e-/e+ 9-2 Measurements in a Penning 
Trap 

This experiment has been pursued primarily by the 
groups of Dehmelt a t  the University of Washington, and 
Graff at Mainz [35-371. Only the Washington single elec- 
tron experiment [6] will be discussed here, since its accu- 
racy significantly exceeds that of the experiments on 
clouds of electrons [35-381. Experiments on clouds of 
electrons are susceptible to rather large and difficult to 
measure space charge shifts. For example, the fractional 
shift of the cyclotron frequency of one electron due to 
another electron a distance r away (in a direction perpen- 
dicular to the magnetic field) is approximately given by 
[391 

where m is the electron mass, w, is the cyclotron fre- 
quency, and E ,  is the electric field at  one electron from 
the other. For a magnetic field of 1 T, and r = 100 km, 
Aw/w, = 4.1 x which gives a shift of about 4 ppm in 
g -2 .  In 1971, the Michigan group had measured the 
electron g - 2 to 3 ppm [40]; this result and the problems 
associated with the space charge shifts led the Washing- 
ton group to develop an experiment based on single 
electrons. A complete account of this experiment is given 
in Refs. [6,41]. A simpler account is given in Ref. [42]. 

Briefly, a single electron can be detected [5,42,431 by 
monitoring the currents induced in the electrodes by the 
axial ( z )  oscillation a t  frequency w, . The harmonically 
bound electron is equivalent to a series L-C circuit which 
shunts the electrodes [5]; this L-C oscillator can be phase 
locked to an external oscillator by feeding back on the 
trap voltage V o  [6]. I t  is useful to think of the single 
electron bound to the Penning trap as a one electron 
pseudo atom whose “nucleus” is the earth (to which the 
Penning trap is fixed), thus the name “geonium” [61. 
The quantum mechanical solution for the energy levels of 
this “atom” are given by: 

E / h  = mu, + (n  + 1/2)vE 
+ (k + 1/2)v, - (q  + 1/2)v, 

where nz is the spin quantum number (172 = 4112) and n, 
k, and q are the cyclotron, axial and magnetron quantum 
numbers (n ,  k, q = 0, 1, 2 . . .). (The magnetron energy 
is mostly potential energy and is negative.) 

In the g - 2 and e + / e -  mass ratio experiments it is 
necessary to detect the occurrence of spin flip and cyclo- 
tron transitions. This can be accomplished by superim- 
posing a weak magnetic bottle centered on the trap such 
that the field is [6]: 

B = (Bo + P(z2 - r2L2)Z - P Z Y ~  - P Z Z ~  . 
The spin, cyclotron, and magnetron magnetic moments 
interact with this magnetic bottle to shift the axial fie- 
quency by an amount 

Sv, = [m + n + 1/2 + (vm/v,)q]6 
6 -- &B P/(2dmu*) 

For v, = 60 MHz and @ = 0.012 T/cm2, 6 = 1 Hz, there- 
fore for example, spin flip transitions would show up as 1 
Hz changes in v, or as an accompanying step increase in 
feedback voltage to the locked axial resonance [6]. 

For reproducibility, i t  was desirable to have the elec- 
tron a t  the center of the trap. This could be accomplished 
by sideband excitation [6,26,44,451 as  follows: with the 
(damped) axial motion driven by an inhomogeneous rf 
field of frequency v, + vm, the electron sees a sideband 
a t  v, because of the magnetron motion through the rf 
field. Therefore the electron absorbs quanta of energy 
h(u, + v,) and reradiates (by the damping) quanta of 
energy h v,. The deficit, h vm, goes into the magnetron 
energy which shrinks the magnetron orbit. In principle, 
this technique allows for infinite storage times. 

