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I. Introduction
A. SCOPE OF THE PRESENT ARTICLE

In this article we attempt to give a review of spectroscopic experiments
that have employed the stored ion technique. This review will be biased
toward very high-resolution experiments since this is the authors’ area of
interest. We hope that a description of these high-resolution experiments
will illustrate the current state of the art and indicate possible achievements
in the future. In this article collision experiments in the usual sense (charge
exchange, ion-molecule reactions, etc.) will specifically be excluded — we
are primarily interested in photon-ion interactions and will include such
topics as spectroscopy of atomic ions, mass spectroscopy using resonant
excitation, and measurement of radiative decay times. To make this article
more tractable, we do not discuss the interesting spectroscopy that has been
done in conjunction with fusion plasma studies or high-energy storage rings.
We also omit discussion of the interesting studies of the dynamics of water
droplets (Owe Berg and Gaukier, 1969) and of aerosols initiated by C. B.
Richardson (private communication, 1982).

The most complete previous review has been given by Dehmelt (1967,
1969) and is still “the” reference for someone starting in this field. Schuessler
(1979) has given a review which concentrated on the ion storage exchange
collision (ISEC) method in an rf quadruple trap. More recently, Dehmelt
(1983) has given a review/introduction as part of a NATO Advanced Study
Institute. Todd er al. (1976) have given a review of rf traps. In addition,
various other partial reviews have also been given (Dehmelt, 1975, 1976,
1981a,b; Minogin, 1982; Neuhauser et al. 1981; Toschek and Neuhauser,
1981; Werth, 1982; Wineland er al., 1981b; Wineland, 1983).

Necessarily, there will be some overlap of this review with previous ones;
we will tend to rely on these other reviews which have extensively covered
some of the techniques such as the ISEC method (Dehmelt, 1969;
Schuessler, 1979).

B. THE METHOD

Probably the main advantage of the stored ion techniques is that the ideal
of an unperturbed species at rest in space is approached to a high degree.
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Specifically, charged particles such as electrons and atomic ions can be
stored for long periods of time (essentally indefinitely) without the usual
perturbations associated with confinement (for example, the perturbations
due to collisions with walls or buffer gases in a traditional optical pumping
experiment).

Unfortunately (and necessarily), there is a price to be paid for this
property of long storage times with small perturbations— the number of
particles that can be stored is typicaily small (approximately 10¢ or less for a
“trap” with centimeter dimensions); the resulting low densities are ulti-
mately governed by the competition between space-charge repulsion and
the confining electromagnetic forces obtained under normal laboratory
conditions. It should be noted that if we could obtain the high trapping fields
necessary to obtain high densities, then we would lose one of the advantages
of the technique because, for exampie, Stark shifts due to confinement
would cause problems in very high-resolution work.

As a consequence of the low numbers obtained, many types of experi-
ments may be precluded—for example, spectroscopic experiments on
compiex molecular ions where only a small fraction of the ions are in a given
state. However. in spite of the low numbers obtained, sensitive techniques
have been developed to detect simple species such as eiectrons and atomic
ions, so that single electrons (Wineland et al., 1973; Van Dyck er al., 1978)
and atomic ions {Neuhauser er al., 1980; Wineland and Itano, 1981; Na-
gourney er al., 1982, 1983; Ruster er al., 1983) can be observed.

In Section II. trapping methods are discussed. In Section III, the elec-
tron - positron (g-2) experiments are discussed. These experiments may be
the least general of those covered, but a large part of the new developments
in the stored ion technique have occurred here. In Section IV applications to
mass spectroscopy are discussed. Section V discusses experiments on atomic
and molecular ion spectroscopy. Sections VI and V1I discuss negative ion
experiments and lifetime studies.

I1. Ion Storage Techniques

Four types of “‘traps’” have been most cormmoniy used for high-resolution
work: the Pau] (or rf) trap, the Penning trap, the Kingdon (or electrostatic
trap), and the magnetostatic trap (magnetic bottle). Magnetic bottles have
pot been used extensively for high-resolution work because the trapping
relies on the use of inhomogeneous magnetic fields, thus causing inhomo-
geneities and broadening in fieid-dependent transitions. An exception to
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this is the high-resolution electron - positron magnetic moment measure-
ments done by Crane, Rich, and their colleagues (Rich and Wesley, 1972).
For the sake of brevity however, magnetic confinement devices will not be
discussed further.

A. THE PauL (rf) TRAP

The Paul or rf trap has the advantage that the trapped ions are bound in a
(pseudo) potential well in all directions and no magnetic fields are required
for confinement. It has the capability in practice to provide tighter confine-
ment than the Penning trap, but the phenomeron of “rf heating™ has been a
limitation in some experiments.

1. Theory

The “ideal™ Paul trap (Fisher, 1959; Wuerker er al., 1959a) uses three
electrodes in a vacuum apparatus as shown in Fig. 1. These electrodes are
conjugate hyperboloids of revolution about the - axis, thus allowing a
description of the potential in cylindrical coordinates. In general, both a
static potential and an alternating potential of frequency Q are appiied
between the ring and endcaps. so that

o LotV cos
bir, ) = =

where r, and =, are defined in Fig. I. The electrode surfaces are assumed to
be equipotentials of Eq. (1), and we assume ¢ = ( at the center of the trap.

(rr =223 (H

2
LT-> Ti-aoi(wmmmmmp
\Jr/ z L otr,2) = A2 - 222)
A ]
v v A=
°‘+‘ o Oy '02 + Zz°!
/ U=, -V, cos Ot
(Vg = 0 for Penming trap)
siectrode surfsces genersted
by olr, 2) = const,
FiG. 1. Schematic representation of the electrode configuration for the “ideal” Paul or

Penning trap. Electrode surfaces are figures of revolution about the = axis and are equipoten-
tials of &(r, z) = A(r? — 22%).
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FiG. 2. Theoretical stability diagram for the Paul trap. The region bounded by the solid
line represents the vaiues of a, and g, giving stable confinement. The validity of this stabiiity
diagram has been confirmned in vanous expeniments (see text).

The equations of motion for a positive ion take the form of a Mathieu
equauon (McLachian, 1947):
d?x

7;2—' +(a;~ 2g;cos 27)x, =0

where
—a, = +2g, = 16gL,/mQ¥r5 + 2:})
+q, = —2q,=8qV,/mQXr§ + 2:3)

m is the ion mass. 7 = LU/2, and g is the ion charge.

Cenain values of g, and g, lead to stable bounded motion; these values are
bounded by the curve on the stability diagram shown in Fig. 2. Other regions
of stability exist (Fisher, 1959; Wuerker er a/.. 1959a; Dawson, 1980); only
the first region of stability, which is shown, is usuaily used. The perimeter of
this curve is determined by the values 8, = | and 0, where 37 = g, + ¢?/2.

A qualitative explanation for the binding due to the rf field in the traps is
as follows (Wuerker er al.. 1959a; Dehmeit, 1967): For Q sufficiently large
(i.e.. f# < 1) an ion experiences an rf eiectric field such that its motion (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 = 27/Q) of the micromotion is in a direction of weaker field
amplitude (independent of the sign of the charge), i.e.; toward the center of
the trap. For Q sufficiently high, this restoring force gives rise to a pseudopo-
tential (Dehmelt. 1967):

qvs

T+ 25 (PP +43P]  (Uy=0) )

y(r, z) =
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where r and Z are the positions of the ion averaged over T, and q is the ion
charge. The resultmg “secula.r” motion (for 7 and I) is harmomc with

frequencies @, = 2@, = 2V 2V, /[Qm(r§ + 223)].
The addition of the static potential U0 alters the well depth directly so that

we must add the potential
Uy

to the expression for the pseudopotennal. This vields an overall effective
(harmonic) potential:

k k.
¢<r,:=w+¢x=2—;<a2+2—-®z

(ra -2z (3a)

- vy
[mmmz-s)z rs+ J@l
4qV73 _ 20, -
+ ey i (30)

A special case is when U, = qV§/mQ¥(r§ + 2z§), which gives rise to a

“spherical” potential where ¢(r, z) < (FP? + (2)2. It is sometimes useful to

describe the traps in terms of well depths in the r and z directions: for
example, we can define

Dr’drarO’ 0)-¢(O, O)
D= (0, z = z,) — &0, 0)

For the more general potential of Eq. (3b), the secular oscillation frequencies
are w, = (k,/m)"/? and . = (k./m)\2,

As an example of operanng conditions, we take the data from Major and
Werth (1978) for 'Hg* ions. Here 7, = v2z, = 1.129 cm, Q/27 = 524
kHz, U, = +8 V (ring electrode biased positively with respect to the end-
caps), and V, = 297 V. This gives a. = —0.024, g, = 0.432, w,/27 = 49
kHz, @,/2z = 69 kHz. This particular choice of parameters also gives D, =
D, = 12 eV. Very small traps have been used to provide tight confinement
for single ion detection. From Neuhauser er al. (1978b), V, = 200 V and
ro=+~2zy =354 um.

The potential of Eq. (1) is said to be ideal because it has the simplest form
which satisfies Laplace’s equation and has the desired symmetry (indepen-
dent of azimuthal angle and reflection symmetry about = = Q). For the same
symmetry, deviations from the ideal potential introduce higher-order terms:
the first of these has spatial dependence (3r4 — 247222 + 8z*) and introduces
anharmonicities in the secular frequencies @, and @,. These deviations can
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come about duce to imperfections in the clectrodes such as hoies for observa-
tion and the fact that the surfaces must be truncated. They are obviously
introduced for a trap with simpie cyiindrical geometry (Benilan and Au-
doin, 1973; Bonner er al., 1977) or spherical electrodes (O and Schuessler,
1980a), but the region of stability is not substantially altered (Benilan and
Audoin, 1973; Mather er al., 1980).

We note that the choice of r,/z, is in principle arbitrary and not inferred
from Laplace’s equation as has been implied (Dawson and Whetten, 1968;
Todd er al., 1976; Bonner et al., 1977). Of course, to yield the ideal potential
of Eq. (1), the electrode surfaces must be equipotentals of Eq. (1) and
therefore both the ring and endcaps must asymptotically approach the
surfaces generated by z = % r/v 2, The choice r§ = 22§ can be made so that
the ring and endcap surfaces are equidistant from these asymptotes for large
r and z. Knight (1983, also private communication) has also pointed out
that the stability diagram is independent of the choice of ry /=, as long as a;
and g; are determined from the formuias given previously.

