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Article for the McGraw-Hill Encyclopedia of Science and Technology
ATOMIC CLOCKS

Wayne M. Itano
Time and Frequency Division
National Institute of Standards and Technology
Boulder, CO 80303

An atomic clock is a device which uses an internal resonance frequency of
atoms (or molecules) to measure the passage of time. The terms "atomic clock”
and "atomic frequency standard" are often used interchangeably. A frequency
standard generates pulses at regular intervals. A frequency standard can be
made into a clock by the addition of an electronic counter, which records the
number of pulses.

Basic principles Most methods of timekeeping rely on counting some periodic
event, such as the rotation of the earth, the motion of a pendulum in a
grandfather clock, or the vibrations of a quartz crystal in a watch. An
atomic clock relies on counting periodic events determined by the difference
of two different energy states of an atom. According to quantum mechanics,
the internal energy of an atom can take only certain discrete values. A
transition between two energy states with energies E, and E, may be
accompanied by the absorption or emission of a photon (particle of
electromagnetic radiation). The frequency » of this radiation is given by the
equation hv = |E,-E;|, where h is Planck's constant. A basic advantage of
atomic clocks is that the frequency-determining elements, atoms of a
particular isotope, are the same everywhere. Thus, atomic clocks constructed
and operated independently will measure the same time interval, that is, the
length of time between two events. In order for the two clocks te agree ou
the time, they must be synchronized at some earlier time.

An atomic frequency standard can be either active or passive. An active
standard uses as a reference the electromagnetic radiation emitted by atoms as
they decay from a higher energy state to a lower energy state. An example is
a self-oscillating maser. A passive standard attempts to match the frequency
of an electronic oscillator or laser to the resonant frequency of the atoms by
means of a feedback circuit. The cesium atomic beam and the rubidium gas cell
are examples of passive standards. Either kind of standard requires some kind
of frequency synthesis to produce an output near a convenient frequency, such
as 5 MHz, which is proportional to the atomic resonance frequency.

Two different gauges of the quality of a clock are accuracy and
stability. The accuracy of a freguency standard is defined in terms of the
deviation of its frequency from an ideal standard. 1In practice, it might be
defined in terms of the frequency differences measured between independently
constructed and operated standards of the same type. Improving the accuracy
depends on understanding and controlling all the parameters that might cause
the frequency to shift. The stability of a frequency standard is defined in
terms of the constancy of its average frequency from one interval of time to
the next. For many frequency standards, the stability initially improves with
increasing measurement time but eventually gets worse. That is, a more
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precise measurement of the frequency can be made by averaging together
successive measurements, until some imperfection in the apparatus causes the
frequency to change. The stability increases with increased Q (resonance
frequency divided by the width cof the resonance) and with increased
measurement signal-to-noise ratio.

Commonly used types of atomic clock The three most commonly used types of
atomic clock are the cesium atomic beam, the hydrogen maser, and the rubidium
gas cell. The cesium clock has high accuracy and good long-term stability.
The hydrogen maser has the best stability for periods of up to a few hours.
The rubidium cell is the least expensive and most compact and also has gocd
short-term stability.

Cesium The cesium atomic beam clock (see Fig. 1) uses a 9193 MHz
transition between two hyperfine energy states of the cesium-133 atom. Both
the atomic nucleus and the outermost electron have magnetic moments,; that is,
they are like small magnets, with a north and a south pole. The two hyperfinc
energy states differ in the relative orientations of these magnetic moments.
The cesium atoms travel in a collimated beam, through an evacuated region.
Atoms in the different hyperfine states are deflected into different
trajectories by a nonuniform magnetic field. Atoms in one of the two states
are made to pass through a microwave cavity, where they are exposed to
radiation near their resonance frequency. The resonant radiation may cause
the atom to make a transition from one state to the other; if that happens.
the atom is deflected by a second, nonuniform magnetic field onto a detector.
The Q of the resonance is over 10° for some laboratory standards and somewhat
less for the smaller standards which are commercially available. The cegiuw
atomic beam is the most accurate of all atomic clocks. The best ones have o
error of only about 2 parts in 10t%, or about 1 second in a million years.

For this reason, cesium has become the basis of the international definitic:.
of the second, "the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between the two hyperfine states of the
ground state of the cesium-133 atom.” The cesium clock is especially well
suited for applications such as timekeeping, where absolute accuracy withour
recalibration is mecessary. Measurements from many cesium clocks throughout
the world are averaged together to define an international time scale which is
uniform to parts in 10'*, or about 1 microsecond in a year.

Hydrogen The hydrogen maser (see Fig. 2) is based on the hyperfine
transition of atomic hydrogen, which has a frequency of 1420 MHz. Atoms in
the higher hyperfine energy state are selected by a focusing magnetic field,
so that they enter an evacuated storage bulb inside a microwave cavity. The
atoms bounce off the Teflon-coated walls for about 1 second before they are
induced to make a transition to the lower hyperfine state, by a process called
stimulated emission. The stimulated emission from many atoms creates a self-
sustaining microwave oscillation. The resonance Q is about 10°. The best
hydrogen masers have a stability of about 1 part in 10'° for averaging periods
of 10 seconds. Over longer periods of time, the frequency drifts. due
primarily to changes of the cavity tuning. Collisions with the walls cause
the frequency to be shifted by about 1 part in 10'® relative to that of a free
atom, but the magnitude of the shift varies from one device to ancther. This
shift limits the accuracy of the hydrogen maser to about 1 part in 1020 The
hydrogen maser can also be operated as a passive device, with improved long-



term stability, due to the addition of automatic cavity tuning. The short-
term stability is worse than for an active maser.

Rubidium The rubidium gas cell (see Fig. 3) is based on the 6835 MHz
hyperfine transition of rubidium-87. The rubidium atoms are contained in &
glass cell together with a buffer gas, such as argon, which prevents them from
migrating to the cell walls. A method called optical pumping is used to
prepare the atoms in one hyperfine state. Filtered light from a rubidium
resonance lamp is absorbed by atoms in one of the two hyperfine states,
causing them to be excited to a higher state, from which they quickly decay tc
the other hyperfine state. If the atoms are then subjected to microwave
radiation at the hyperfine transition frequency, they are induced to make
transitions back to the other hyperfine state. They can then absorb light
again from the lamp; this results in a detectable decrease in the light
transmitted through the cell. The Q is only about 107, but the short-term
stability is quite good, reaching 1 part in 10'? for averaging times of 1 day.
After longer periods, changes in the buffer gas pressure and the lamp cause
the frequency to drift. The accuracy is not better than a part in 10%°.
Rubidium standards are used in applications that do not require the accuracy
of a cesium standard.

Experimental atomic clocks Many other kinds of atomic clock, such as thallium
atomic beams and ammonia and rubidium masers, have been demonstrated in the
laboratory. The first atemic cleck, constructed at the National Bureau of
Standards in 1949, was based on a 24 GHz transition in the ammonia molecule.

Some laboratories are trying to improve the cesium atomic beam clock by
replacing the magnetic state selection with laser optical pumping and
fluorescence detection. Improved performance is expected because of increased
signal-to-noise ratio and a more uniform magnetic field. Other laboratories
are studying atomic beam standards using magnesium, calcium, or methane, which
have freguencies higher than that of cesium.