The electron g - 2 has now been measured with an ac- 
curacy of 0.04 ppm [461 and the positron g - 2 to 0.05 
ppm [47]. The details of these remarkable experiments 
are  described in Ref. [6]; rather than give a complete 
description of the experiments, only the experimental en- 
vironment is described here. From Ref. [6], the cyclotron 
degree of freedom was radiatively thermalized to 4 K. 
The axial temperature was somewhat higher. Pressure 
was estimated to be as low as P a  so that collisions 
with background gas could be neglected. At tempera- 
tures near 4 K, axial excursions of 0.1 mm and cyclotron 
orbit sizes of -60 nm would be obtained. During cyclo- 
tron excitation to n 15, this gave a corresponding rela- 
tivistic shift of only - 6  x low9. Using sideband excita- 
tion, r,, = 14 km. From Eq. (6b), there is, of course a 
large systematic shift (-6 x in g - 2) between the 
observed and free space cyclotron frequencies. Due to 
imperfections in the trap, a direct measurement of u,,, (by 
magnetron excitation) and the calculated value from Eq. 
(6c) can disagree slightly. However, it  can be shown that 
the error in v,,, is much less [6, 481 than the above differ- 
ence which was measured to be u,,,. Thus the error 
in g - 2 was negligible. Errors in the present experi- 
ments are  estimated from field j i t ter  and drift and depend- 
ence of g - 2  on applied spin flip power [47]. Ulti- 
mately, the experiment will be limited by systematic 
shifts associated with the superimposed magnetic bottle. 
To eliminate this problem, new ways have been proposed 
to detect the spin flips [6, 491. For example, it might be 
possible to use a switchable magnetic bottle so that while 
the cyclotron and g - 2 resonances are driven, the bottle 
would be off and transitions would be detected by turn- 
ing the bottle on [50]. Even without a magnetic bottle, 
the axial motion is still linked to the cyclotron degees of 
freedom via the relativistic mass shift [6, 511. This COW 
pling i s  about an order of magnitude smaller than for the 
magnetic bottle; the required increase in axial well depth 
stability might be provided with a reference electron in 
an adjacent trap whose axial frequency is locked to a par- 
ticular value [52]. 



4. Mass Spectroscopy 

With the long storage times and high vacuums in the 
traps, one could expect extremely narrow motional reso- 
nances. In the Washington electron experiments cyclotron 
excitation resonances reproducible to a few parts in lo9 
have been observed [53], and in principle the resolution 
should only be limited by effects due to inhomogeneous or 
time varying fields. Using the methods described in Sec. 
3, the electronlpositron mass ratio has recently been 
measured to  about 0.1 ppm [63]. This very important ex- 
periment represents an improvement by more than two 
orders of magnitude over previous experiments. In addi- 
tion, the cyclotron resonances of both atomic ions and 
electrons can be measured in the same magnetic field and 
in the same apparatus. This rather unique feature has led 
to experiments designed to make a direct measurement of 
the electrodproton mass ratio in a Penning trap. 

The three current experiments using this method 
[53-551 all basically measure the (shifted) cyclotron fre- 
quencies of electrons and protons in the same magnetic 
field. In the experiment of Gartner and Klempt [54], 
resonances were detected by electrodproton loss; the 
largest uncertainty was due to a space charge shift in the 
proton cyclotron resonance. In the Van Dyck and 
Schwinberg experiment, resonances were detected in 
several (non-destructive) ways [53]; the limit here was 
the uncertainty in the relative positions of the electrons 
and protons in the trap and also possibly ion number 
(space charge) dependent shifts. In the experiment of 
Graff, Kalinowsky, and Traut, resonances were detected 
by an energy dependent time of flight technique [55]. The 
experiment of Van Dyck and Schwinberg has the smallest 
uncertainty (0.14 ppm) and substantial improvements can 
be expected. 

With regard to space charge shifts, it  is worth noting 
that in an ideal trap described by a quadratic electric po- 
tential and uniform magnetic field, if only one species is 
trapped and if the cyclotron motion is excited by a uni- 
form electric field, then m space charge shifts can occur 
because only the center of mass mode is excited 126,561. 
Unfortunately, deviations from the ideal trap fields can 
occur, impurity ions can be present, and the excitation 
usually occurs from non-uniform fields. All of these 
things can lead to (partial) excitation of the internal 
modes which then results in space charge shifts. These 
systematic shifts increase with the mass of the ion and 
therefore are much more important for protons and 
atomic ions than for electrons. 