The motion of a single ion in the trap is described by the solution of the
Mathieu equation. For many ions in the trap. distribution functions can be
obtained under various assumptions. Assuming no collisions or space
charge. phase space dynamical techniques have been used to calcuiate
distribution functions and give fairly good agreement with observed data
(Todd er al., 1980b). For the long-term storage dezLea in Spectroscopic
experiments. ion-ion and ion - neutral collisions play an important roie. In
general, this gives nise 1o what is called “rf heating”—a process which
couples kinetic energy from the micromotion into the secular motion
(Church and Demelt, 1969). Elastic collisions with background neutrals will
either produce heating if the neutrals are heavy with respect to the ions or an
effective cooling (viscous drag) if the neutrals are light (Dehmelt. 1967). This
has been examined in detail theoretically (Andre and Vedel. 1977; Dawson
and Lambert, 1975; Andr¢ eral., 1979; F. Vedel er al., 1981, 1983; M. Vedel
et al., 1981), predicting Gaussian density distributions. In addition, reso-
nant charge exchange with the parent neutral may provide a stabilizing
influence (Bonner ez al., 1976; Dawson, 1980). In many experiments done
at high vacuum, it appears that the dominant heating mechanism is due to
ion—-ion collisions (Dehmeit, 1967). Such heating is not well understood but
mavy arise from the presence of impurity ions or from imperfections in the
trap electrodes. .

Space charge will have a destabilizing effect on an ion cloud. that is, the
wells become more shallow due 10 the presence of other ions. If the secular
motion is “frozen,” then the ions form around the center of the trap so that
the net electric field an ion expenences inside the cloud is zero. Therefore,
following Dehmelt (1967). & + ¢, = constant, where ¢, is the potential from




142 D. J Wineland et al.

the ion cloud. Applving the Lapiacian to this equation, we find that the ion
cloud has uniform (maximum) density p given by

-1 - 3qV3
Puux = 32 VO = R + 27

For the conditions of Major and Werth (1978), this leads to a maximum
density of Ny ™ Pue /g = 4 X 107 cm—3,

4)

2. Experiments

The kinematics of ion motion have been verified in the original expern-
ments of Wuerker ez al. (1959a), where charged aluminum dust particles (ca.
20 um diameter) were suspended in an rf trap and illuminated so that the
paths could be observed. In these beautiful experiments the particles could
also be observed to crystallize into lattices when the background gas pressure
was increased to cause cooling.

For atomic ions, the validity of the stability diagram has been verified in
experiments. Trapping efficiencies have been measured by monitoring the
relative intensity of laser-induced fluorescence light from Ba+ ions (Ifflander
and Werth, 19772; Plumelle ez a/., 1980). Temperature was monitored via
the Doppler broadening of the resonance light. Trapping efficiencies have
also been measured by observing storage times as a function of trapping
conditions (M. Vedel er al., 1981). Temperature also has been measured by
the bolometric method (Church and Dehmelt, 1969) discussed below. In
addition, the cooling efficiency of buffer gases has also been observed (Vedel,
1976; Dawson. 1980; Plumelle er al., 1980; Schaaf er al.. 1981; Ruster et al.,
1983). In the experiments of Plumelle et a/. (1980) using helium buffer gas.
trapping times of several days have been observed (Plumelle, 1979; see also
Blatt and Werth, 1983). Density measurements have also been made
opticaily (Knight and Prior, 1979; Schaafer al., 1981), indicating a Gaussian
density distribution. The results of these experiments and those of Iflander
and Werth (19772a) and of Church and Dehmelt (1969) showed that the ion
temperature was approximately equal to a constant fraction (ca. 0.1) of the
well depth. These measurements are aiso in agreement with the measure-
ment of ion loss based on evaporation (Dehmelt, 1983). Ion-neutral
collision studies based on ion creation and loss are given by Todd er al.
(1976) and can be used to infer ion energies. In the experiments of Knight
and Prior (1979) the cloud radius (and therefore the ion energy) was shown
to be fairly independent of ion number, indicating that ion-ion rf heating
was not important. This was not the case for the very small clouds observed
by Neuhauser er al. (1980), where a large increase in cloud radius was
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observed as the ion number increased. In these experiments. however, ion
densities were as high as 10° cm™3, increasing the importance of ion-ion
collisions.

The destabilizing effect of space charge has been observed by Todd er al.
(1980a) and Neuhauser er al. (1978b). However, the densities predicted
from the model where the secular motion is cold have not been observed.
Usually the densities are one to two orders of magnitude less than this
prediction, presumably due to rf heating. Increased densities have been
observed by simultaneously storing positive and negative ions (Major and
Schermann, 1971), but ion-ion heating would be expected to be important
for high densities.

B. THE PENNING TRAP

The Penning trap has the disadvantages of the typically large magnetic
fields (larger than about 0.! T) required and the fact that the motion
(magnetron motion) is in an unstable equilibrium in the trap. An important
practical advantage is that parasitic heating mechanisms (like rf heating in
the Paul trap) are nearly absent. It may also be the clear choice for studies of
magnetic field-dependent structure.

1. Theury

The Penning trap (Penning, 1936) uses the same electrode connguration
as the rf trap (Fig. 1). but we set V; equal to zero in Eq. (3b) such that the
charged species see only a static potential well along the = axis given by Eq.
(3a). This causes a repulsive potential in the x-y plane which can be
overcome by superimposing a static magnetic field along = (B = B,%). Fora
single 10n 1n the trap (or negiecting space charge) the equations of motion are
(Harrison, 1959; Byrne and Farago, 1965) as follows:

, 24+ wiz=(, F=dwir — iws
where r = x + iy, w? = 4qU,/m(3 + 223), and w, = gB/mc. Therefore

c=,cos wtand r=reTe + 1 o0 (5a)
where =
w! J+l w\2 _ eale
ol 5) -5 e

Some useful expressions are @? + @?/2 = W w (W = W, Or W), W) + W, =
W,, and w! wy = w?/2. Quantum mechanical solutions have also been
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given (Sokolov and Pavlenko, 1967; Graff er a/., 1968; Van Dyck et al.,
1978; Itano and Wineland, 1982); this description is important for the
single-electron experiments. Representative values of parameters might be
ro=v2z,=05cm,B=20T,U,=2V.Forelectrons, w./2n =v. = 55.9
GHz, v, = 26.7 MHz, and v, = 6.36 kHz. For m = 100 u (atomic mass
units) ions, v, = 305 kHz, v, == 62.3 kHz, and v,, = 6.50 kHz. It should be
noted that the magnetron motion {the r,, exp(— iw.¢) term in Eq. (Sa)}isin
unstable equilibrium in the trap. Therefore, if collisions with background
neutrals occur, the ions will diffuse out of the trap. For example, when the
magnetron velocity is much less than the cyclotron velocity, elastic colli-
sions with heavy neutrals cause r,, to random walk in the x-y plane with
step size approximately equal to r.. In practice however, this is not a
limitation because ions can be stored for days in an apparatus at room
temperature (Wineland er a/., 1978; Drullinger ez al., 1980) and electrons for
weeks (Dehmelt and Walls, 1968; Ekstrom and Wineland, 1980) in an
apparatus at 80 K. Moreover the technique of sideband or radiation pres-
sure cooling (Van Dyck et al., 1978; Itano and Wineland, 1982) can reverse
this diffusion process.

Ion-ion collisions can also cause the cloud to spread; however, this
spreading is limited because the total canonical angular momentum of the
system must be conserved (Wineland and Dehmelt, 1975¢; O'Neil and
Driscoll, 1979). For very cold clonds (i.¢.. axial and cvclotron modes at low
temperature) this leads to clouds of nearly uniform density (O’Neil and
Driscoll, 1979; Prasad and O’Neil, 1979), which for the Penning trap
geometry implies that the cloud is a uniformly charged ellipsoid having the
potential

@(r, z) = —3np(ar’ + bz?) (6)

where from Poisson’s equation, 2a + b =3.

If the voitage U, applied to the electrodes becomes too high, then the
radial electric field is high enough to overcome the gv X B/c magnetic force
and the ions strike the ring electrode in exponentially increasing orbits [the
argument of the square root in Eq. (5b) becomes negative.] For singly
ionized atoms (or electrons) the voltage where this occurs is given by V, =
1200B%r§ + 2:3)/M, where V_is in volts, Bisin tesla, M is the massin u, and
dimensions are in centimeters. This same mechanism limits the densities
achievabie in the Penning trap since space charge also gives radial electric
fields. Assuming the ion cloud is a uniformly charged ellipsoid as discussed
above, the r motion of an individual ion is now given by Eq. (5a) with

sl g o
Wy 2 |- 2 2 3m
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where . is the axial frequency for a single ion in the trap. The maximum
density allowable (argument of the square root term kept positive) is given
by [using @(z) =—d(z)] n = p/q < B?/8nc*morn <2.7 X 10°8%/M, where
Bisinteslaand Misthe massinu. For B=1 T, M= |00 u n < 2.7 X
107 cm—3.

In the refined work of electron-positron and mass spectroscopy, it is
desirabie to make the trap as neariy quadratic as possible. Assuming the trap
has the desired symmetry, the fourth-order term (proportionai to 3r4 —
24rz2 + 824) in the potential can be canceled out with correction electrodes
(Van Dvyck er al., 1976). If the magnetic field is tilted with respect to the trap
axis and the potential is imperfect but has the form [P — (x2 — )2) — 23],
then the refation (w ) + w? + w3, = w? will still hold (Brown and Gabrielse,
1982; see also Borodkin, 1978; O er al., 1982).

2. Experiments

The main aspects of the theory have been confirmed. This has been done
to a very high level in the electron-positron experiments discussed below.
For clouds of ions the coupling between modes can be strong (energy
transfer times of milliseconds), but the observed frequencies of motion for
small clouds are essentiaily the free space values since only the center-of-
mass motion is usually excited (Wineland and Dehmelt, 1975a.¢).

Radial transport due to eellisions with background neutrals seems to be
reasonably well understood (Walls, 1970; McGuire and Forison, 1974;
Jeffries. 1980; deGrassie and Malmberg, 1980; Malmberg and Driscoll,
1980), but transport from ion~ion collisions is not so well understood. This
may be caused by plasma oscillation-induced transport. Recent measure-
ments on laser-cooled ion clouds (Bollinger and Wineland, 1983) indicate
that they are approximately ellipsoidal in shape and of constant density, in
agreement with prediction (Prasad and O’Neil, 1979).

C. THE KINGDON TRAP .

The Kingdon trap (Kingdon, 1923) has the advantage of being simpler
than the Paul or Penning trap. requiring only a dc voitage for trapping. Since
a potential minimum in free space cannot exist for purely electrostatic fields.
the Kingdon trap relies on angular momentum of the ions about a central
axis to provide dvnamical stability.

Usually, the Kingdon trap has the same symmetry of the Paul and
Penning traps: A central wire is surrounded by an outer cvlinder as shown in
Fig. 3. Perhaps the most desirable potenial takes the form suggested by Prior
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o=A(r2.222)+B m(ﬁ)
]
\"

FiG. 3. Schematic representation of the electrode configuration for the *“ideal” Kingdon
trap. Electrode surfaces are figures of revolution about the = axis and are equipotentials of ¢. In
practice, the central electrode is made as thin as possibie to reduce the chance of ions colliding
with it. '

(Knight, 1981), where
@ = A(r* — 23 +B In(r/r) (8)

In this case, the motion is harmonic along z; therefore, detection of w. can
provide mass analysis. Figure 3 shows a trap which is formed from equipo-
tentials of Eq. (8); in practice, the central electrode would be much thinner
but must still conform to an equipotential of Eq. (8) in order to preserve the
harmonic well along =. The equations of motion for the x-y plane are not
solvable analyvtically, but the motion is basically composed of precessing
orbits about the = axis (Hooverman, 1963). Lewis (1982) has analyzed the
case of nearly circular orbits in a cylindrical trap. Storage times in such a trap
should be shorter because a single coilision with a background neutral is
sufficient to cause an ion to collide with the center electrode and be lost.
Nevertheless, with a trap whose electrodes approximate equipotentials of
Eq. (8), trapping times of about | sec were achieved by Knight (1981) at a
pressure of 107 Pa (= 10~8 Torr). (The center electrode was 100-um-diame-
ter wire.)