Hydrogen masers operated at low temperatures (a few kelvins above
absolute zero) may be capable of much better stabilities than conventional
hydrogen masers. The improvement is expected to come from the reduced
electronic noise and the fact that oscillation can be maintained with a
greater number of atoms.

Atomic frequency standards can also be based on optical transitions. One
of the best developed optical frequency standards is the 3.39 um (88 THz)
helium-neon laser, stabilized to a transition in the methane molecule.
Frequency synthesis chains have been built te link the optical frequency te
radiofrequencies.

Ion traps, which confine ions in a vacuum by electric and magnetic fields
(see Fig. 4), are under study for use in atomic clocks. They provide a benign
environment for the ions while still allowing a long measurement time. Clocks
based on optically pumped mercury-199 ions have been built and show good
stability. Other trapped ion standards make use of laser cooling to reduce
frequency errors due to Doppler shifts. Laser cooling is a method by which
resonant light pressure is used to damp the motion of atoms. A Q of 3 x 10*-
has been observed on a hyperfine transition of laser cooled beryllium-9 ions.
Even higher Q’'s may be observable on certain optical transitions. Already an
optical transition has been observed in a single, trapped mercury ion with a Q
of about 3 x 10'!, It should be possible to increase the Q by a factor of



1000 in the mear future. An optical frequency standard based on such an ion
might be capable of an accuracy of 1 part in 10%%.

Applications Atomic clocks are used in applications for which less expensive
alternatives, such as guartz oscillators, do not provide adeguate performance.
The use of atomic clocks in maintaining a uniform international time scale has
already been mentioned. The fellowing are some other applications.

Navigation The Global Positioning System (GPS) is a satellite based
system which enables a user with a suitable radio receiver to determine his
position within about 10 meters (33 feet). The satellites send out accurately
timed radio pulses, from which the user’s receiver can calculate its leocation
and time. The satellites and the ground stations, but not the users, need
atomic clocks (usually cesium clocks).

Communications Various digital communication systems require precise
synchronization of transmitters and receivers in a network. Some systems usc
time division multiplexing (TDM), in which many channels of information are
sent over the same line by sequentially alletting a small time slot to each
channel. Timing is very critical when there are several sources of
information with their own clocks. The primary timing is provided by cesium
clocks.

Radio astronomy Very long baseline interferometry (VLBI) is a technique
which allows two or more widely separated radio telescopes to achleve wvery
high angular resolution by correlation of their signals. The system has the
resolution that a single telescope would have, if its aperture were equal to
the distance between the telescopes. This can be thousands of miles. The
accurate timing needed to correlate the sign-ls is provided by hydrogen
masers.

Space exploration Doppler tracking navigation of space probes requives
very stable local oscillators, derived from atomic fregquency standards.
Doppler tracking relies on determining the velocity of the spacecraft by
measuring the frequency shift of a signal after it has been echoed back to th
earth by a transponder on the spacecraft. Stable local oscillators are also
needed for studies of planetary atmospheres and rings by fluctuations of the
radio signals transmitted through them.

Fundamental science According to Einstein's special and general theories
of relativity, a moving clock runs slower than a stationary one, and a clock
on the surface of the earth runs slower than one far away from the earth.
These predictions were verified teo high accuracy by an experiment in which a
hydrogen maser was launched in a rocket to an altitude of 10 000 kilometers
(6000 miles}.
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Single-Particle Orbit in a Penning Trap
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Projection of orbit in a Penning trap

on the z-y plane
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Effective Potential due to Rapidly
Oscillating Force

High-frequency force:
F(7,1) = f(7) cos(Qt)
Effective time-independent potential:
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Effective Potential in a Paul Trap

Electric potential inside trap:
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Doppler-Induced Motional Sidebands

Electric field of laser beam:
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Accuracy of 1-ion optical
frequency standard

Source of error Size (Av/v)
2nd-order Doppler - ~1x10718
Magnetic field <1x10~18
Electric field (at 300K) ~1x10"16

(«T4)
Electric quadrupole ~1x 1016

(can be calibrated)




Laser Spectroscopy of Trapped Atomic Ions

WAYNE M. ITaNO, J. C. BERGQUIST, D. J. WINELAND

Recent developments in laser spectroscopy of atomic ions
stored in clectromagnetic traps are reviewed with empha-
sis on techniques that appear to hold the greatest promise
of attaining ecxtremely high resolution. Among these
techniques are laser cooling and the use of single, isolated
tons as experimental samples. Doppler shifts and other
perturbing influences can be largely climinated. Atomic
resonances with line widths of a few parts in 10! have
been observed at frequencies ranging from the radio
frequency to the ultraviolet. Experimental accuracies of
one part in 10'® appear to be attainable.

TOMIC SPECTROSCOPY DATES FROM THE I9TH CENTURY,

when it was discovered that atomic vapors emirted and

absorbed light at discrete resonance wavelengths, character-
istic of each chemical element. When the quantum theory of atoms
was developed in the 20th century by Niels Bohr and others, it was
rcalized thar these characteristic parterns of resonances, called
spectra, were due to the quantum nature of the atom. The atom
normally exists only in certain states of definite cnergy. Transitions
between these allowed stares are accompanied by the absorption or
emission of quanta of light, called photons. The frequency v of the
hght 1s related to the energy change AE of the atom by the formula
bv = |AE], where # is Planck’s constant. Accurate and detailed
information about atomic spectra was crucial to the development of
the modern theor of quantuin mechanics.

Traditional (that is. nonlaser) optical spectroscopic methods, such
as dispersing the light emirted from a gas with a diffraction graring.
are limited in resolution by Doppler frequency shifts. Doppler shifts
are the result of the motions of the atoms in a gas and cause the
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resonance absorption or emission lines to be much broader than the
natural hine widths (the line widths that would be observed if the
atoms were motionless and isolated from perrurbing influences such
as collisions). Under rypical laboratory conditions. the Doppler
broadening results in a line width of about one miihonth of the
transition frequency. whereas the natural line widths are rvpicaliv at
least 100 times narrower. For example, the 280-nm first resonance
line of Mg~ which has a frequency of about 1.07 x 10" Hz, has a
Doppler-broadened line width at room temperature of abour 3
GHz, whereas the narural line width is onlv 43 MHz. For a
transivon with a stable lower level, the narural hine width (in herz)
1s the inverse of the mean lifetime of the upper level (in seconds).
divided bv 2.

The development of tunable lasers in the 1970s led to great
advances in the resolution and accuracy with which oprical atormic
spectra could be observed. Laser light sources have high intensin
and narrow line width. These propertics make it possible to use
various nonlinear spectroscopic techniques, such as sarurated ab-
sorpaon or multiphoton absorption, that cancel the effects of first-
order Doppler shifts, that is, Doppler shifts thar are linear i the
velocities of the atoms (1}, The natural line width and the second-
order Doppler shift, which is quadratic in the atomic velocities. stil]
remain, however. The sccond-order Doppler shift is a result of
relativistic time dilation. The atomic resonance is shifted like a clock.
which runs at a rate that is slower for 2 moving atom than for an
atom at rest. For tvpical laboratory conditions, this shift is very
small, about onc part in 10'°. Sometimes. even this shift can be
troublesome. A good example is the work of Barger er al on the
657-nm transition of calaum. which has 2 frequency of 4.57 = 10"

The authors are with the Time and Freguena Division, Natonal Burcau of $tandards.
Boulder. CO 80303.
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Hz and 2 natural line width of 410 Hz {2). Resonances with line
widths as small as 2 kHz were observed, but they were severely
shifted and distorted by the second-order Doppler shift.