After the initial single electron work, it became ap- 
parent that i t  should be possible to observe single ion cy- 
clotron resonances by observing the induced currents in 
the ring electrode if it  is divided in half [57] or into quad- 
rants [53]; the key advantage here is that space charge 
shifts are totally absent. Since the cyclotron frequency 
of protons in a field of 4 T is about 60 MHz, electronic 
detection should be similar to the detection of the axial 
resonance of single electrons. 

Other, related mass spectroscopy experiments should 
be possible. First ,  using techniques as those referred to 
above, mass ratios of various atomic (molecular) ions 
could be measured. I t  should also be possible to observe 
the cyclotron resonance of single atomic ions by laser 
techniques. For example, if a single cold Be‘ ion is local- 
ized a t  the center of the trap [SI with a laser beam whose 
diameter is approximately 3 km, then it should be possi- 
ble to observe cyclotron excitation which increases the 

orbit radius to about 3 pm by the decrease in fluores- 
cence scattering. This corresponds to a temperature 
( ~ B T  = (1/2) M (w:)~<) of 14 K in a field of 5 T and a rel- 
ativistic shift of 1.4 x The axial and magnetron 
frequencies could be measured in a similar fashion. If 
the electron cyclotron frequency were measured in the 
same magnetic field, the accuracy in M , / M ,  from this in- 
direct experiment would be limited by the accuracy of 
M B , / M ~  which is about 0.04 ppm [58]. 

In preliminary experiments a t  NBS, the axial reso- 
nance (v, = 200 kHz) of a small cloud ( 4 0 )  of =Mg+ ions 
has been measured in this way; however significant 
broadening (a few parts in lo4) is observed-presumably 
due to impurity ions. For an initial experiment on Be+, 
the electron cyclotron frequency can be measured in- 
directly by measuring the spin flip frequency on the same 
ion; since g (Be’) may be calculable to as good as a few 
parts in 10 [59], the error in M , / M ,  could still be lim- 
ited by the error in M%/M,. Ultimately when M,/M,  is 
known better by other means, such measurements should 
lead to better experimental determinations of gj  (Be+) 
and M k I M , .  

We conclude by remarking that the extreme confine- 
ment possible with the stored ion techniques consider- 
ably relaxes the requirements on magnetic field homo- 
geneity in these experiments. 

d 

5. Radiative Lifetime Measurements 
Although perhaps not “high precision’’ in an absolute 

sense, the radiative lifetime measurements of Prior and 
colleagues at Berkeley should be included in this review 
because these measurements, made on simple atomic 
ions, can be compared with various theories. Lifetimes of 
2lS0 Li+ (T = 503 p) in a Penning trap [60], 2s He+ (T = 
1.92 ms) in an orbitron [29], and z3S1 Li+ (T = 58.6 s) in 
an rf t rap [61] have been measured. One should also in- 
clude the 52D3n Ba+ (T = 17.5 s) measurement in an rf 
trap by Schneider and Werth [62] and the 52D5,2 Ba+ (T = 
47 s) measurement in an rf trap by Plumelle et al. [19]. 
The key advantage of the traps in these measurements is 
the very long storage times and the benign environment 
which minimizes the effects of other relaxations. For the 
very long lifetimes, perhaps no other method is available. 

6. Atomic Spectroscopy 
As discussed in Sec. 1, the small number of ions in- 

volved makes it desirable to study simple atomic ions, 
but this does not preclude the study of simple molecular 
ions [l, 641. As we will see, the potential accuracy and 
precision for atomic spectroscopy using ion storage tech- 
niques is quite remarkable. This was apparent from the 
early experiments on the 3He+ ground state hyperfine 
structure [I, 651 where linewidths of about 10 Hz at 8.7 
GHz were obtained. Since that time the 2s 3He+ hyper- 
fine structure (hfs) has been measured in an orbitron 
trap by Prior and Wang [66]. The importance of this 
measurement is that a comparison between the 1s and 2s 
hfs suppresses the effects of nuclear structure correc- 
tions and allows an accurate check of the QED correc- 
tions; such experimentaUtheoretica1 comparisons are 
most meaningful for hydrogenic ions. 