The case of an axial magnetic field superimposed along the = axis has been
investigated theoreticallv and expennmentally (on Hev)(Johnson, 1983;
Lewis, 1983); in this case storage times should increase dramatically. Ions
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will eventually be lost by diffusing in toward the center electrode: therefore,
storage times should be comparable to those 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 position (neglecting nonuniform space
charge) and may be part of the reason for the slow evolution of the ion cloud
under the influence of ion-ion collisions.

Prior and his colicagues have used the Kingdon traps extensively for
spectroscopic studies (Prior, 1972; Prior and Wang. 1977; see also Vane er
al., 1981). Lewis (1983) has proposed to study the Aharonov-Bohm effect
in a Kingdon trap.

D. IoN CREATION

Certainly. the prevalent method for creating ions is from direct ionization
of neutrals inside the trap by an externally injected electron beam. However.
many times it is desirable to rid the trap of extraneous ions. In the rf trap this
can be accomplished by operating the trap in the “"mass-selective™ mode
(i.e., near the bottom of the stability diagram shown in Fig. 2). For the
Penning trap, high-mass ions may be excluded by exceeding the “‘critical”
voltage (Section II,B.1). For both traps. strong resonant excitation at the
various motional frequencies can be used to drive unwanted ions from the
trap.

If an ion is injected into the trap from the outside, it must lose energy
inside the trap or it will eventually be lost. Such a scheme utilizing radiative
energy loss has been successfully realized for positrons (Dehmeit er al., 1978:
Schwinberg er al., 1981c) and various “catching” schemes have been pro-
posed (see. for example, Todd er al., 1976; O and Schuessler, 1981, 1982;
Schuessler and O, 1981, and references therein).

Other possibilities for ion creation include photoinduced ion pair forma-
tion (Major and Schermann, 1971) and dissociative attachment for negative
ion production (Blumberg er al., 1978). Blatt er al. (1979) have demon-
strated capture of Ba* ions from surface ionization followed by slowing
down with a high-pressure helium buffer gas. Coutandin and Werth (1982:
see also Blatt er al., 1982) have demonstrated a technique whereby ions from
an external source are first caught on a Pt ribbon. The neutrais are then
evaporated from the ribbon and reionized inside the trap. Theyv report
overall efficiency of 10~* and indicate that a significant increase in this
number is possible. Knight (1981) reports capture of large numbers of ions
from laser-produced plasmas: such a technique might be the best way 10
produce 1ons from refractory metals. Charge exchange can also be used,
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particularly if the parent ion is easier to produce and isolate by direct
ionization than the daughter ion (Itano and Wineland, 1981). More re-
cently, highly stripped ions have been trapped as recoils from collisions of
neutrals with high-energy, highly stripped ion beams (Vane er al., 1981;
Church, 1982). These experiments have so far dealt only with collision
processes (electron capture), but the possibility of doing spectroscopy on
high-Z ions is very exciting.

E. Ion DETECTION

Perhaps the most direct way to detect ion number is by ejection-counting
methods (Dehmelt and Jefferts, 1962; Jefferts, 1968: Dawson and Whetten,
1968; Graff er al., 1980; Dawson, 1980). By driving the resonant motion of
the ions, the resulting induced currents in the electrodes can be an effective
way to monitor ion number (Fisher, 1959; Dehmelt, 1967; Dehmelt and
Walls, 1968; Wineland and Dehmelt, 1975a; Blumberg er a/., 1978; Mclver,
1978a.b; Van Dyck and Schwinberg, 1981a). This can be quite sensitive
since a single electron or positron can be detected with good signal to noise
ratio. In one case, H,* “‘test” ions have been used to sample *He* ion density
by observation of their space-charge-shifted frequencies (Dehmelt, 1967;
Schuessler er al., 1969). Both the number and temperature of ions can be
monitored with the “bolometric” technique (Debmelt and Walls, 1968;
Church and Dehmelt, 1969; Walls and Dunn, 1974; Wineland and Deh-
melt, 1975a; see also Gaboriaud er al., 1981), where one observes the mean
square value of the induced currents in the electrodes. Induced charge
frequency shifts (Wineland and Dehmelt, 1975a) might also be used to infer
ion number. Observation of Doppler-induced (Schuessler, 1971b; Major
and Werth, 1973; Major and Duchéne, 1975; Lakkaraju and Schuessler,
1982) or inhomogeneous magnetic field-induced sidebands on rf or micro-
wave transitions can give information on cloud size and temperature. The
use of laser-induced fluorescence techniques can be utilized to detect both
ion cloud size and number as described previously. In the case of the
Penning trap, the cloud density can be measured by observing the magne-
tron rotation-induced Doppler shift of the ion resonance lines (Bollinger
and Wineland, 1983). The sensitivity of these fluorescence methods is
indicated by the ability to detect single ions (Neuhauser er al, 1980;
Wineland and [tano, 1981; Nagourney er al., 1983; Ruster er al., 1983).

F. POLARIZATION PRODUCTION/MONITORING

Ion samples have been polarized using spin exchange with polarized
neutral beams (Dehmelt, 1969; Graff er al., 1968, 1969, 1972; Church and



HIGH-RESOLUTION SPECTROSCOPY OF STORED IONS 149

Mokri, 1971; Schuessler, 1979, 1980). Changes of polarization in these
experiments have been detected by observing the heating due to spin-de-
pendent inelastic collisions or by detecting spin-dependent ion neutraliza-
tion by detecting ion number. Changes in poiarization of trapped electrons
have also been detected by observing changes in polarization of a transmit-
ted atomic beam (Griff and Holzscheiter, 1980) or by the kinetic energy
dependence on polarization of electrons ejected into an inhomogeneous
field (Kienow et al., 1974; Graff er ai., 1980). Optical-induced fluorescence
techniques discussed below may be the dominant choice in future experi-
ments on atomic ions; we recall, however, that the first optical techniques
relied on onentation dependence of ion photodissociation (Dehmeit and
Jefferts, 1962). More recently, orientation-dependent photodetachment has
been used (Jopson and Larson, 1981).

G. OTHER TYPES OF TRAPS

Variations on the types of traps discussed above have been considered. It
is possibie to use the Paul and Penning traps in a combined mode (Fisher,
1959; O and Schuessler, 1980b), but such traps have not really been used yet.
Some rf traps with a “race track™ design based on a closed-loop configura-
tion for the Paul mass spectrometer have also been tested (Church. 1969). In
add#ion, six-electrode rf traps with three-phase drive have also been demoun-
strated (Wuerker et al., 1959b: Haught and Poik, 1966; Zaritskii er al.,
1971). For many years, trapped ion cyclotron resonance (ICR) spectrome-
ters (Mclver, 1970, 1978a.b; Comisarow, 1981) have been used by chemists;
this configuration is basically a Penning trap with rectangular electrodes.
(We note also that this is the typical configuration in a sputter ion pump.)
Trap arrays (Major, 1977) have been proposed to increase overall trapping
efficiency and variations on the Kingdon trap have also been proposed
(Mcllraith, 1971). Finally we note the possible use of *““space charge™ traps
(Redhead, 1967; Hasted and Awad, 1972; Donets and Pikin, 1976; Hamdan
et al., 1978). Such devices have been mainly used in collision studies; for
high-resolution spectroscopy the traps described above seem superior.

II1I. Lepton Spectroscopy B

A. HISTORICAL PERSPECTIVE

The only stable leptons that can take advantage of the long containment
times possibie in the Penning trap are the electron and the positron. Thus,
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inspired by the early spin exchange, optical pumping experiments at the
University of Washington (Dehmelt, 1956, 1958), these particles have
subsequently been trapped and studied to high precision in a series of highly
successful geonium experiments (Van Dvck, ez al., 1977, 1978; Schwinberg
et al., 1981a, 1981c, 1983). However, the first truly precise rf spectroscopy
experiment, carried out on electrons in such a trap, was conducted by G.
Griff and associates in Bonn and Mainz, West Germany. The Penning trap
was placed in the uniform magnetic field region of a standard atomic beam
machine (Griff er al., 1968). A state-selected sodium beam interacts with the
trapped electrons, causing the cloud to become polarized; subsequent spin-
dependent energy-transfer collisions with the polarized atoms then lead to
an observable change in the number of electrons remaining in the trap after
a fixed interaction time. By applying a microwave field at the spin precession
frequency v, and then an rf field at the spin-cyclotron difference frequency
v,, the free electron g-factor was measured to a precision of 0.3 ppm (Graff
et al., 1969):

g(e7)/2 = 1.001,159,660(300) ®

This same experiment was subsequently modified to incorporate the non-
destructive bolometric detection method discussed in Section ILE. thus .
yielding the g factor with approximately the same precision (see Church and
Mokri. 1971). However, the potential for imprcvement was limited by
relatively large linewidths attributable to relativistic kinematics, second-
order Doppler effects, and possible magnetic field inhomogeneity over the
large electron cloud. Another possible limitation to this work was the
electrostatic cloud shifts associated with the v, resonance (see Wineland and
Dehmelt, 1975¢).

About this same time, a different technique for measuring the electron (or
positron) g-factor had begun to show great promise at the University of
Michigan under the guidance of H. R. Crane (see Wilkinson and Crane,
1963; Rich, 1968a,b). Referred to as the free precession method, the scheme
directly observes the relative orientation between the precessing spin and the
electron’s orbital momentum after a fixed containment time in a weak
magnetic mirror trap. This technique was dramatically refined by A. Rich
and associates at Michigan (see Wesley and Rich; 1971), achieving a preci-
sion of 3 ppb in the electron’s g-factor:

gle™)/2 = 1.001.159.657,700(3,500) (10)

At this point, the precession method also found certain limitations such as
finite observation time, relativistic mass corrections. possible space-charge
shifts. and large containment volumes (= 10?2 cm3 with corresponding
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uncertainty in the magnetic field. This experiment is presently being rebuilt
in hopes of achieving a precision of 0.010 ppb in the g-factor.