In order to reduce both the first- and second-order Doppler shifts,
some method of reducing the temperature of the atoms under study
is required. An atomic vapor placed in a conventional refrigeration
device would quickly condense on the walls of the container. Bur
laser cooling. a method by which laser radiation pressure is used to
reduce the velocities of atoms, achieves the cooling withourt contact
with material objects (3-5). The technique was proposed indepen-
dently by Hinsch and Schawlow (61 for free atoms and by Wineland
and Dehmelt (7) for trapped ions. Laser cooling to temperatures on
the order of I mK has been demonstrated with some kinds of atoms
and atomic ions. This reduces the second-order Doppler shifts to the
level where they are not a problem. An atom or atomic ion of mass
100 u (unified atomic mass units) cooled to 1 mK has a second-
order Doppler shift of 1.4 parts in 10'%.

Transit-time broadening is another effect thar limits the resolution
with which spectra can be observ..d. The observed resonance line
width cannot be much less than the inverse of the observation time,
This is a consequence of Heisenberg’s uncertainty relation applied to
time and energy. In the case of the work on calcium, the observarion
time was limited to about 0.3 msec by the time it took the atoms 1o
pass through the 21-cm-long resonance region (2). One way to
increase the observation time is by rapping the atoms with elecrro-
magmetic fields. In some cxperiments, atoms are confined with
specially coated walls or by buffer gascs, but collisions with the wall
or buffer gas molecules shift and broaden the observed resonances.
Aromic ions can be trapped for long periods by fields that do not
disturb their resonance frequencics by significant amounts. Neutral
atoms have been trapped by static magnetic fields () and by optical
fields (9, 10}, but the trapping fields tend to strongly perturb the
resonances.

The work described in this article has the goal of achieving greatly
unproved spectroscopic resolution and accuracy. The experimental
methods involve the use of frequency-stabilized lasers to measure the
spectra of atomic ions, sometimes single ions, that are laser cooled
and electromagnetically trapped. The most obvious applications of
such work are frequency standards and clocks of grear accuracy: this
18 the primary goal of the work done in our laboratories at the
Nationa] Bureau of Standards (NBS). These experiments have
applications to other arcas of physics, however, such as atomic
physics and quanrum optics. One example is the recent observation
of quantum jumps (sudden changes of quantum state) of an
individual atomic 1on {11-13).

Ion Traps

lon traps confine ions by means of electric and magnetic fields
(14, 15). Two tvpes of ion traps are comrnoniy used for spectroscop-
ic experiments, the Penning trap and the Paul or rf (radio frequency)
trap.

The Penning trap is based on a combination of static electric and
magnetic fields. The clecrric fields are produced by applving an
clectric potential between the ring and endcap electrodes, which are
shown schematically in Fig. 1. The electric forces repel the ions from
the endcaps and provide confinement along the axis of the tap. A
strong, uniform magnetic field is applied along the trap axis to
provide radial confinement. Full three-dimensional confinement is
provided by this combination of electric and magnetic fields. For a
trap with inside dimensions of about 1 ¢m, a tvpical value of the
electric potential difference is 1 volt and of the magnetic field, 1
tesla. The potential energy of an ion is lowered as it moves out

T AUGUST 198~

T B = B, (mquired for Penning trap)

o= Alxlgdo 220
A= VirPedng?)
V= UgsVyens Q1F

Ring (Vg = O for Fenning trap)

Endcap

Fig. 1. Electrodes for a Penning or rf ion trap. The electric potential field & is
<reated by applving the voltage ¥ between the endeap clectrodesand the ring
electrode. The uniform magnetic field B is required only for a Penning trap.
[Adapted from (42) with permission from Plenum Press]

radially from the axis of the trap. Hence, even though an ion would
remain trapped forever if undisturbed, collisions with neatral back-
ground gas molecules increase the radial extent of the orbit until
eventually the ion collides with the ning. In practce, under condi-
tions of high vacuum, it is not uncommon for an ion to remain
confined for davs.

The of trap uses oscillating electric ficlds and does not require a
magnetic fic d. The electrode structure is the same as that of a
Penning trap (see Fig. 1), but the applied clectric potential varies
sinusoidally in time. The clectric field forces an ion to wscillate in
position with an amplitude proportional to the ficld smength. The
phase of the motion with respect to the applied field is sach chat the
average force on the ion in the spatially nonuniform field is directed
toward regions of weaker field (the center of the trap im this case).
The rrajectory of an ion can be separated into a part thatoscillates at
the frequency of the applied ficld, called the micromotiom, and a part
that varies more slowly, called the secular morion. The oscillating
field creates an effective potential-energy well, someurmes calied a
pscudopotential. for the secular motion of an ion. For a trap with
electrodes like those n Fig. 1. the pscudopotential 1s approximateiy
a three-dimensional harmonic well, so the secular motian is. charac-
terized by well-defined frequencies. The electrodes of an of trap
identical to those used in the NBS experiments with Hg ™ ions (12,
16, 17} are shown in Fig. 2. The inside radius of the trap is slighty
less than 1 mm. Under typical operating conditions, an clectric
potential of peak amplitude 570 volts and frequency 21 MHz is
applied, creating a pscudoporential well about 15 eV deep. The
frequency of the secular moton is about 1.5 MHz. In some cases, an
ion can be held in the tap for several davs before it is last, possibly
through a chemical reaction with a residual gas molecuils.

Laser Cooling

It has been known for a long time that light can exertaforce on a
material bodv. In 1873, Maxwell showed that his theoryof electro-
magnetic ficlds predicred that a beam of light would cxer a force on
a reflecting or absorbing body. This phenomenon is commonly
known as radiation pressure. Light has momentum, the momentum
density being numerically equal to the energy densiry divided by ¢,
the speed of light. Radiation pressure is thus a conmquence of
conscrvation of momentum. In the carly 1900s. radiatim pressure
was observed experimentally bv Nichols and Hull in #ie United
States (/8) and by Lebedev in Russia (19). and shown tobe in good
agreement with theory. In 1933, Frisch first obscrved radiation
pressure on the atromic scale (20). In his experiment. ¥ beam of
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Fig. 4. The absorprion e

signal of a single Hg~ . /\/ W H
ion stored in an rftrap & ) \ §
{upper trace). Radio- % asep . v 1 1
frequency  modulation % Atrsarphon \ g
and demodulation & *™°f 1 T8
techniques were used § 7300 - q,,_,,,g.
to reduce noise, result- :
ing 1n a signal propor-  § et Rl
uona! o the derivarve % | Fluorvscence _/ oo
of the absorption with s
respect o laser fre-

E™) KT

[}
quensv.  The lower "

trace 15 the fuores-
cence signal, observed at the same time. The Auorescence drops off suddenlv
when the frequency 1s 2bove resonance, due to laser hearing. The flarened
top of this curve 15 due to the frequency modulation. Integration times per
point arc 50 seconds and 10 scconds in the upper and lower traces,
respectively. { Adapted from (17) with permission from the Optical Sociery
of America]

Seintive lber HEqUEney (SIHT)

higher in frequency than the resonance.) The minimum number of
photon scatterings required to cool an ion substanoally, starting
from 300 K, is on the order of the rato of the ion’s momentum o a
photon momentum, or about 10,000. Because of the inherent
flucruations of the scattering force, which cause heaning, the kinetic
encrgy is not damped to zero, bur eventually reaches a steady value
that depends on the degree of frequency detuning below the
resonance. The detuning that gives the lowest temperarure is equal
to one half of the narural line width. This minimum temperature
Tin is given by the relation kaTmin = Avy/2, where &y is Bole-
mann’s constant and # is Planck’s constant divided by 24. For
example, Ty for Mg~ (v/27 = 43 MHz) is 1 mK.