A significant interest in stored atomic ion spectroscopy 
stems from the desire to make a frequency standard. 
Stimulated by the He+ experiments, various proposals 
[65,67-781 have been made for microwave and optical 
stored ion frequency standards. For a microwave stand- 
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ard, considerable attention has been given t o  the lWHg+ 
ion because (1) its ground state hyperfine frequency (-40 
GHz) may be the largest of any conveniently usable ion, 
(2)  its large mass gives a relatively small second order 
Doppler shift at a given temperature (-2 x at 300 
K), and (3) a 202Hg+ lamp source (194 nm) is available for 
optical pumping. Starting with the work of Major and 
Werth [G91, groups a t  Illainz [74], Orsay [7G], and at  least 
one commercial company [74] have sought to develop a 
frequency standard based on ’%Hg+ ions stored in an rf 
trap. This work has been developed to a fairly high 
level; the group a t  Orsag [76] has made a working stand- 
ard whose stability compares favorably with that of a 
commercial cesium beam frequency standard. 

However, the full potential of the stored ion technique 
has get to be realized. Historically, it appears that this 
has been due to two problems. (1) Becahse it has been 
difficult to cool the ions, second order Doppler or time di- 
lation shifts can be sizeable (e.g.: -lo-” in Ref. [74], -4 
X lo-’’ in Ref. [651). (2) Signal-to-noise ratio has been 
poor due to  the small number of stored ions. 

In the past two or three years, both of these problems 
have been addressed. In 1978, groups a t  NBS and 
Heidelberg demonstrated [21,25] that radiation pressure 
from lasers [44, 70, 791 could be used to cool ions to tem- 
peratures cO. 1 K, thereby reducing the second-order 
Doppler shift by more than three orders of magnitude 
below the room temperature case. As discussed below, 
the reduction of kinetic energy is most favorable for very 
small numbers of ions (down to one ion), so that there is 
a trade-off between the maximum number of ions we can 
use and the minimum second-order Doppler shift that can 
be achieved. 

With regard to signal-to-noise ratio, in certain optical- 
pumping, double-resonance experiments, it is possible to 
scatter many optical photons from each ion for each mi- 
crowave or optical “clock” photon absorbed [70, 
73, 79-81]. This can allow one to make up for losses in 
detection efficiency due to small solid angle, small quan- 
tum efficiency in the photon detector, etc., so that the 
transition probability for each ion can be measured with 
uizity detection efficiency. This means that the signal-to- 
noise ratio need be limited only by the statistical fluctua- 
tions in the number of ions that have made the transition 
[78,811. Therefore the signal-to-noise ratio can be max- 
imized for the given number of ions. The ability to sensi- 
tively detect the fluorescence from ions is emphasized by 
experiments on single ions [7, 81 where it is even possible 
to make photographs as shown in Fig. 2. 

More recently, the narrow linewidths anticipated for 
the stored ion technique have been observed; a resonance 
linewidth of about 0.012 Hz at  292 MHz has been ob- 
served [82] for the (nq, m ~ )  = (-3i2, 1/21 - (-1/2,1/2) 
hyperfine transition of %Mg+ at a magnetic field of about 
1.24 T where the first derivative of the transition fre- 
quency with respect to magnetic field is zero. (The Ram- 
sey interference method was implemented by applying 
two rf pulses of 1 s duration separated by 41 s.) These 
narrow linewidths should be preserved with hyperfine 
transitions of higher frequency, such as in Hg+, but, of 
course, more attention must be paid to field homogeneity 
and stability. In any case, the above results allow one to 
contemplate microwave frequency standards with Q > 
10” and inaccuracies [78]. Of course, in addition 
to the interest in frequency standards, very high preci- 
sion hyperfine and optical spectroscopy on Hg+ [74], Ba+ 
L20.821, Mg’ [25,82,83], and other alkali-like ions [75] is 
possible. 

e- 

FIGURE 2. Photograph of fluorescence from single Ba+ ion in 
an  $ trap (T = 10-36 rnK; from Ref. [86]). The schematic di- 
agram of the rf trap from same view. Inner diameter of ring is 
0.7 mm. 