However, since 1959 H. Dehmeit and colleagues had been studying
electron clouds in a Penning trap at very low pressures (< 10— Pa or 10—!!
Torr). cooled by coupling axially to a resonant tuned circuit. This early work
established the basic nondestructive bolometric technique (Dehmelt and
Walls, 1968) whereby either excitation of the cyclotron resonance or aiter-
nating excitation of spin and g-2 frequencies causes an increase in the
monitored axial temperature. This bolometric scheme thus produced a
g-factor measurement

g(e™)/2 = 1.001,159,580(80) (11)

whose precision appeared to be limited by electrostatic cloud perturbations
(Walls, 1970; Walls and Stein, 1973). However, these initial Penning trap
studies did point out the advantages of reducing the cloud to its uitimate
irreducible size, i.e., a single electron, capable of being continuously ob-
served for several days (Wineland er al., 1973). This now set the stage for the
geonium experiments carried out on single electrons (Section III.B) and
single positrons (Section II1,C) by one of the authors (RSV) in collaboration
with P. Schwinberg and H. Dehmelt.

B. ELecTRON GEONIUM EXPERIMENT

1. The Geonium Atom

The basic apparatus (Van Dyck, et al., 1978) is shown schematically in
Fig. 4. The electron’s driven axial motion at v, = 60 MHz induces a
measurable voltage across the high-impedance tuned circuit. By keeping a
large drive amplitude fixed and the frequency set for off-resonance excita-
tion (v = 10 kHz), the smallest unit of voltage is found (by loading
different bunches of electrons) for which all other signals are integrai
multiples, thus signifying the presence of a single electron. This can also be
verified by comparing respective linewidths. Now isolated from external
perturbations within a relatively small volume (<3 X [0~7 cm3) at ultralow
pressures, the trapped electron is bound via the trap’s electrode structure
and the magnet to the earth as if it were a mestastable pseudoatom. The
University of Washington researchers therefore refer to this pseudoatom as
*“geonium.” Further discussion of the geonium state can be found in a series
of tutorial lectures (Dehmelt, 1983; Ekstrom and Wineland, 1980).
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Fi1G. 4. Schematic of the geonium apparatus. Placed into the bore of a superconducting
solenoid and operated at 4.2 K. the basic Penning trap is used 1o isolate single electrons and
detect their driven axial motion via a resonant tuned circuit. Magnetic transitions are observed
by coupling respective magnetic moments via the nickel ring to the precise axial resonance
frequency. (From Van Dyck er al., 1978.)

i

2. Precision Axial Resonance Spectrometer

Because of the need for holes and slits in the basic electrodes and the
unavoidable truncation and machining imperfections of the surfaces, terms
higher than quadratic appear in the potential distribution (see Section II). In
order to compensate for these effects, guard rings are placed between the
endcaps and ring and their potential is varied until the narrowest possible
unshifted axial resonances are obtained, i.e., reduced 100-fold relative to
those from uncompensated traps (Van Dyck er al., 1976). The resulting
single electron linewidth (shown in Fig. 5) is within 10% of the expected
damping linewidth and the frequency resolution is approximately 10 ppb
(for the signal-to-noise ratio as shown).

This narrow axial resonance is now used in a feedback detection circuit in
which a very stabie frequency synthesizer suppiies the rf drive. Of the two
quadrature components shown in Fig. 5, the dispersion-shaped curve vields
the error signal, which is integrated 1o produce a correction that is added
back to the ring in order to close the loop. In this way, the axial motion is
locked to the synthesizer at v, and the correction signal is proportional to
any shift év.. This type of nondestructive synchronous detection of a single
electron (or ion) forms the precision axial-resonance spectrometer mode of
operation.
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F1G. 5. Graph of the synchronously detected axial resonance. Linewidths of 8 Hz out of
60 MHz are achieved in a well-compensated Penning trap in a crvogenic (4.2 K) environment.
Both the absorption and dispersion phases of the signal are given for this resonance using a
0.5-sec ume constant. (From Van Dyck et al., 1978.)

3. Magnetic Coupling

The electron’s magnetic resonances have been indirectly observed bv
constructing a shaliow magnetic bottle obtained from a small nickel ring
located in the midpiane of the ring electrode. The uniform axial field B is
therefore modified (in cylindrical coordinates) to vield

B, = By + By(= — P2
0 o /2) (12)

and
B, - - Bzr:

where B, is fixed at approximately 0.012 T/cm? (or 120 G/cm?) when the
nickel ring is saturated. The weak interaction with the electron’s magnetic
moment vields an additional axial restoring force and the following axial

frequency shift:

| |
.=(m+n+<+-2gls-- 13
dv. (m n 3 qu)J., (13)
where d = upB,/(272Mv_) = | Hz and the integers m, n, and g are respec-
tively spin, cyclotron. and magnetron quantum numbers. Thus. this cou-
piing yields an occasional random jump in the dv. correction signal and a
1-Hz change in the resulting noise “floor” for each induced spin flip

(Am = % 1),
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This same magnetic bottle is aiso used to generate the perpendicular rf
field required to flip the electron’s spin. As indicated by the radial field B, in
Eq. (12), an auxiliary axial drive at v, combined with the cyclotron motion
generates sidebands at v, £ v. Since by definition v, = v, — v/, it follows
that v, is one of the rotating components. '

4. Sideband Cooling

In order that the electron may be found reliably at the same radial position
in time, it is centered at the top of the radial electric and magnetic hills by
using a novel sideband cooling technique first developed at the University of
Washington, in which an inhomogeneous electric field is appiied at v, + v,
to the trapping volume (Van Dyck er al, 1978; Wineland. 1979). The
electron’s magnetron motion in the inhomogeneous field generates a field
component at v, which damps Av, quanta into the tuned circuit with the
extra hv,, quanta being absorbed into the magnetron motion, thereby
shrinking r,. Figure 6 strikingly confirms this process as the magnetic
coupling is also used to monitor changes in the magnetron magnetic mo-
ment [see Eq. (13)]. Note that r,, grows exponentially when v, — v drive is
" applied. In addition, this sideband technique allows v,, to be determined
and, when compared to v3/2v., is found to agree within 100 ppm.

5. Resonance Data

As shown in Fig. 4, a small diode is used both as a frequency multipiier to
generate the cvclotron drive and an antenna to launch microwaves into the
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F1G. 6. Graph of changes in the magnetron orbit radius with time. The axial resonance
spectrometer technique is used to observe changes in the magnetron radius by driving the axial
motion on the v, = v, sidebands. In this way, Av, quanta are absorbed (or emitted) in
conserving total energy, thereby shrinking (or expanding) the magnetron orbit. {(From Van
Dvek et al., 1978.)



HIGH-RESOLUTION SPECTROSCOPY OF STORED IONS 155

Time (minutes)

0 2 4 Al 8 o
T - - LN 80
| ‘ ‘ (‘”—‘2
i : . - L .
m-ﬂ/gi ..... iu&t““lhl - ‘ ’l 1] _‘, f
H i ! E
mr =1/2 °%
27 N (e} | Tk
=z ! - mianr 3 2k -25 5
& 8 - l s
s fL b
Ea2- . 3§ 3 |
2 hw'f R
Q

178,850,740 760 780 800 1542I79 &O &I a2
Auaiiiary oxmiol drive (Hz)  Cyciotron drive (MHz)

Fic. 7. Graph of electron geonium resonance data. The cyciotron resonance in (b) is
measured at 5.5 T by detecting the corresponding axial frequency shiits whiie using a very low
axial drive. The spin-flip data in (a) is obtained by alternating both a strong detection and
auxiliary drives: the number of spin flips observed out of say 30 artempts for a fixed-frequency
auxiliary drive is plotted in (c).

trap. Figure 7b shows a typical cyclotron resonance obtained at 5.5 T while
using the lowest axial drive that stll maintains axial lock. The interference
between axial dnive and thermal noise via the magnetic bottle makes such
low drives necessary. Unfortunately, the signal-to-noise ratio tor such drives
is inadequate to observe the 1-Hz steps in the noise floor. Therefore. an
alternanng detection/drive scheme was used to obtain the spin flip data
shown in Fig. 7a. For a fixed frequency of the auxiliary drive, the number of
1-Hz axial frequency steps produced out of say 30 attempts is counted and
plotted versus frequency in order to yield an anomaly resonance typified by
that in Fig. 7c; the resolution of this data is = 40 ppb.

6. Results and Conclusions

The procedure for correcting the magnetic resonances for the presence of
Penning trap electrodes is nearly invaniant to small misalignments or asvm-
metnes (Brown and Gabrielse, 1982). Thus, the electron’s g-factor (or
anomaly) is given to a precision greatly exceeding 10='2 by the following:

gle) | _vi— v/
R Iy, v
where v}, v/, and v_ must be the observed resonant frequencies. Presently,

the measurement of v/ has not shown any systematic errors, but v, has been
found to show a small negative shift (<4 X 10~ for the full range of

(14)
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anomaly powers used) that depends on the strength of the auxiliary drive.
Though at present. no adequate explanation exists for this dependence, an
extrapolation to zero amplitude has yielded consistent anomalies for three
different magnetic field strengths: 1.8, 3.2, and 5.1 T. Various other small
shifts are possible (see Van Dyck er a/., 1978: Dehmelt, 1981a, 1983), but at
the present level of accuracy, none have been observed to affect the anom-
aly, either because they are too small or because they affect v/ and v} in the
same way. An extrapolated unweighted average of all runs (Van Dyck er al.,
1979) vields

g(e™)/2 = 1.001,159.652.200(40) (15)

which can be compared with the best theoretical prediction based on
quantum electrodynamics (Kinoshita and Lindquist, 1981) and the e/A
fine-structure constant & (Williams and Olsen, 1979):

8y /2 = 1.001,159,652,460(147) (16)

Conversely, QED theory and the experimental g-factor predicts the fine-
structure constant: )

a~' =137.035,993(10) (an
which agrees very well with the e/# determination of a:
o~ = 137.035,963(15) (18)

In order to reach a g-factor precision of 1 part in 10!2 in the future, a new
borttleless Penning trap is being deveioped [see Dehmelt (1981a) for a
possible bottleless detection scheme] which may utilize the relativistic mass
shift associated with the cvclotron excitation (Gabnelse and Dehmelt,
1980). A new trap technology is being developed which uses copper elec-
trodes with a split ring for direct production of the spin-flip field. mounted
into an all-metal vacuum envelope with indium seals and nonmagnetic
ceramic feedthroughs (Gabrielse and Dehmelt, 1983).

C. PosiTRON GEONIUM EXPERIMENT

1. Preparing the Positron Geonium State

The primary technological difference between this and the electron geon-
ium experiment is the continuous positron loading scheme (Schwinberg et
al.. 198 1c) which is compiletely static and relies upon radiation damping in a
separate storage trap (see Fig. 8). A sealed 22Na positron emitter, mounted
off-axis (at $7,), is biased in such a way that a trappable positron passing
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Fic. 8. Schemanc of the double-trap configuration. The storage trap contains a sealed 22Na
positron emitter located at 4r,. SBE probes are used in the sideband cooling scheme to radially
center the trapped positrons prior to transferring some of them into the highiv compensated
experniment trap. (From Schwinberg ef a/., 1981a.)

through the source hole will have most of its energy (= 100 keV) in the
radial motion and will be temporarily trapped for one magnetron peniod.
before returning to its original entry point. During this time, enough axial
energy may be extracted by the damping circuit to permanently trap the

. positron and to subsequentlv rhermalize its axial motion. In contrast, the

relauvistic cvciotron energy will damp quickly (a few seconds) by synchro-
tron radiation. Finally, the trapped positron is centered using the motional
sideband technique described in Section III,B.4. A typical loading rate
during early liquid helium operation at 5.1 T was 23 e*/hr with 2 0.5 mCi
source within a 5-V deep storage trap (Schwinberg er al., 1981c).