Now consider the sideband-cooling (y << w,} limit. The absorp-
tion spectrum of the jon consists of an unshifted resonance line at
angular frequency wy, called the carrier, and a series of discrete lines
on both sides of the carrier, cach having (ideally) the narural line
width, and separated by multiples and combinations of the motional
frequencies. These extra lines, calied motional sidebands, are the
result of the periodic trequency modulation of the light frequency,
ansing from the Doppler effect, as observed by the moving ion. To
cool an ion. the frequency of the laser beam 1s tuned to a sideband
on the low-frequency side of the carner, for example, to wy — pw,.
where p is a positive integer. The ion is induced to make transidons
to the upper electronic state, with a decrease in the vibrational
energy. When the ion makes a transition back to its ground
¢lectronic state, it mav cither increase or decrease its vibrational
encrgy, but the average vibradonal energy change is equal to R =
{(hwo)/(2Mc"), where M is the mass of the ion. The quantity R,
somctimes called the recoil energy, is the kinetic energy that an
initially motionless-free 1on acquires after emitting a photon of
energy huwg. If R < pha,, the ion is cooled. If R << Aw,, which is

Fig. 5. Lowest encrgy
levels of Hg™. Absorp-
uon of a A; photon is
detected by the cessa-
tion of laser-induced
fluorescence at A,
[Adapted from (12)
with permussion from
the Amencan Insutute
of Physics]
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not hard to satisty in practice, and if the frequency width of the light
is much less than +y, then the ion can be cooled until it occupies the
luwest quantum state of the trap potential most of the ame. In this
lirt, the fraction of the time that the 1on is not in the lowest state is
on the order of (viw,)? (3, 5, 24, 25). The smeband cooling
discussion can also be applied to the v >> w, ase (24 26
Recently, Lindberg, Javanainen. and Stenholm (27) have rreared
theoretically the general case of laser cooling of an ion trapped i a
harmonic well, for an arbitrary ratio of y to w, and alsetor arbitrarv
laser intensity. The lowest ternperatures are obrained in the low -
intensity limir.

The first experimental observations of laser cooling were made in
1978 at NBS by Wincland, Drullinger, and Walls (28 and at the
University of Heidelberg by Neuhauser, Hohenstart, Toschek, and
Dehmele (26). The NBS experiment used Mg~ ions m a Penning
trap, whereas the Heidelberg experiment used Ba™ ionsin an rf trap.
In later experiments at these and other laboratories, cooling of
apped ions has been observed 1o temperatures in the zange of a few
millikelvin, close to the theoretical limit. So far, enly strongly
allowed transitions have been used for cooling, so the sheory for the
Y >> w, casc applies.

Only a few kinds of ions have been laser-cooled. Laser cooling
requires that the ion be cvcled repeatedly between the ground state
and an excited state. To be laser-cooled casily, an ion #iould have a
stronglv allowed resonance rransition, at a wavelengzh where a
tunable. continuous wave radiation source is available. and be free of
intermediate metastable levels thar would nterrupr the cvcling.
Even Ba™, one of the first ions to be laser-cooled, is nor ideal. since
it can decay into a metastable level from the upper fevel of the
resonance transition. A second laser is required to drne the ion out
of the metastable level. A way to cool a species of 1on #lat cannot be
laser-cooled dircctly is to store it in a trap together with a specics
that can be cooled directlv. As one species is laser-cosied. the other
species is cooled indirectly by Coulomb collisions. Tiis technique.
called sympathetic laser cooling, has been demormsrated in an
experiment in which Hg ™ ions in a Penning trap werevooled to less
than | K by Coulomb coupling with laser-cooled Be™ ions (29).

Spectroscopy of Atomic Ions in Traps

A number of spectroscopic measurements have beenmade of non-
laser-cooled ions in traps, particularly at microwave freguencies (14,
15. 30, 31). In the more accurare of these experimens. the uncer-
tainty was due mainly to the second-order Doppler #ift. For cases
in which laser cooling can be applied, Doppler shifts 2 suppressed.
and spectra can be observed with extremelv high resdirdion. nearly
free from perturbing influences.

Dicke showed in 1953 that the confinement of an atom to a

Fig. 6. The 281.5-nm
transition observed i ' T
a single Hg” ion. The -
frequency detuning of
the laser is ploreed on
the horizontal  axis.
The intensity racios of 5
the motional sidebands
to the carrier (central
line) indicate a temn-
peratere of about 6
mK. (Adapted from
(16) with permission 075
from che American In- T -2 ) 2 a
stinuce of Physics) Frequency detuning @iktz)
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Fig. 7. Graph of 2 ra-
dio frequency  hyvper-
fine-structure reso-
nance in MgT 1ons
stored v 2 Penning
trap. Fiuorescence -
tensin is plomed as a
function of ficld fre-
quency munus an offset
of 291996250 H:.
Arrow indicates center
of resonance. The os-
cillarorv line shape re-
sults from the use of
Ramsev's separated-os-
cillatorv-fieid method. [Adapted from (38: with permussion from the
Amernican Insurute of Physics
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region of space smaller than the resonance-radiation wavelength
leads to a suppression of the first-order Doppler shift broadening
(32). 1t is easv to satisfv this condition. commonly called the Lamb-
Dicke criterion, for a microwave resonance, since the wavelengths
can be several centimeters long. Microwave frequency standards
such as the aromic hvdrogen maser make use of this fact. In the
optical region, it can be satisfied for a single, lascr-cooled ion
confined in a trap. (Coulomb repulsion between ions makes it
difficult to satisfy the Lamb-Dicke criterion when more than one 1on
1s 1n the trap.)

The second-order Doppler shift of an ion that is laser-cooled to
T omin 18 around one part in 10™ even for a strongly allowed transition
{high . If more than one 10n is present in the trap. then the kinetic
energies per ion, and hence the second-order Doppler shifts, are
necessarily higher. in the case of the f trap. the Coulomb repulsion
berween 1ons leads to their being trapped away from the center of
the trap. so the oscillatng electric field. and hence the micromotion,
is nonzero. In the case of the Penning trap. the presence of the other
jons Jeads to increased velocities of rotation around the trap axis in
the presence of crossed electric and magnetic fields. It appears that.
for a single son. shims of resonance frequencies Owing to electric and
magnetic fields could be as small as a part in 10", since the ion 15
trapped in a region where the electric field approaches zero (33, 341,

Naturally. the signal-to-noise ratio suffers when the sample under
observation consists of only a single ion. However. once an 1on has
been trapped and cooled. its presence can be detected easiiv by laser-
induced fluorescence. since a strongly allowed transition can scarter
as many as 10* photons per second . In fact, a single, trapped Ba™ 1on
has been observed visuallv. through a microscope, by laser-induced
fluorescence (35;. Single ions have been observed in both Penning
and rf traps (11, 13, 15, 30, 33). Figure 3 shows a falsc color image
of the 194-nm laser-induced fluorescence of a single Hg™ ion
confined in an rf trap. This image was obtained at NBS with a
position-sensing photomuitiplier tube interfaced to a computer. It
has even been possibie to detect the resonance absorption duc to a
single Hg™ ion by a decrease of the intensiny of the 194-nm beam
passing through the trap (17). The fraction of the light absorbed bv
the ion was around 10”". Figure 4 shows the absorption signal and
the fluorescence signal. measured simuitancously as the laser was
swept through the resonance.