The possibilities for an optical frequency standard are 
even more dramatic [70,71,77,78,84,851. For a given in- 
teraction time, the Q of a transition will scale with the 
frequency. Therefore, in principle, an optical frequency 
standard would have clear advantages over a microwave 
frequency standard. The increased Q would allow one to 
work with smaller numbers, even down to one ion 
[70,77,781, and therefore obtain the “ultimate” atomic 
frequency standard. Example optical frequency standard 
candidates are the 3 P ~  t ‘SO transition in Tl’, Al+ or Ga’ 
1701, the 3P t ’5’ transition in B * [85], the D t P t S 
Raman transitions in Ba+ [771, the S + D two photon 
transition in Hg+ [71,781, and the 2P32 t 2Pv2 transition 
in Pb+ [72]. All have Q 1 Unfortunately, before the 
full potential of an ion-storage optical frequency standard 
can be realized, tunable lasers with suitable spectral pur- 
ity must become available. This problem may be nearing 
solution [&I]. Also, if an optical frequency standard is to  
provide time, the phase of the radiation must be meas- 
ured. This appears to present a much more formidable 
problem [84,851. Therefore it is expedient to continue to 
pursue a microwave frequency standard where both of 
these problems have been solved. 

Rather than concentrate on the details of the various 
experiments i t  is useful to examine the environment of 
the stored ions in order to identify possible systematic 
effects. We will be primarily concerned with Stark and 
second order Doppler shifts. Usually only second order 
Stark shifts will be important: therefore we will be in- 
terested only in <E2>.  As an example, for the strongly 
polarizable cesium (neutral) atom, the ground state hy- 
perfine shift 1881 is equal to: 6 v / v  = -2.5 x E2 ( E  
in voltskm); therefore electric fields of voltskm become 

.’ 
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important in very high accuracy experiments [go]. hlag- 
netic field shifts due to instabilities and inhomogeneities 
are of course important in the Penning trap but can be 
made negligible in many experiments. (See for example 
Refs. [78, 821.) Other effects such as electric quadrupole 
frequency shifts could be important in certain experi- 
ments [70. 781. 

For single ions, laser cooling has already achieved tem- 
peratures between 10 mK and 100 mK [7,8]. Theoreti- 
cally, when the motional oscillation frequencies f& (3: and 
3, for the rf trap and wz, or, and w,,, for the Penning 
trap) are less than the natural linewidth (Au = y/2r)  of 
the optical cooling transition, then the limiting “ tem- 
perature” (governed by photon recoil) in each degree of 
freedom is given by kBT = B y 2  [21,25,44,87]. (For a 
single ion, the precise minimum temperature depends on 
the angle of incidence of the laser beam and on the spa- 
tial distribution of recoil photons [87].) For strongly al- 
lowed transitions as  in Ba+ or Mg+, this limiting tem- 
perature is about 1 mK. For more weakly allowed tran- 
sitions the temperature is correspondingly less but other 
limits such as  thermodynamic limits can come into play 
[44]. When the condition Q >> y is fulfilled then the 
limiting energy [44,86] is by E ,  = Ail,  
(<?i,> + 1/21 where <n,> = 5$:%l,?. Therefore the 
limiting kinetic energy is given by E k ,  = liCL,/4 but the 
uncertainty in energy (and therefore second order 
Doppler effect) is much less [44]. For simplicity we will 
assume only the case SZ, << y below, however even 
better results are potentially obtained for the opposite 
condition. For a single ion in an rf trap,  when U o  = 0 the 
nonthennal micromotion has an average kinetic energy 
equal to that of the secular motion [l]; this is also true in 
the spherical trap. In the Penning trap the kinetic en- 
ergy in the nonthermal magnetron motion can be much 

less than in the cyclotron or axial modes. Therefore, the 
minimum second order Doppler shifts are given approxi- 
mately by: 

For a single ion in an rf trap (assuming the spherical 
trap of Eqs. (2) and (3)), <E2> is primarily due to the 
oscillating rf fields and is largest for the z motion. A sim- 
ple calculation gives CF 2>z = M @fii /e2 for maximum 
laser cooling or <E2>z = 2Ma2ksT/e  for a given tem- 
perature in the z secular motion. For a single ion in a 
Penning trap, i t  is usually possible to  make r,, r, << z 
[8,87], therefore Stark shifts from the static fields are 
primarily due to the z motion. We find <E2>, = 
hyMw,2/(2e2) for maximum laser cooling or <E2>z = 
kBTM @:/e2 at temperature T.  In the Penning trap, a 
larger effect can be caused by the motional electric field 
E = v X B/c. We have <E*>M = I t y B f / ( M c 2 )  (max- 
imum laser cooling) and < E 2 > ~  = 2kBT B&I(Mc?. In 
Table 1 are shown examples of the second order Doppler 
shift and <E2> for single ions in rf and Penning traps. 