The carefully constructed compensated experiment trap (also shown in
Fig. 8) was found to be necessary because the large off-axis holes, required
for positron loading, prevent the storage trap from being fully compensated.
Therefore, some of the centered positrons are moved into the experiment
trap by pulsing the two adjacent endcaps down to the approximately
common ring potential (—8 to —10 V) for a few microseconds. Once
transferred, they are detected by using a large off-resonance axial drive
similar 10 the loading drives described for electrons in Section III,B, 1. After
determining that more than one have been transferred. the excess are
svsternatically ejected using intense rf pulses at v, + v;on the enclosed side
band excitation (SBE) probe. The puise amplitude is carefully adjusted in
order to require at least 10 consecutive pulses to eject an e+ from the cloud.
Once a positron is isolated. the axial drive is reduced in order to observe a
4-Hz axial resonance that is used in the precision axial spectrometer mode
described in Section II1.B.2.
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Fi1G. 9. Graph of the positron geonium resonance data. The cyciotron resonance in (2) has
a lineshape characterized by a high-frequency exponential tail and a low-frequency edge (for
Zms = 0); the dotted curve is an exponential with a 24-kHz decay constant. The corresponding
anomaly resonance in (b) is similar to the cyclotron resonance, but with an edge feature
convolved with the relaxation rate for the axial resonance. The solid line in (b) represents the
ideal lineshape with a 12.5-Hz decay constant. (From Schwinberg er al., 1981a.)

2. Measurements ]

For this apparatus, the magnetic bottle produces a 1.3-Hz shift per unit
change in the magnetic quantum level as described in Section III,B,3. Figurs
9a shows a typical positron cyclotron resonance but now with sufficient
resolution to observe a linewidth characterized by a high-frequency expo-
nential tail due to the coupled thermal Boltzmann distribution of axial
states. The dotted curve represents an exponential with a 24-kHz decay
constant. However, this broad linewidth does not limit the resoiution since
it is the sharp low-frequency edge (for z,, = 0) that corresponds to a
cyclotron excitation at the bottom of the axial magnetic well. For this
example, the field is resolvable to ~ 10 ppb. Figure 9b shows the corre-
sponding anomaly resonance taken upon aiternating the detection and
excitation (as explained in Section IIIB,5). The characteristic shape is
similar to that of the cyclotron resonance, though the edge feature is
typically smeared by the relaxation rate of the axial states. Therefore, the
precision of the anomaly edge feature, taken as the half linewidth, is
= 30 ppb.

3. Results and Conclusions

Time studies of the cyclotron resonances found an effective magnetic field
jitter (==%25 ppb over == 10? sec) which is believed to be due to collisions
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with background gas varying the minimum radial posidon in the magnetic
bottle. The source of this background was later traced to a small crack in the
glass envelope. However, prior to rebuilding the positron apparatus, the
only systematic effect observed was again the small negative shift propor-
tional to the strength of the auxiliary axial drive v,. From four initial
positron runs, a preliminary positron g-factor (Schwinberg ez al., 1981a,b)

g(et)/2 =1.001,159,652,222(50) (19)

is obtained from a weighted least squares extrapolation using the systematic
power dependence observed for the previous electron work. This result
agrees well with the electron’s g-factor {Eq. (15)] and the theoretical predic-
tion [Eq. (16)]. It is also 20,000 times more precise than the only other direct
measurement of the positron g-factor (Gilleland and Rich, 1972) using the
Michigan free precession technique. Finaily, by combining measured e~ and
e* g-factors, the comparison

gler)g(e™) = 1 + (22 £64) X 10-12 20)

may well represent the most severe symmetry test of charge conjugation-
parity reversal - time reversal (CPT) invariance known to date. An excellent
discussion of the discrete symmetries using free leptons can be found in a
review by Field er al. (1979).

IV. Mass Spectroscopy
A. INTRODUCTION

Because of long containment times and small sample volumes, the
Penning trap is an ideal device for measuring the mass of stable ions using
ion cvclotron resonances. This can be compared to such devices as the
resonance rf mass spectrometer of Smith and Wapstra (1975), which has
demonstrated a resolution of 1-10 ppb by carefully controlling various
systematic effects. In contrast, an ion cooled down in a Penning trap can be
confined to such 2 small volume that both the electric and magnetic fields
can be easily controlled by using small electric steering fieids (Van Dvck er
al.. 1980), guard electrodes for compensation, and magnetic shim coils for
producing the required field symmetry and uniformity. Finally, refined f
techniques allow small numbers (<€ 10) of light 1ons (< 10 u) to be observed
in such a trap, and weak self-contained sources can be used without appreci-
ablv altering the background pressure. Eventually, laser fluorescence tech-
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niques may allow simple detection of single ion mass ratios by observing
changes in fluorescence as the ion orbits are excited (Wineland ez al., 1983).

This section specifically describes direct precision measurements of the
proton-to-electron mass ratio (m,/m,) using the Penning trap. However,
variations of these same techniques could be used to measure any of the light
ion masses (such as 3H and 3He) with an in situ field calibration obtained
using either the electron or proton cyclotron resonance. Ultimately, these
techniques may also be used to study more exotic species such as the
antiproton (Dehmelt er al., 1979; Torelli, 1980).

Presently, there are three direct measurements of m,/m, using the Pen-
ning trap to alternately confine both e~ and p*: two at the University of
Mainz and one at the University of Washington.

B. FIRST MAINZ EXPERIMENT

This experiment by Girtner and Klempt (1978) has a thermionically
produced electron beam which ionizes background hydrogen gas. obtained
from a palladium leak, to produce secondary electrons, H*, and H,* in the
trapping volume. A pressure of 10~7 Pa (or 10~® Torr) then yields storage
times of = 60 sec for protons and = 60 min for electrons. Typically, a few
thousand ions wouid be trapped and detected via their axial motion inter-
acting with a tuned circuit across the endcaps. By sweeping the dc ring
voltage V,, the axial resonance at v. can be made to coincide with the
frequency of the tuned circuit, thus yielding a detectable decrease in signal as
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Fi16. 10. Graph of the proton cyclotron resonance. The final average number of trapped
protons is plotted versus frequency for the case of ¥, = 20 V. Resonance is indicated by an
2 25% decrease in the number of protons remaining in the trap per cycle after the rf drive is
applied. and the solid line is 2 Gaussian line fit with a 0.25 ppm statistical uncertainty in v (p*).
(From Gérnner and Klempt. 1978.)
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Fic. 11. Graph of the proton cyciotron frequency versus the trapping potential. The
bolometrically measured vZ(p*) has been corrected for various small systemanc effects such as
space charge and field inhomogeneity shifts. The straight line represents a linear least squares fit
that is extrapolated 1o zero in order to vieid v(p*). (From Gaértner and Klempt. 1978.)

the ions short out the noise comiry from the tuned circuit. The width of the
resulting notch can be used to estimate the number of trapped ions (Wine-
land and Dehmelt, 1975a).

A complete detection cycle begins with a pulse of electrons to load the
ions, followed by a storage time for cooling the motion, an interaction time
when 1f fields are applied, a linear sweep of ¥, to detect the tons, and a final
electric pulse to clear the trap. Excitation of the cvclotron resonance pro-
duces an increase in cloud temperature and an enhanced loss of trapped
ions. A typical example of a proton cyclotron resonance is shown in Fig. 10.
Each point represents the number of remaining protons per cycie averaged
over many complete cvcles at each frequency setting. A typical 2-ppm
linewidth could be statistically resolved to 0.25 ppm, but the final error is
increased by 10 because of such systematic effects as the uncertainty in the
electric field strength, inhomogeneity and decay in time of the magnetic
field. and space-charge broadening and shifting of thex¢yclotron resonances
in an imperfect Penning trap.

From Section I1.B. the trapping electric field shifts the cyclotron fre-
quency as follows:

ve="v, + cVy/[m(r§ + 2:8)By) 21
Thus, the extrapolation to zero potential as shown in Fig. 11 vields the
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unshifted frequency v(p*) with a combined uncertainty of 2.6 ppm. How-
ever, because of its much greater frequency (160 GHz), the electron’s
cyclotron frequency is much less affected by space-charge effects and resid-
ual anharmonicity. But in this case, relativistic shifts due to the increased
energy of the stored electrons contribute greatly to the 1.3-ppm uncertainty
in v(e™); thus, the final mass ratio is

m,/m, = 1836.15020(530) (22)

C. SECOND MAINZ EXPERIMENT

This experiment (by Graff er al., 1980, 1983) has a compensated copper
Penning trap with the central ring electrode split parallel to the z axis in
order to apply an rf electric field normal to the axial magnetic field. The trap
is installed in one end of a 37-cm-long copper drift tube which extends well
out of a superconducting solenoid. A channel plate detector is mounted at
the receiving end of the drift tube to count ions (or electrons) versus their
arrival time at the detector. The entire apparatus is mounted horizontally
into the bore of a 6.4-T shimmed superconducting magnet.

Unlike the previous Mainz research in which v/ is measured versus V,,

- this experiment uses a direct induction of the transition at v, (i.e., v, + vy)
applied at low electric field strengths. The experimental procedure begins by
pulsing thermionic electrons for =~ 100 msec to produce either trapped
electrons or protons. During the following 1 sec, the ring-endcap potential
is ramped down to | V and (for the proton case) an axial drive is simulta-
neously applied to sweep out all extraneous ions such as H,*, H;*, and He*.
The cyclotron frequency v, is then applied for = S00 msec, after which the
trap is cleared by a linear voltage sweep with a superimposed sequence of
puises that define the starting time of the ejected particles and start a set of
fast counters which accumnulate data to generate the time-of-flight spectrum.

The flight time of the moving charge is determined by its initial kinetic
energy along the z axis and by the size of its magnetic moment. In other
words, when the rf field is resonant at v, the tramsverse orbit increases,
resuiting in the greater acceleration of the charge in the inhomogeneous field
along the drift tube axis; the corresponding reduction in the proton’s average
time of flight is shown in Fig. 12. Note that the mean flight time (= 30 usec)
is reduced by several percent and the linewidth (FWHM) is 0.3 ppm. Similar
plots were obtained for the electron case, but with a typical average flight
time of 3 usec and a linewidth of 0.4 ppm.