A transition with a narrow natural line width would be difficult to
detect directlv by fluorescence, since the long lifetime of the upper
state limuts the rate at which photons are emitted. A way around thus
problem was suggested by Dehmelt :36:. Consider an arom that has
both a stronglv allowed transition (at wavelength A;1 and a weakiv
allowed transinon (at wavelength As) from the ground state. Figure
5 shows an example of such an atorn (Hg ™. The narrow resonance
at A is detected as follows: The atom is assumed to be initially 1n the
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ground state. Laser light ar a wavelength near A 1s pulsed on.
possibly driving the atom to the long-hved upper level of this
transition. Then light ar a wavelength near Ay 1s pulsed on. If the
atom had made a transition in the previous step. no fluorescence
would be observed; otherwise fluorescence will be observed at an
casily detectable level. The derection of presence or absence of the
fluorescence 1s much easier than attempung to detect the one A:
photon that eventually is emitted when the long-lived state sponta-
neoush' decavs. The method is called “electron shehving.” since the
optical electron is temporarily shelved 1n the long-lived leve..

So far, oniv a few measurcments of the opuical spectra of trapped
laser-cooled ions have been made. Some measurements have been
made of strongly allowed transiions in Be® and Mg™. with
resolurions near the narural line widths of tens of megahertz, Thesc
measurements have vielded some values for energy level splitungs.
including fine-structure and hyperfine-strucrure splirungs 115, 30).
A two-photon transiton from the ground 6°S, - to the 3°Ds > state
has been observed 1n a single Ba™ 1on, with a resolution. limited by
the laser line width, of 3 MHz (37). Recently. at NBS, the 54"«
26, t0 54%s" *Ds» 281.5-nm transition has been observed in a
single, trapped Hg ™ ion {165. The 1on was laser-cooled. bv means of
the 194-nm 65 S, 10 6p P, transition. to near the theorencal
limit of 1.7 mK. Figure 6 shows the spectrum obtained by tumng a
laser across the narrow S-to-D tansition. The clectron shelving
detection method was used. Immediarely after the 281.5-nm radra-
don was shut off. the 194-nm fluorescence intensity was measured.
If it was Jow cnough to indicate that the jon had made a transition o
the D-stare. the signal was defined to be 0. Otherwise. it was defined
to be 1. The average of these measurements is plotted along the
vermical axis. The carrier and the two closest motional sidebands on
cach side arc visible. The line widths were deliberately broadened ro
reduce the time required to sweep the resonance. On other sweeps.
line widths of about 30 kHz were observed. a result mainlv of laser
frequency instability. The lifetime of the upper level is approximate-
Iv 0.1 second. so the natural line width is about 1.6 Hz The size of
the sidebands indicates thar the ion has been cooled approximately
to the Lamb-Dicke regime. The root-mean-square amphtude of
motion is estirnated to be 50 nm.
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Fig. 8. Fiuorescence intensity as a function of ume for samples of three 10ns
(1Op Trace). TWO 10ns 1muddie trace 1. and one 1on (bortom trace in an rf trap.
The fluorescence changes suddenby cach ume an He™ son either makes a
transition to a metastable -stare (step down) or back to the ground S-state
from a D-stare tstep up’. The integration tme per point i 1 mses
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~Viicrowave spectra of trappec 10ns are usualy 0Dservea DY some
form of microwave-optcal double resonance. Hyperfine splittings
and g-factors of the ground states of several atomic ions have been
measured (15, 30, 31). So far, all of these experiments involve
samples of more than onc ion. Figure 7 shows an example of the
kind of resolution that can be obtained with u—appcd ions (38). The
line width of the resonance (a hyperfine transition in “Mg") is only
12 mHz. The fractional resolution is abourt the same as for the Hg™
$-to-D opucal transinon. In another expenment ar NBS, the
frequency of a hyperfine transition in *Be” has been measured with
an accuracy of about one part in 10", which 1s comparable to the
most accurate frequency standards in existence (39). The accuracy
was limired to this valuc by the second-order Doppler shift, because
the laser cooling had o be shut off while the microwave transition
was being driven, in order not to perturb the resonance frequency,
and the ions heated up during this period. Sympathenc laser cooling
using Mg~ might provide a solurion to this problem.

Quantum Jumps

Recendy, Cook and Kimbile {40) theoretically investigated a
three-level atom fike the one considered by Dehmelr in his “shelved
clectron” proposal. Light at wavelengths Ay and A, was assumed to
be present at the same time. They predicred that one would observe
the Ay fluorescence to rurn off and on abruptly as the arom made
transitions (quantum jumps) to and from the long-lived upper level.
This paper generated 2 grear deal of theorerical interest. and the
problem was approached from various viewpoints (41 ). The novelty
of this problem is that theorists are accustomed to calculating, and
experimenters are accustomed to measuring, ensemble averages
rather than following the development in time of a single quantum
svstem.

The experiment that is the most similar to the one treated by
Cook and Kimble was performed at NBS on a single, trapped Hg~
1on ¢12). Light ar 194 nm (A} and 281.5 nm (h2) was present at the
same time ¢see Fig. 5). The 194-nm fluorescence level was observed
to be bistable, swirching suddenly berween a steady level and zero.
The rate at which the switches occurred increased as the intensity of
the 281.53-nm light was increased. The statistical properties of the
quantum jumps were consistent with theory and with previous
measurements of the lifetime of the *Ds/y state. If the intensity of the
194-nm light is increased. then quantum jumps arc observed even
without the 281.5-nm light present. [These events occurred at a low
rate in the data of (12).} The reason for these events 1s that the upper
level of the 194-nm transition has a small probability (abour 1 in
107} of dccaung 1o the *Dyp; level rather than back to the ground
state. The 2D;» state has a lifetime of about 10 msec and about an
cqual probability of decaying cither to the 2Dsp level or to the
ground state. The bomom trace of Fig. 8 shows the 194-nm
fluorescence intensity of a single ion as a function of time, clearly
showing the quantum jumps. The middle and top traces in Fig. 8
show the fluorescence when two or three ions are in the trap. When
more than one ion is present in the trap, the fluorescence level jumps
berween several discrete levels, depending upon how many ions are
in one of the D-states. Quantum jumps have becn observed by other
groups, using trapped Ba™ ions (11, 13).