For clouds of identical ions, we first consider the elec- 
tric fields due to  collisions between ions. For the rf trap, 
we neglect the energy in the micromotion since the ions 
are driven in phase, therefore ion collisional effects in 
the rf and Penning traps are treated the same. <E2> 
will of course depend on the cloud density and tempera- 
ture but some idea of the magnitude can be given by cal- 
culating the electric field for one ion on another a t  the 
distance of closest approach. Assuming the maximum en- 
ergy available for closest approach is given by 3 k ~ T ,  we 
have E ,  = 6.7 x Vlcm ( y E r  = 10 MHz and Fnax- 

TABLE 1. Fractional secoiul order Doppler shifts, Starkfields, and classical rms  ax- 
ial amplitudes (z,,,J f o r  single ions in r f  and Penning traps. When y12a is 
given, we assume maximum theoretical Laser COOhZg (fl, << y). For both traps 
we assume M = 100 u. For the rf trap a12n (rfdrive frequemy) = 1 MHz,  A. = 
300 Vlcm’, For the Penning trap, wz12n = 20 kHz, B = 1 T.  T i s  the temperature 
of the secular motion for the rf trap and the tewperature of the cyclotron and ax- 
ial motion fo r  the Penni trap. <E2>: is the mean square electric field for mo- 
tion along the z axis, <$>,,* is t h  mean square “nzotio?lal” electric field for the 
v x Blc force. Note that z,,,, for the Penning trap ca77 be reduced at the expense 
of increasing <E2>:.  

rf 

Pen. 

300 
8.3 x 10-13 

210 
170 

4.2 x 
4.2 x 10-2 

4 

2.8 
20 

1.1 x 10-14 

5.5 x 10-15 
5.7 x 10-4 

2.4 x 10-4 
6.6 x lo-’’ 
1.7 x 10-4 

0.15 
3.3 x 10-19 
3.4 x 10-8 

4.99 

1300 

0.067 4.0 x 

2.4 X lo-’ 
6.6 X 

1.7 X lo-’ 
1.5 x 10-3 
3.3 x 10- 
3.4 x 10-12 

4.0 X 

145 1.1 0.011 
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imum laser cooling) and E,, = 7.4 V/cm at T = 4 K. 
Therefore a t  modest temperatures, ion-ion collision in- 
duced Stark shifts can be quite small. 

For clouds of ions, other effects can contribute to Stark 
and second order Doppler shifts. We will consider only 
theoretical limits and therefore neglect effects such as rf 
heating which may be the real limitation in a practical 
experiment. We will assume that the secular motion in an 
rf trap and the axial and cyclotron modes in a Penning 
trap have been cooled to negligible values. For both 
traps we will assume that i t  is desirable to maximize the 
number of ions h‘. 

Then in an rf trap we must consider the effects of the 
micromotion and corresponding electric fields for ions on 
the edge of the cloud. We impose the constraint that the 
maximum fractional second order Doppler shift not 
exceed a certain value (E). Therefore for the rf spherical 
well we set yI(r,z ) = - +i,  and with the condition on E 
(the maximum second order Doppler effect is due to ions 
a t  z = ri, r = 0) we find 

N ,  = 6.48 x 1015 r iME 
when M is in u, and ri is the cloud radius. 

For the Penning trap, the maximum second order 
Doppler effect is due to  the magnetron motion of ions on 
the edge of the cloud (r, = ri, z = 0). We set +i(z = 
-+&) and for a spherical cloud we find from Eqs. 
(5-71, 

N ,  = 1.96 x 1013 B K  - 440 M q 
L J 

where B is in tesla, M in u. Negative solutions are un- 
physical because they correspond to parameters where 
the magnetron second order Doppler shift cannot be 
made as large as E (for a spherical cloud). 