The largest proton systematic effect is shown in Fig. 13, where v, is plotted
versus the number of trapped ions (and extrapolated to zero). However, for
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FiG. 12. Graph of the proton cyclotron resonance. The protons’ time of flight is piotted as
a function of the frequency of the rf drive applied prior t0 ejection from the Penning rap. The
solid curve represents a fit to a Gaussian distribution. (From Griff er al., 1980.)

the electron the absorbed microwave power produces a sizeabie relativistic
mass increase, and thus a shift and broadening of the v, resonance. Since the
lineshape could not be explained theoretically, half the FWHM linewidth is
taken as the experimental uncertainty. The experiment was also performed
at'two different magnetic fields. 5.28 and 5.81 T, and the resulting mass
ratios (which agreed within their statistical errors) were averaged io yield

my,/m, = 1336.15270(110) (23)

This result agrees well with the first Mainz experiment and the previous least
squares adjusted value (Taylor, 1976; Phillips er al., 1977):

m,/m, = 1836.15165(68) 24)
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Fic. 13. Graph of the proton cyciotron frequency versus the number of trapped protons.
Error bars correspond to v(p*) linewidths at FWHM and the relative siope of the dependence is
—4.0 X 10~%/ion. (From Graff er al., 1980.)
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D. UNIVERSITY OF WASHINGTON EXPERIMENT

1. Experimental Method

This experiment by Van Dvck and Schwinberg (1981a, 1983) utilizes a
somewhat smaller Penning trap than either Mainz experiment since a
smaller size 1s more favorable (i.e., faster response time) for the synchronous
detection scheme discussed in Section III,B,2. The trap contains a field
emission point as an electron source, magnetic rings in each endcap for
generating the axial magnetic coupling, and a hydrated titanium filament as
a hvdrogen source.

The fundamental experimental method also differs from the Mainz
experiments in that the unperturbed cyclotron frequency v, is obtained by
combining the three actual observed resonant frequencies v., v., and v,
[where the bars allow for small perturbations; see Brown and Gabrielse
(198)1:

B=vE+vit v (25)

This is equivalent to Eq. (5b) in the limit of negligible imperfections and
musalignments. The perturbed frequencies are then observed using at least
one of three tuned preamplifiers: one on each endcap for axial defection
[v{e™) =136 MHzand v(n*) = 10 MHz] and one on the ring electrode split
into four equal quadrants. This four-part “‘quadring” design allows the
proton’s cyclotron resonance to be excited by a balanced drive applied on
two opposite quadrants and detected on the other pair externally tuned to
the proton'’s cyclotron resonance at v (p*) = 76.4 MHz.

2. Measurements

With a 2.5-V well depth. the quadring trap could be adequately compen-
sated in order to observe a single electron with a tuned circuit damping
linewidth of =~ 10 Hz (out of 136 MHz). The corresponding cyclotron
resonance for this electron has a magnetic bottle-induced linewidth of
20-30 ppb and a low-frequency edge with resolution of 3 ppb (typical of
that shown in Fig. 9a). With a well depth of —26 V, small numbers (<40) of
protons can also be trapped and synchronously detected to vield very
narrow (€0.2 Hz) cyclotron resonances (see Fig. 14). In fact, on one occa-
sion a reproducible linewidth of 0.03 Hz was observed to yield a precision
greater than 0.5 ppb. The synchronously detected axial resonances have
=~ 50 times less resolution. but their relative contribution to the accuracy of
v(p*) is only 2% via the magnetron (or correction) frequency.
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FiG. 14. Graph of the proton cyclotron resonance. This narrow dispersion-shaped curve is
the result of direct synchronous detection of the resonance at v(p*) = 76.365,476.9 Hz using
the spiit quadring design in a well-compensated Penning trap (for ¥V, = 54.4 V). The linewidth,
limited primarily by observanion time. represents fewer than 40 protons. (From Van Dyck and
Schwinberg, 1981a.)

3. Results

In order to eliminate the effects of space-charge fields upon the ion cloud
cvciotron resonance (see Wineland and Dehmeit, 197 5¢), dissimilar ions are
selectively removed using strong rf drives at their characteristic axial fre-
quencies. However, this does not eliminate the dependence on the number
of trapped ions in an imperfect Penning trap (Van Dvck and Schwinberg,
1983; Liebes and Franken, 1959). Since v(e™) was conveniently measured in
preliminary work using small electron clouds (<50 e~) and did not exhibit a
number dependence, the mass ratio m,/m, = v(e~)/v{(p*), plotted in Fig.
15. reflects only the number dependence of v(p*). A linear fit of this data
finds a relative slope of —1.2 X 10-i1%ion. This can be compared with
—4.0 X 10-%/ion found in the second Mainz experiment and +1.1 X
10-%/ion produced by an earlier uncompensated quadring trap.

The intercept of the linear fit in Fig. 15 corresponds to the preliminary
mass ratio m,/m, = 1836.15300(7). However. an analysis of bottle-related
position dependence of the magnetic field suggests that a systematic error as
large as 0.1 ppm may exist if the two charge types do not have the same
average position in space. Thus, a preliminary mass ratio (Van Dyck and
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FiG. 15. Graph of the mass ratio versus the proton number. This dependence follows from
the sensitivity of v(p*) to the number of trapped protons. The vertical and horizontal error bars
are determined primarily by the v(e-) linewidth and the axial proton number calibration,
respectively; the relative siope of the dependence is — 1.2 X 10~19/ion. (From Van Dyck and
Schwinberg, 1981a.)

Schwinberg, 1981b) of
m,/m, = 1836.15300(25) (26)

reflects the location uncertainty in the magnetic field. This systematic effect
can be carefully checked in future experiments by directly varying the
magnetic bottle strength B,.

V. Atomic and Molecular Ion Spectroscopy
A. OpticAaL AToMic IoN SPECTROSCOPY

Relatively little optical spectroscopy has been performed on stored
atomic ions, even though laser-induced fluorescence (LIF) provides a very
sensitive detection method. Probably, this is due to the fact that few ionic
resonance lines lie in the visible region of the spectrum, where tunable lasers
are available.

Fluorescence of Ba* ions stored in rf traps has been observed, using a
hollow cathode lamp (Duchéne er al., 1977) or a dye laser (Iflinder and
Werth, 1977a) as a light source. The hyperfine spiitting of the 493-nm D,
line of '¥7Ba* was observed by Blatt er al. (1979). The absolute wavelength
(Drullinger er al., 1980; Nagourney and Dehmelt, 1981a.b) and isotope and
hvperfine splittings (Drullinger er al., 1980) of the 280-nm D, line of Mg*
have been measured, using frequency-doubled dye lasers. A saturation dip



HIGH-RESOLUTION SPECTROSCOPY OF STORED IONS 167

in the 493-am Ba* line was observed by Ifflinder and Werth (1977b),
showing that Doppler-free optical spectroscopy of ions is possible. Prior and
Knight (1980) have observed hysteresis and line-narrowing effects due to
hyperfine optical pumping in the LIF spectrum of metastable Li* in an rf
trap. As discussed in Section I, optical excitation of ions has been used as a
probe to measure ion cloud spatial distributions (Knight and Prior, 1979;
Schaaf er al., 1981), ion trapping efficiencies (Ifflinder and Werth, 1977a:
Plumelle er al., 1980; Blatt er al., 1979), lifetimes of metastable levels
(Schneider and Werth, 1979; Knight and Prior, 1980; Plumelle er al., 1980),
and decay branching ratios (Osipowicz and Werth, 1981).

B. LAser COOLING

Laser cooling (also called optical sideband cooling or radiation-pressure
cooling) was first proposed for trapped ions by Wineland and Dehmelt
(1975b) and for free atoms by Hinsch and Schawlow (1975). This is a
method by which a beam of light can be used to damp the velocity of an
atom or ion. Thus, it is useful for reducing the second-order Doppier (time
dilation) shift and first-order Doppler broadening of resonance lines. Most
theoretical treatments of laser cooling of stored ions assume a harmonic
trapping potential, a case which is approximated by the rf trap (Neuhauser
et al, 195C, Wipeiand and Itano, 1579; Javanainen and Stenhoim, 1950,
1981a.b: Javanainen. 1980, 1981a.b: André er al., 1981; Itano and Wine-
land. 1982). Itano and Wineland (1982) treat laser cooling in a Penning trap.

A harmonically bound ion can be cooled by a monochromatic laser beam
tuned slightly lower in frequency than a strong resonance transition. For the
usual experimental case. in which the patural linewidth of the transition is
much greater than the ion’s frequencies of motion, the process can be
described as follows: When the velocity of the ion is directed against the laser
beam, the light frequency in the ion’s frame is Doppler-shifted closer to
resonance, so that light scattering takes place at an increased rate. Since the
photons are emitted in random directions, the net effect is to siow the ion
down, due to the absorption of photon momentum. When the velocity of
the ion is directed along the laser beam, the light frequency is shifted farther
from resonance, so that it scatters photons at a reduced rate. The net effect,
over a mouonal cycle, is to damp the ion’s velocity. If the laser is tuned
above resonance, it causes heating. The minimum number of scattering
events required to cool an ion substantially, starting from 300 K, is on the
order of 104, which is the ratio of the ion’s momentum to the photon’s
momentum. When the transition linewidth is larger than the motional
frequencies the lowest temperature that can be achieved is on the order of
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+h7/kg, where y is the natural linewidth in angular frequency units. Typi-
cally, this is on the order of 0.1 to 1 mK. This limit is the result of a balance
between the average damping force just described and heating due to
fluctuations in the force, caused by the discreteness of the momentum
transfers in the photon scattering events. Other cases have been treated
theoretically. If the natural linewidth of the transition is less than the
frequencies of motion, laser cooling is analogous to motional side-band
cooling of the magnetron mode, as described for electrons in Section III.

Laser cooling of the cyclotron and axial modes of an ion in a Penning trap
works in the same way as in a harmonic trap, for the case where the natural
linewidth is much greater than any of the frequencies of motion. However,
cooling of the magnetron mode requires that the momentum transfers take
place preferentially in the same direction as the magnetron velocity (Wine-
land et al., 1978). This can be arranged by focusing the laser beam so that itis
more intense on the side of the trap axis on which the magnetron velocity is
directed along the direction of light propagation. Simultaneous cooling of all
three modes is possible with the proper frequency detuning, orientation, and
intensity profile of the laser beam (Itano and Wineland, 1982). The mini-
mum temperature is again about 44 y/kg.