Conclusions

Spectroscopy of trapped atomic ions has already achieved impres-
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SIVE CvESs O accuracy anc reésQ.ulion. .a¢ wiumate imuts have
certainiv not been rcachcd, and no fundamental (as opposed o
technical) obstacles preventing the achievernent of measurement
accuracies (in special cases) of one part in 10'® are foreseen (33, 34).
Interesting spin-offs from the quest for improved spectroscopic
methods. such as the observation of quantum jumps. will no doubt
continue 1o appear.
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ION SITS STILL FOR SHARP "PICTURE’
OF ITS OPTICAL TRANSITION

A single atom, isolated and motion-
less, should be an excellent clock. It
can radiate signals that are free of
Doppler shifts and distortions intro-
duced by its interactions with the
environment. Just such thinking has
motivated much work on ion traps,
and that research is now bearing
fruit: A group working at the Nation-
al Institute of Standards and Technol-
ogy in Boulder has measured the
frequency of an ultraviolet transition
in a single mercury atom with a
linewidth under 180 Hz. The work
was reported by James Bergquist,
Frank Dietrich inow at Gsianger Op-
toelectronik. FRG), Wayne Itano and
David Wineland at the Ninth Interna-
tional Conference on Laser Spectros-
copy. heid in Bretton Woods, New
Hampshire. last June.' Before this
recent feat. the narrowest width mea-
sured for an optical frequency had
been on the order of a few kilohertz.

The NIST researchers report that
their resolution is limited only by the
stability of the laser driving the tran-
sition. They expect to improve this
resoiution by a factor of 100 by
further stabilizing the laser. The
linewidth measured by the NIST
team corresponds to a fractional reso-
lution of about 2% 10'%. Higher frac-
tional resolutions have been achieved
in Mossbauer spectroscopy, Wineland
told us, but single-ion spectrescopy
allows more precise determination of
the center of the resonance.

At the University of Washington,
Warren Nagourney, Nan Yu and
Hans Dehmelt have observed an
infrared transition at 1.762 um
in a single barium ion, but with a
lower resolution (38 kHz).> A group
led by Peter Toschek at the Univer-
sity of Heidelberg observed” a single-
particle spectrum in 1981, and Tos-
chek continues this work on single
trapped ions with colleagues at the
University of Hamburg.

Holding the ion still

To confine the (Hg'*)" ion nearly at
rest, Bergquist and his colleagues
used techniques developed over the
years toc trap and cool ions. They
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resonance. The signal here shows the fluorescence stimulated in a
single mercury ion by a 194-nm laser after the 1on is first irradiated
with another osciilator, wned near the transition from the ground
state to a metastable state. If the oscillator excites the ion to this
metastable state, it will no ionger fluoresce. The 563-nm laser
driving the transition s frequency doubled, so that the full width at
half-maximum shown here corresponds to a 172-Hz linewdth for
the ultraviolet atomic transition. tAdapted from a figure provided
by the National institute of Standards and Technology.!

placed the ion in a miniature Paul
trap—a few hundred microns on a
side—where the ion oscillated in the
harmonic potential well created by
the trap’s particular configuration of
electrodes. The researchers then
slowed the ion’s motion by laser
cooling, a technique developed by
Dehmelt and Wineland and indepen-
dently by Theodor Hansch (Universi-
ty of Munich) and Arthur Schawlow
(Stanford University). (See the arti-
cle by Wineland and Itano in PHYSICS
TODAY June 1987, page 34.) In this
technique. the ion is illuminated with
two orthogonal laser beams that are
tuned just below the frequency for the
transition to one of the excited elec-
tronic states. The ion absorbs the
radiation only when it is moving
toward the laser beam (due to the
Doppler effect), and thus slows in that

direction to conserve momentum. As
the ion reradiates, it does so symme-
trically. Thus, on the average. it
acquires no momentum in the emis-
SOIt Process.

Once the atom was trapped and
cooled, the remaining problem was to
detect efficiently the lone photon
from a single radiating ion. The
metastable state at 282 nm the NIST
scientists hoped to excite lives for
about 0.1 sec, so that the one photon
emitted in that time is virtualiyv
impossible to see. Instead of looking
for this transition directly, Bergquist
and his colleagues exploited the high
fluorescence rate of the 194.-nm tran-
sition in the same ion. In the method
they used, which was proposed by
Dehmelt in 1975, the absence or
presence of 194-nm fluorescence indi-
cates whether light of a particular
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Fluorescence of a single mercury ion as a function of the
detuming of a driving laser from its carrier frequency of 563 nm.
The figure on page 17 is a high-resolution scan of this spectrum.
The Doppler-free resonance in the center might provide the
reference for an optical frequency standard. The other two dips are
the sidebands caused bv vibrational motion of the ion in the trap.
1Adapted from a figure provided by the National institute of

Standards and Technology.)

frequency near 282 nm has or has not
excited the ion to the target metasta-
ble state. First the cooling laser
irradiates the ion at 194 nm. exciting
the 1on from the 5d'' 655, , to the
5d" 6p -P, , state. Astheion absorbs
and then emits this radiation. it
fluoresces at a high rate. The re-
searchers then switch off the cooling
lasers and turn on another laser.
tuned to about 282 nm. to excite up
and down jumps between the %S, ,
state and the metastable “D, ., state.
(The 282-nm radiation was obtained
by doubling the frequency of a nar-
row-band ¢w ring dye laser operating
at 563 nm.) After about 5 msec, they
turn off the 282-nm laser and switch
on the 194-nm lasers, which serve as
state monitors. If the ion has been
excited into the “D, , state, it will not
fluoresce: otherwise. it will.

Using this method, the NIST re-
searchers varied the (doubled) fre-
quency of the driving laser in 50-Hz
steps across the region of the expected
transition and recorded whether the
fluorescence was or was not seen.
They averaged all measurements at
the same frequency. The figure on
page 17 shows a high-resolution scan
through the central region; the over-
all spectrum is pictured in the figure
on page 18. The full spectrum mani-
fests not oniy the carrier frequency,
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unshifted by the Doppler effect, but
also sidebands. generated by the
Doppler effect. at frequencies corre-
sponding to the oscillatory motion of
the ion in the potential weli. The full
width at haif-maximum is about 86
Hz. (Because the laser is frequency
doubled, the linewidth is twice this
amount.)

The driving laser was electronically
stabilized using an optical reference
cavity that was mechanically, acousti-
caliy and thermally quiet. Still, the
frequency fluctuations of the laser
due to instabilities in this cavity
currently limit the resolution. The
linewidth of the atomic state is 1.7 Hz.
Bergquist told us that he and his
colleagues hope to spectrally narrow
the 563-nm laser to better than 1 Hz.
Doing so will require them to hold the
relative motion between the cavity
mirrors to less than the width of one
nucleus!

Clock standards

The NIST experiment is part of re-
search aimed at making atomic stan-
dards more accurate and stable.
Bergquist told us that there is great
interest in moving toward an optical
standard as the basis for the atomic
clock. One reason is to gain higher
resolution: Because the uncertainty
in measuring frequency is fixed by the

lifetime of the atomic transition. the
larger the frequency is, the larger is
the ratio of the frequency to the
uncertainty ithe @ value. The big-
gest challenge in making an opftical
frequency serve as a clock lies in
finding some method fast enough to
count the cycles of optical radiation.

The single trapped ion offers in-
triguing possibilities for research as
well. The NIST investigators have
already cooled the mercury ion to the
zero-point energy in two degrees of
freedom of the motion. They first
reduce the ion’s temperature to a few
millikelvin with 194-nm radiation.
Then they cool the ion further by
using a cooling transition at which
the optical sidebands are fuily re-
solved. so that the laser can be tuned
to the first lower vibrational sideband
(see the figure on page 18:. The ion
absorbs photons of this frequency but.
on average, reemits photons with the
(higher) carrier frequency. For each
absorption—emission cvcle, the on's
vibration energy is reduced by one
guantum.