For very small values of E, very low density ion clouds 
are required which implies very small applied potentials. 
From the condition +i = - q ~  for the rf trap we have 
(for the spherical well): 

and similarly, for the Penning trap we have: 

“ax A = 3.6 x lo-* - 

We can also calculate the corresponding electric fields. 
As before, for the rf trap, the maximum fields occur on 
ions for z = ri and r = 0 and we have 

In the Penning trap, the electric fields cancel along the z 
axis. Along the radial direction, 

<E2>r(m) = (2Mc2E/(er i ) )2 .  
In Table 2 are sKown some representative values of max- 
imum numbers of stored ions, trap potentials, and Stark 
shifts for various values of E and ri on clouds of ions. In 
ce r t ah  configurations, second order Doppler and Stark 
shifts could still be a problem; however, with small 
enough numbers of ions these can be overcome. We note 
that in many cases, the electric fields from black-body ra- 
diation ( G 2 > b b  = (10 V/cm)? can be much larger than 
those due to trapping conditions [78,89,90]. Therefore, 
operation a t  reduced environmental temperatures may 
ultimately be required. 

TABLE 2. Maximum numbers, pseudopotential well depths for r f  traps, applied potentials for  
Penning traps, and electric fields for “cold” spherical ion clouds in rfand Penning traps. 
A maximum fractional second order Doppler shifl E is assumed. The secular motion for t h  
r f  trap and the axial and cyclotron motion for the Penning trap are assumed to be frozen 
out (Le., cooled to negligible values). ri = ion cloud radius: M = 100 u, lX2a = 1 MHz, B 
= 1 T. 

E 10-12 10-12 10-15 10-15 

0.5 0.01 0.5 0.01 
3.2 x 105 6500 320 -6 

rf 

4.5 x 106 - 1 . 5 ~ 1 0 ~  53 

Pen. 1.3 - 0.043 1.9 

0.14 - 1.4 x 10-7 3.5 x 10-4 
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7. Other Possi bi i it ies 
With the special features of the ion traps in mind, i t  is 

ivorthwhile speculating on possible future experiments. 
A very interesting class of experiments has already been 
initiated on multiply charged ions. Electron capture 
rates of Ne"' (1 q == 10) in an orbitron t rap  have re- 
cently been measured [141 and Penning traps are being 
developed for high 2 ion storage [91]. These experiments 
may pave the way for interesting spectroscopy on for ex- 
ample high 2 hydrogenic ions where precise theoretical 
calculations are available. Various energy separations be- 
come higher; for example the 235U91+ ground state hfs 
transition may be in the visible [92]. In  the future, more 
exotic species may be available for study such as anti- 
protons, e- /e-  pairs in a Penning t rap  or  e + / e - ,  e'lp-, 
e-@+ or  p+/p-  pairs in an rf  t rap [92]. 

The Penning t rap may be an ideal place to  measure gJ 
factors in certain atomic ions. First, because very small 
samples ( 4 0 0  pm) can be used, the effects of inhomo- 
geneous fields are greatly reduced [81]. Second, atomic 
gJ factors could be measured in terms of the Bohr mag- 
netron by measuring the cyclotron frequency of free elec- 
trons in the same magnetic field. This technique has al- 
ready been used to  measure the gJ factor in S- [93]. 
More generally, these features plus the very high resolu- 
tions possible [82] should allow precise measurements of 
other magnetic-field-dependent structure. For example, 
deviations in the Breit-Rabi formula for hfs could be 
measured and i t  may be possible to  measure the effects 
of nuclear diamagnetism [94]. 

From Tables 1 and 2, it is evident that  Stark shifts can 
be very small on cooled ions; this suggests that the  spec- 
troscopy of Rydberg ions with minimal Stark shifts may 
be possible. With this in mind, perhaps a measurement of 
the Rydberg along the lines of Kleppner's proposal [95] 
is possible in an ion. 

Finally, ion storage techniques might also be used for 
measurement devices, for example, to measure magnetic 
fields [96] or  frequencies of lasers [45,971. 

Quite generally, it is now feasible to  think of experi- 
ments on stored ions where the perturbations are ex- 
tremely small. Hopefully, this can lead to many new pre- 
cision experiments other than the ones discussed here. 
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