Laser cooling of stored ions has been achieved by groups at Heidelberg
and Boulder and more recently at Seattle (Nagourney er al., 1983). The
Heidelberg group has cooled Ba* in an rf trap using a cw dve laser tuned to
the 493-nm D, resonance line (Neuhauser er al., 1978a, b, 1980). Ions
excited to the 6 2P, , level can decay to the 5 2D, , metastable level as well as
to the ground state. In order to provide continuous laser cooling, a second
cw dye laser at 650 nm was used to transfer ions in the 5 2D, ; level back to
the 6 2P, , level, from which they could decay back to the ground state. Small
numbers of ions (down to one ion) were observed visually and photograph-
ically, through a microscope, by LIF. Figure 16 is a photograph of a single
ion from these experiments. The image of a single ion, after deconvolution
of instrumental effects, was determined to be about 0.2 um in diameter,
implying a temperature on the order of 36 mK. The 6 2S,,,-6 *P, ;-5 2D,
stimulated Raman resonance on a single ion has been observed by scanning
the 650-nm laser, while keeping the 493-nm laser fixed (Neuhauser er al.,
1981; Dehmelt, 1982). This resonance is potentidlly very sharp, because
the lifetime of the metastable level is 17.5 sec (Schneider and Werth, 1979).
The rf trap used for the single-ion experiments was extremely small, with a
separation between endcap electrodes 2z, = 0.5 mm, in order to provide
strong confinement. This makes it easier to satisfv the Dicke criterion
(confinement to dimensions less than the wavelength), which makes the
first-order Doppler broadening disappear (Dicke. 1953).

The Boulder group has cooled Mg* (Wineland er al., 1978; Drullinger er
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al., 1980; Wineland and Itano, 1981) and Be* (Wineland and Itano, 1982),
stored in Penning traps. The D, resonance lines at 280 nm and 313 nm for
Mg* and Bet, respectively, were used to provide cooling. The UV radiation
was generated by frequency doubling the outputs of cw dye lasers in
nonlinear crystals. The UV power was typically on the order of 10 uW.
These ions can each be cooled using only one laser frequency, uniike Ba*,
because of the absence of intermediate metastable levels. The primary
advantage of the Penning trap over the rf trap is the absence of rf heating, so
that a cloud of ions can be cooled, even with a low-power source. (For a
single ion, rf heating is not as severe a problem.) For some spectroscopic
applications, the magnetic field required for operation of the Penning trap
may be a disadvantage. Also, because of practical limitations on the magni-
tude of the magnetic field which can be applied, satisfying the Dicke
criterion with a cooled ion is more difficult than with an rf trap.

The first observation of laser cooling of Mg+ ions was made by monitoring
the power of the currents induced by the thermal motions of the ions at the
axial frequency (the bolometric technique discussed in Section II). For a
fixed number of ions, this power is proportional to the temperature. The
temperature was observed to decrease when the ions were illuminated by
light tuned below the resonance frequency and to increase when the light
was tuned above resonance, clearly demonstrating the laser cocling and
heating effects (Wineland er a/., 1978). In later experiments, the resonance
fluorescence photons emitted by the Mg* ions were counted by a photomul-
tiplier tube. The measurement of the Doppler widths of the resonance
curves, obtained by scanning the laser, indicated that the temperature of the
ion cloud was below 0.5 K (Drullinger er a/., 1980).

It is easier to achieve very low temperatures with small numbers of ions,
because space charge increases the radial electric field, which increases the
magnetron velocity. In the limit of a single ion, this effect is absent. In order
to achieve the lowest possible temperatures, experiments were performed on
single ions (Wineland and Itano, 1981). In Fig. 17, the detected fluorescence
intensity from a small cloud of Mg* ions is shown as a function of time.
The three step-decreases are due to the loss of individual 2#Mg* ions by
charge exchange with ¥Mg atoms coming from an oven. The last plateau
above background is due to a single, isolated ion. Optical Doppler width
measurements showed that the combined cyclotron and magnetron temper-
ature was 50 = 30 mK. The axial motion was not cooled as efficiently,
because the direction of propagation of the light beam was nearly perpendic-
ular to the z axis. The axial temperature was estimated to be about 600 mK
from a measurement of the extent of the axial excursions. Preliminary,
unpublished results on clouds of Be* ions indicate that cyclotron -~ magne-
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FiG. 17. Graph of the fluorescence from a small cloud of 24Mg* ions. The three {arge steps
are due to the loss of individual ions. The last plateau above background is the fluorescence
from a single ion. (From Wineiand and Itano, 1981.)

tron temperatures less than 100 mK have been achieved (Boilinger and
Wineland, 1983).

C. MIcrOWAVE aAND 1f AToMiC IoN SPECTROSCOPY

Observation of microwave or rf resonance transitions by absorption of the
radiation is not generally feasible because of the small number of stored
ions, so more sensitive detection methods have to be devised. The general
scheme of all such methods includes three steps: (1) creatuon of a population
difference between two states. (2) transfer of population from the greater to
the lesser populated state by resonant radiation, and (3) detection of the
population transfer.

In the ion storage exchange collision (ISEC) method, collisions with
polarized atoms are used to carry out steps (1) and (3). Dehmelt and Major
(1962) detected the rf Zeeman resonance of “He* ions stored in an rf trap.
The ions were polarized bv spin-exchange collisions with a beam of Cs
atoms, which were polarized by irradiation with circularly polanized reso-
nance light. A change of the He* polarization, induced by resonant rf, was
detected by a change of the number of ions remaining in the trap, due to
spin-dependent charge-exchange collisions with the same atomic beam. The
method was later used to observe hyperfine transitions in ground-state 3He*,
with linewidths as small as 10 Hz (Fortson ez al., 1966; Major and Dehmelt.
1968: Schuessler er al., 1969). Auxiliary rf fields were required in order to
make transitions which did not change the average electron spin poiarize-
tion detectable. The zero-field hyperfine separation Av, was determined to
be 8,665,649,867(10) Hz.
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Prior and Wang (1977) have measured the zero-field hyperfine splitting
in the metastable 2s level of 3Het*, Av,, obtaining a value of
1,083,354,980.7(8.8) Hz. The ions were stored in a Kingdon trap. The
population difference was created by using an auxiliary microwave field to
drive ions in one hyperfine state to the 2 2P, , level, which decayed immedi-
ately. The hyperfine transition was then driven, and ions which made the
transition were detected by counting the Lyman a decay photons when the
auxiliary microwave field was applied again. The quantity D,, = (8Av, —
Av,), obtained from these two ion storage experiments, is of interest as a test
of quantum electrodynamic calculations, because it is largely free of nuclear
structure corrections.

Optical-pumping double-resonance methods, in which population differ-
ences are created by illumination with resonance light and transitions are
detected by changes in the absorption or fluorescence of the light, have been
used previously on many neutral and charged atomic systems. Major and
Werth (1973, 1978) were the first to apply this method to ion storage
Spectroscopy, in a measurement of the ground-state hyperfine structure of
19Hg* ions in an rf trap. A 202Hg* 194-nm D, resonance lamp was used to
optically pump the '9*Hg* ions into the F = ( hyperfine state. because its
spectrum strongly overlapped the '"Hg* D, resonance transition from the
F =1 state. The hyperfine resonance was detected by an increase in the -
fluorescence intensity. Work on this system has continued, because of its
possible use as a frequency standard (Schuessler. 1971a; McGuire er al..
1978; Jardino and Desaintfuscien, 1980; Jardino et al., 1981a,b; Cutlerer al.,
1982; Maleki, 1982). The most recent determination of the zero-field fre-
quency is Av = 40,507,347,996.9(0.3) Hz (Cutler er al., 1982).

Recently, optical pumping experiments on stored ions have been per-
formed using tunable lasers as light sources. The ground-state hyperfine
splittings of !37Ba+ (Blatt and Werth, 1982), 135Ba* (Becker er al., 1981),
and '7'Yb+ (Blatt er a/., 1982) have been measured, using pulsed dye lasers
and rf traps. The results were AW!3"Ba*)= 8,037,741,667.69(0.57)
Hz, Awv(1¥*Ba+) = 7,183,340,234.35(0.47) Hz, and Aw("'Yb*) =
12,642,812.124.2(1.4) Hz. Microwave resonances as narrow as 60 mHz
were observed in 17'Yb+ (see Fig. 18). This has a line @ (resonance frequency
divided by FWHM) of 2 X 10!}, In some cases, optical pumping out of the
absorbing ground state prevents use of the double-resonance method. This
problem may be overcome, however, with the use of collisional relaxation
(Blatt and Werth, 1982: Ruster er a/.. 1983).

Microwave and rf transitions in laser-cooled Mg* (Wineland er al., 1980:
Itano and Wineland. 1981) and Be* (Wineland and Itano. 1982) stored in
Penning traps have been observed by optical-pumping, double-resonance
techniques. Laser cooling greatly reduces the second-order Doppier shift,
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FiG. 18. Graph of the hyperfis resonance of rapped 7' Yb* ions. The line Qis 2 X 10"
(From Blatt er al.. 1982.)

which is a major source of uncertainty in other high-resolution stored-ion
spectroscopic measurements. The optical pumping process is somewhat
unusual in that population is transferred inzo the ground-state sublevel
which is coupied most strongiv to the excited state by the iaser. A transition
from this sublevel to another causes a temporary decrease in the fluo-
rescence level. Since the number of photons nor scattered during the time it
takes the laser to pump an ion back into its original sublevel can be much
greater than one, transitions can be detected with almost 100% efficiency
(Wineland er al., 1980). Electronic spin reorientation transitions in Mg~
and both electronic and nuclear spin reorientation transitions in “Mg* were
observed. Auxiliary rf fields were required in order to. make some of the
transitions observable. At a magnetic field near [.24 T, the first derivative of
the (M, = —3, M, = {) to (M, = —4, M, = {) transition goes to zero. The
resonance shown in Fig. 19 was obtained at that field and has a linewidth of
only 12 mHz. The oscillatory lineshape results from the use of the Ramsey
interference technique (Ramseyv, 1956), applied in the time domain. Two
coherent rf pulses, 1.02 sec long and separated by 41.4 sec, were applied. By
fiting resonance frequencies to the Breit—Rabi formula, values were ob-
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F1G. 19. Graph of the hyperfine resonance of trapped 2Mg* ions. The oscillatory lineshape
results from the use of the Ramsey resonance method, implemented by applying two coherent
f pulses 1.02 sec long, separated by 41.4 sec. The solid curve is a theoretical lineshape. (From
Itano and Wineland, 1981.)

tained for the hyperfine constant [4 = —596,254,376(54) Hz] and the
nuclear to electronic g-factor ratio (g,/g; = 9.299,484(75) X 107%). The
uncertainties could be greatly reduced by observing another field-indepen-
dent transition. Similar spectroscopy was performed on ’Be*. Two field-in-
dependent transitions have been observed: (M, =3, M, =—3)to (M, =4,
M;==13at0.68 Tand(M,=—3 M, =4 to(M,=—4 M,=4)at0.82 T.
The magnetic field was calibrated by observing the cyclotron resonance of
electrons which were trapped alternately in the same apparatus as the
ions. Preliminary values for the ground-state constants are 4 =
—625,008,837.048(10) Hz, g,/g,= 2.134,779,853(2) X 10, and g, =
2.002.263(6). A 9Be* Ramsey resonance curve is shown in Fig. 20. The f
pulses were 2 sec long and were separated by 4 sec.