With the ion at the zero-point
energy of motion, the quantum me-
chanical ion-trap syvstem pemmits
some interesting studies. One might
surround the ion with an omtical
cavity and study the interactios be-
tween the single ion and a smgle
optical mode. It may also be posibie
to produce squeezed states of the
atom’s motion, in which the umcer-
tainty in either position or momen-
tum is greatly reduced while that in
its conjugate variable is enlarged to
comply with the uncertainty primci-
ple. One way to do this in an iontrap
would be to change the potential weil
rapidly from very deep to very wide
and shaillow. As soon as the ion.
whose position is well resolved i the
deep well, was cast into the shailow
well, its locational uncertainty sguld
begin to grow. As the ion oscillated in
this wide well, the uncertaimty in
position would swing from narmw to
wide, with the uncertainty in mamen-
tum oscillating in counterpoint.

—BarBaRA GossLEv:
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Precision Tests of Quantum
Mechanics

e Measurements of energy levels (e.g. hydrogen)
are tests of specific Hamiltonians, Lagrangians,
etc. within the framework of conventional quan-

tum theory.
o Bell inequality expts. test Q.M. only to 2%.

e Would like precision test.

 Need “generalized” theory which — ordinary Q.M.
when ¢ — 0.

e Possibility: Try relaxing linearity postulate
[Steven Weinberg, Phys. Rev. Lett. 62, 485 (1989)]



Weinberg’s Nonlinear Quantum
Mechanics

o For discrete (e.g. spin) system:

()
%)

\ ¥n

e Equation of motion:

z.ﬁd_% __ On(yp,¥*)
dt  Oyf

e Ordinary quantum -mechanics:

h(,9*) = ¥ YpHppy

o,
4+ d oh(y,v*
W = Pt =g

24y



Nonlinear 2-Level System

e Definitions:

h = nh(a)
n=|¢+]¢l
. = | s |

n

e Equations of motion (h = 1):

diyn . Oh _
———— | — — — _ /
dt il O Pl
d, Ok |5 dh(a)
— = _Zavj'; = _h(a) +(1—a) o
e Solutions:
Yr(t) = ck exp(—z’wk(a)t) k=12
where
. dh(a
w1 = h{a) —a dEI)
dh
oy = h(a)+ (1 - a) d(aa)

dh(a)

W



e Assume a small nonlinearity:
h(a) = woa + 2ea’
where | €/wy |« 1
e Time development of coherence (observable):
Y vy oc exp(—i(wp + 4ea)t)
e “Precession” frequency:

wp = wp + 4€a



Bloch Vector Representation of
2-Level System

_(a=0)
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other experimental trial unscathed.
With LEP's present complement
of 128 copper rf accelerating cavities,
its energy cannot exceed 55 GeV per
beam. (See the cover of this issue.
Over the next several years the cop-
per cavities will gradually be replaced
by superconducting niobium rf cav-
ities being developed at CERN. By
the end of 1992 the schedule calls for

196 superconducting rf cavities to be
in place, yielding beams of 96-GeV

electrons and positrons.
—BERTRAM SCHWARZSCHILD
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DOES QUANTUM MECHANICS HAVE

NONLINEAR TERMS?

One hears about testing quantum
electrodynamics or relativity theory,
but the theoretical basis of quantum
mechanics is rarely questioned. Nev-
ertheless, Steven Weinberg (Universi-
ty of Texas) has recently called for
high-precision tests of quantum me-
chanics that are independent of any
particular quantum mechanical theo-
ry.! To pave the way for an examina-
tion of quantum mechanics, he has
suggested one possible way of general-
izing quantum mechanics to make it
nonlinear. As Eugene Wigner point-
ed out in a 1939 paper, the linearity of
guantum mechanics is an important
assumption and one that may not
necessarily always prove true. Wein-
berg stressed to us that he does not
really feel that quantum mechanics is
in any immediate danger, but he does
believe that we can learn by question-
ing it: If we find that quantum
mechanics cannot be generalized any
further, we may come to understand
better why it works so well. If we find
that the theory can be generalized in
a plausible way, then we must ask
why ordinary quantum mechanics is
so nearly valid—and we may discover
some hidden physics in the process.

Weinberg has suggested one partic-
ular example in which a nonlinearity
might manifest itself, and several
experimental groups have taken up
the search for it. The first results are
now in: John Bollinger, Daniel Hein-
zen, Wayne Itano, Sarah Gilbert and
David Wineland of the National Insti-
tute of Standards and Technology
(Boulder, Colorado) have set a very
low upper limit on the size of a
possible nonlinear term in the hyper-
fine splitting of a beryllium atom.
Bollinger presented these results at
the annual meeting of the APS divi-
sion of atomic, molecular and optical
physies, held in Windsor, Ontario, last
May.?

Quantum mechanics has been test-
ed in several ways before. One set of
experiments aimed to distinguish it
from local hidden-variable theories.
(See the article by David Mermin in
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PHYSICE TODAY, April 1985, page 38.)
These experiments succeeded in rul-
ing out hidden variables, but Wein-
berg points out that they did not test
quantum mechanics to better than
about one percent. Another approach
to testing quantum mechanics dealt
with the incorporation of nonlinear
terms inte the Schriodinger equation.
In 1980, at the suggestion of Abner
Shimony® (Boston University), a team
led by Clifford Shull* (MIT) used
neutron interferometry to search for
possible nonlinear terms of a form
suggested by Iwo Bialynicki-Birula
and Jan Mycielski® (University of
Warsaw). Roland Gahler {Technical
University of Munich), Anthony G.
Klein (University of Melbourne, Aus-
tralia) and Anton Zeilinger® (Techni-
cal University of Vienna), working at
the Laue-Langevin Institute in Gre-
noble, followed with a similar experi-
ment that set more stringent limits on
the size of the nonlinear term.

Nonlinear formulation

Weinberg set out to make the most
general formulation possible that is
still consistent with essential proper-
ties of quantum mechanics. A key
requirement was to preserve homo-
geneity—to ensure that if one wave-
function is a solution of the Schré-
dinger equation, then so is another
wavefunction that is just a constant
multiple of the first. The nonlinear
term introduced by the Polish theo-
rists did not satisfy this condition.
Weinberg assumes that the time de-
pendence of the wavefunction is given
by:

; d¥, _ dh(¥¥*)
dt av,*

This equation reduces to the standard
form if the Hamiltonian function A
has the bilinear form ¥, * H,, ¥,,but
allows for treatment of possible terms
in the Hamiltonian that are mnot
bilinear. In the example of a general-
ized twocomponent system, Wein-
berg shows that the Hamiltonian
function h can be put in the form

n hia), where n is the norm
(W, 2+ ¥, ? and h is an arbitrary
function of the variablea = ¥, %/n.

For an atem undergoing a radia-
tive transition (such as that between
two hyperfine levels), Weinberg's
equation predicts that the resonant
transition frequency will be sensitive
to the occupancy of the two levels.
This transition frequency wiil change
as these occupancies change. If one
drives a certain transition with an
applied monochromatic oscillator, de-
tuning will result because the reso-
nant transition frequency will shift as
the oscillator continues to populate
the upper levels. For a weak nonlin-
earity, the shift in frequency will be
small. To detect it. one must make
the coupling between the oscillator
and the atom as weak as possible so
that the transition takes a long time.
The sensitivity of the technique thus
varies inversely with the time of
perturbation.