Graff (1982) has proposed a method of observing parity- and time rever-
sal-violating interactions by driving nuclear spin reorientation transitions in
stored atomic ions, using rf electric and magnetic fields of the same fre-

fluorescence infensily

303,018,377267 Hz

073 100 125 150 175
rt frequency - 303,016,376 (Hz)

Fic. 20. Graph of the hyperfine resonance of trapped SBe* ions, obtained by the Ramsey
method. Two 2-sec rf pulses, separated by 4 sec, were used. The solid curve is a least squares fit
to the theoretical lineshape.
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quency but different reladve phases. The method is particularly sensitive 10
the nuclear spin-dependent part of the parity-violating weak neutral current
interaction, which has not yet been observed in atomic systems. Relative to
atomic beam methods. the stored ion method has the advantage of longer
coberent interaction times and the disadvantage of lower signal-to-noise
rato.

D. APPLICATION TO FREQUENCY STANDARDS

The use of microwave or optical transitions of stored atomic ions in
frequency standards has the combined advantages of long coherent interac-
tion times (hence narrow linewidths) and small perturbations. The main
disadvantage is the low signal-to-noise ratio due to the small number of ions
that can be stored. .

Work on frequency standards based on the 40.5-GHz hyperfine transition
of 1"Hg* ions has aiready been mentioned. The use of a field-independent
transition in laser-cooled 'Hg* ions stored in a Penning trap has been
proposed for a primary microwave frequency standard (Wineland er al.,
198 1a). For microwave frequency standards, it may be particularly desirabie
10 use a large number of ions in order to increase the signal-to-noise ratio.
Therefore, the largest svstematic frequency shift oy be due to the secoud-
order Doppier shift. For an rf trap this will be caused by the kinetic energy in
the micromotion; for a Penning trap this will be caused by the kinetic energy
in the magnetron motion (Wineland, 1983).

Optical frequency standards have the basic advantage of higher Q for
fixed coherent interaction time. Dehmelt has proposed optical frequency
standards based on forbidden transitions of single, laser-cooled group IIIA
ions (T1*, In*, Ga*+, Al*, or B*) stored in small rf traps (Dehmeit, 1982).
Penning traps or Penning/rf trap combinations might also be used (Wine-
land and Itano, 1982b). The 6 28, ,-6 *P, .~ 5 2D;,, Raman transition in Ba*
could be used as a reference to generate a stable infrared difference fre-
quency in a nonlinear crystal (Neuhauser er al., 1981; Dehmelt, 1982).
Also in Ba*, the 5 2Dq, to 5 2D5; 12-um transition (Dehmelt er al., 1982)
and the quadrupole-allowed 6 2S,,, to 5 2Dy, 1.8-um transition (Dehmetlt,
198 1b) have been proposed as standards. Other high-Q optical transitions in
Sr+ (Dehmelt and Walther, 1975), Pb*, I, and Bi* (Strumia, 1978) have
been suggested for stored ion frequency standards. The two-photon (Bender
etal., 1976; Wineland er al., 198 1a) or single-photon quadrupole (Wineland
er al., 1981b) 5d° 6s 2§, , to 5d° 6s? 2Dy, transition in Hg* has also been
suggested. Two-photon transitions have the advantage of being first-order
Doppiler free even for a cloud of many ions, where it is impossibie 1o satisfy




176 D. J. Wineland er al.

the Dicke criterion at optical wavelengths. They have the disadvantage that
the large fields required to drive the transition cause ac Stark shifts.

E. MOLECULAR ION SPECTROSCOPY

As the species under investigation becomes more complex, fewer of the
trapped ions reside in the particular states of interest. Therefore, the fact that
molecular spectroscopy is possible at all in the ion traps where so few ions
are present is indeed remarkable. Nevertheless, the traps do provide some
advantages over other methods for molecular ion spectroscopy. First, the
environment in a high vacuum can provide cleaner operating conditions for
the ions. thereby suppressing coilision-induced chemical reactions. Because
of the long storage times. the state distributions of ions can be allowed to
relax, thus increasing the number of ions in a particular ground state. In
addition, the traps (particularly the rf trap) can be operated in a mass-selec-
tive mode in order to reduce the effects of background ions. The use of LIF
can also be used to “tag™ certain ions for chemical studies.

The first successful molecular ion experiments measured high-resolution
rf spectra of H,* ions (Dehmelt and Jefferts, 1962; Jefferts, 1968, 1969;
Richardson er al., 1968; Menasian and Dehmelt, 1973). Transitions were
detected by using the orientation dependence of photodissociation. These
measurements were particularly interesting because they couid be com-
pared to high accuracy with theory. More recently, the group of Mahan has
measured the spectra of heavier ions using LIF techniques (Grieman er al.,
1980, 1981a,b; see also Danon er al, 1982). Dunbar and Beauchamp
{Dunbar and Kramer, 1973; Freiser and Beauchamp, 1974; Dunbar er al.,
1977) have also used LIF for photodissociation studies.

V1. Negative Ion Spectroscopy

Negative ions have been observed to have only one, or at most a few,
bound electronic states, in contrast to neutral or positively charged atoms or
molecules, which have an infinite number. Therefore, line emission or
absorption spectroscopy is not generally feasibie. Most spectroscopy of
negative ions is based on photodetachment (absorption of a photon with loss
of an electron) or, for molecuies, on photodissociation (absorption of a
photon with fragmentation of the molecule). For more general reviews.
including results of other experimental methods. such asion beams and drift
tubes, see the article by Hotop and Lineberger (1975) on atomic negative
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ions, the articles by Corderman and Lineberger (1979) and by Janousek and
Brauman (1979) on molecular negauve ions, and the book by Massey
(1976).

A. ATOMS

The only spectroscopic studies of negative atomic ions to use ion storage
techniques are those of Larson and co-workers. Perhaps this is because
photodetachment cross sections and electron affinities can be determined
using ion beams. either by using a tunable light source and observing the
threshold wavelengths or by using a fixed-wavelength source and measuring
the energies of the detached electrons. However. the long observation times
available with trapped ions can be useful in high-resolution studies. Also,
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Fic. 21. Photodetachment data near the S=(3P, ;) — S(3P,) threshold. The fraction of ions
surviving laser illumination is piotied as a function of the light frequency (with an arbitrary
zero). The light had = polarization and the magnetic field was 1.57 T. The solid curve is a
theoretical prediction. with three parameters adjusted to give agreement with the data. (From
Blumberg ef al.. 1979.)
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effects due to high magnetic fields can be conveniently studied in a Penning
trap.

Near-threshold photodetachment of S~ was observed in a Penning trap in
a magnetic field of the order of | T by Blumberg er a/. (1978). The relative
number of ions surviving after irradiation by a tunable cw dye laser was
measured by resonantly exciting their axial motion and detecting the image
current at the ring electrode at the second harmonic. The cross section was
found to have an oscillatory dependence on light frequency, with a spacing
between peaks approximately equal to the electron cyclotron frequency.
These peaks correspond to threshoids for excitation of the detached electron
to quantized cyclotron levels. The light polarization and frequency depen-
dences of the cross sections are well described by a theory which ignores the
final-state interaction between the detached electron and the neutral atom,
but which includes the Zeeman splittings of the initial ionic state and the
final atomic state and the broadening due to the Doppler effect and the
motional electric field (Blumberg er al., 1979) (see Fig. 21). The effect of
including the final-state interaction in lowest order is to reduce the cross
section near the thresholds (Larson and Stoneman, 1982).

Different magnetic sublevels have different cross sections for photode-
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Fi1G. 22. Microwave Zeeman resonances between magnetic sublevels of the 2P, ; level of S—
at a magnetic field of about 0.96 T, observed by state-dependent photodetachment. The lower
frequency transition is m, = —{ to m, = — 1 and the higher frequency one is m, = +4¢tom, =
+4. (From Jopson and Larson, 1981.)
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tachment by polarized light, a fact which can be used to detect microwave
Zeeman transitions (Jopson and Larson, 1980). The magnetic moments of
S- (Jopson and Larson, 1981) and O~ (Larson and Jopson, 1981), and the
hyperfine constants of 33S~ (Jopson er a/., 1981) have been measured by this
technique (see Fig. 22). In these experiments, the magnetc field is calibrated
by driving the cyclotron resonance of electrons trapped alternately in the
same apparatus.

B. MOLECULES

Larson and Stoneman (1982) have observed photodetachment of SeH-
near threshold. with a resolution of about 0.2 cm~!. The rotational structure
is well resolved. The oscillatory structure at the electron cyclotron frequency
continues for many cycles, in contrast to the atomic case (see Fig. 23). This
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Fic. 23. Photod=tachment data for SeH~ in the vicinity of a rotational (J/ — /) threshold.
The magneuc field was 1.3 T. The oscillatory structure has a peniod at or very ciose to the
electron cvclotron frequency.
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may be due to the final-state interaction between the electron and the
molecular electric dipole moment.

Photodetachment or photodissociation of many different negative molec-
ular ions has been observed in ICR spectrometers (Smyth et al., 1971; Eyler.
1974; Dunbar and Hutchinson, 1974). Most of this work has been done by
Brauman and co-workers. The basic advantages of ICR techniques over
beam techniques are the large variety of ions that can be produced by
dissociative attachment, followed by ion-molecule reactions, and the long
trapping times, which allow many of the excited states to decay before
interrogation, thus simplifying the spectra. The quantities obtained are the
electron affinities and some spectroscopic constants (vibrational, spin-
orbit, etc.). Much of this work has been reviewed by Corderman and
Lineberger (1979) and by Janousek and Brauman (1979). More recently,
ICR techniques have been used to observe infrared multiphoton photode-
tachment (Rosenfeld er a/., 1979) and narrow resonances near threshold
which may be due to Rydberg-like states bound by the electric dipole
moment of the neutral molecule (Jackson er al., 1979, 1981).

VII. Radiative Lifetime Measurements

For longer-lived states, the ion traps may be particularly well suited to
make measurements of radiative lifetimes. Clearly this is a resuit of the
relatively perturbation-free environment and the long storage times possi-
ble. This is indicated by the measurements of the lifetimes of the 5 2D, , state
in Ba*, t = 17.5 sec (Schneider and Werth, 1979), the 5 2Dy, state in Ba*,
7 = 47 sec (Plumelle er al.,, 1980), and the 2 3S,, state in Lit+, t = 58.6 sec
(Knight and Prior, 1980: see also Osipowicz and Werth, 1981). Of particular
interest for atomic physics are the lifetime measurements of Prior and
colleagues at Berkeley on simple atomic ions since these can be compared
with various theories. Lifetimes of 2 'Sy Li*(7 = 503 usec) in a Penning trap
(Prior and Shugart, 1971), 2s He* (7 = 1.92 msec) in a Kingdon trap (Prior.
1972), and 2 35, Li* (7 = 58.6 sec) in an rf trap (Knight and Prior, 1980) have
been measured. More recently, lifetimes of atomic and molecular ions of
atmospheric and astrophysical interest have been determined. For examplie,
the lifetimes of the S, state of N+ (Knight 1982) and the *P, metastable level
of Si*(Kwonger al., 1983), and lifetimes in N,* (Mahan and O’Keefe,
1981a.b) and CO*+ and CH* (Mahan and O’Keefe; 1981a.b: Danon er al.,
1982) have been measured.
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