Weinberg used data from a 1985
experiment performed at NIST? (then
called the National Bureau of Stan-
dards) to estimate an upper limit on
the size of the nonlinear term. In that
experiment, Be’ ions were driven
from one state to the other with a
single pulse about 1 second long.
Because the transition could be driv-
en with such a pulse, Weinberg in-
ferred that the nonlinearity couid not
lead to a shift of more than the
inverse of that pulse length, or 1 Hz,
which corresponds to a nonlinear
term on the order of 107 % eV,

Norman Ramsev (Harvard Uni-
versity) in 1948 originated a tech-
nique for measuring atomic resonant
transitions and hence for setting fre-
quency standards. This so-called
method of separated oscillatory fields
gives a sensitive way to detect
changes in transition frequencies.
First, an rf pulse is applied to an atom
and then turned off. This creates a
superposition state, with specific pop-
ulations of the two atomic levels, that
depends on the amplitude, frequency
and length of the pulse. After a
certain time interval, a second rf
pulse of the same length, coherent
with the first, is applied. If the two rf
pulses are at the resonant transition
frequency, the second pulse will be in
phase with the superposition state
and it will continue to transfer the
jons to the upper state. The rf fre-
quency is changed until this resonant
condition is met.

If a nonlinearity is present, the
phase of the superposition state will
not be determined simply by the
difference between the energy eigen-
values of the two levels but will also
depend on the state amplitudes creat-




ed by the first pulse. Thus the reso-
nant frequency measured by the
Ramsey method will depend on the
length of the first pulse. In this
method for detecting a nonlinearity,
the accuracy is inversely related to
the time between pulses.

mental tests

Bollinger and his colleagues decid-
ed that, by using unequal pulses, they
could improve considerably on the
estimate Weinberg had extracted
from their earlier-data. They under-
took a new experiment on (Be®)* ions,
using a collection of 5000-10 000 ions
stored in a Penning trap and cooled
below 250 mK. The design of their
experiment is best viewed in terms of
the precession of the (Be”)* nucleus in
an applied magnetic field. The
precession rate does not vary with the
angle between the spin and the mag-
netic field vector. In a nonlinear
quantum theory, however, the preces-
gion rate does vary with angle, be-
cause the angle is a measure of the
particular mixture of states.

To measure the precession rate the
researchers applied the Ramsey
method with unequal rf pulses. First
they prepared the ions in the
(— Y, + '%,) state by a combination of
optical pumping and rf resonance
techniques. (The state is specified by
gquantum numbers denoting the nu-
clear and electronic spins, respective-
ly.) The first Ramsey pulse was then
applied to create a superposition with
the ( — %,, + %) state. The length of
this pulse determined the amplitude
of each eigenstate in the superposi-
tion, and hence the tipping angle of
the Be? nuclear spin. After a period of
time, typically 100 sec, the second
Ramsey pulse was applied. The ion
population in the (— %, + %) state
was detected by laser-induced fluores-
cence. The more ions remaining in
the (— %, + %) state, the lower the
fluorescence signal. The fluorescence
thus peaks as a function of the fre-
quency of the Ramsey pulses. The
resonahce (precession) frequency was
determined from the average of the
frequencies at half of the maximum
intensity. The NIST team measured
the precession rate at two angles (see
the figure on this page). The preces-
sion frequency did not change signifi-
cantly with angle, Averaging over 25
runs, the researchers found that the
frequency difference was 2.7 + 6.0
uHz, corresponding to an upper limit
of 24x10-% eV on the nonlinear
term.

To judge how stringent this upper
limit is, one needs to compare it with
some energy scale, but what scale is
appropriate?” Weinberg maintains

PRECESSION FREQUENCY FLUCTUATIONS (uHz)

>

1
2x10

* 3x10* 410

TIME (sec)

Precession frequency is not expected to vary with tipping angle
if quantum mechanics is without nonlinearities. An expeniment
on BeY ions measured the pracession frequency during
alternating lime intervals in which the tipping angle had values of
1.02 rad (blue shading) and 2.12 rad. The frequencies are
plotted relative to the time-averaged frequency. The precession
frequencies for the two tipping angles, averaged aver many runs
like that shown above, differed by less than 8.7 uHz. (Adapted

from ref, 2.}

that the proper energy for compari-
son in this case is the nuclear energy.
When compared with the binding
energy per nucleon for the beryllium
atom, the fractional upper limit on
the nonlinearity becomes 4 x 10~%.

Work in progress

At least three other research teams
are seeking nonlinearities. One of
these—a group led by Norval Fortson
at the University of Washington—is
looking for the variation with angle of
the precession frequency of a spin-%
nucleus, in this case, Hg*®'. The
investigators sense the precession
rate through its modulation of an
optical signal. Actually the preces-
sion rate is the superposition of three
frequencies corresponding to the en-
ergy separations between four hyper-
fine levels. If the frequencies remain
constant, independent of the amphi-
tude in each state, linear gquantum
mechanics holds. At Harvard, Ti-
mothy Chupp is conducting a similar
experiment but with a different nu-
cleus Ne?! and a different experimen-
tal method.

Isaac Siivera (Harvard University)
and his student Ronald Walsworth, in
coliaboration with Robert Vessot and
Edward Mattison of the Smithsonian
Astrophysical Observatory, are work-
ing with quite a different tool—the
hydrogen maser. However, the non-
linear effect Weinberg identified
shows up only in a particle of spin

greater than or equal to 1, whereas
the spin of the hydrogen nucleusis ', .
Walsworth has worked out a treat-
ment for this case and applied it to
existing data from hydrogen masers.
He hopes to improve the accuracy by
at least two orders of magnitude by
conducting an experiment directly
aimed at sensing the nonlinearities.
So far he estimates an upper limit in
terms of eV that is a factor of ten
higher than that of the NIST team.
However, compared with what might
be the appropriate energy scale for
the hydrogen atom—13.6 eV—this
fractional upper limit on the nonlin-
earity is on the order of 10~ %,
—BaRrBARA Goss LEV]
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Test of the Linearity of Quantum Mechanics by rf Spectroscopy of the *Be * Ground State

J. J. Bollinger, D. J. Heinzen, Wayne M. Itano, S, L. Gilbert, and D, J. Wineland

National Institute of Standards and Technology, Boulder, Colorado 80303
(Received 15 May 1989)

A hyperfine transition in the ground state of *Be* was used to test a nonlincar generalization of quan-
tum mechanics recently formulated by Weinberg. We searched for a dependence of the frequency of a
coherent superposition of two hyperfine states on the populations of the states. We are able to set a limit
of 4x10 77 on the fraction of binding energy per nucleon of the *Be* nucleus that could be due to non-

linear corrections to quantum mechanics.

PACS numbers: 03.65.Bz, 06.30.Ft, 32.30.Bv

Since the 1920s, quantum mechanics has passed
numerous tests as illustrated by the agreement between
the predictions of specific quantum-mechanical theories
and experimental measurements. For example, the mea-
sured energy levels of the hydrogen atom are in excellent
agreement with the predictions of quantum-mechanical
theory. However, this could be regarded as a test of the
accuracy of the Hamiltonian rather than a test of quan-
tumn mechanics itself. It should be possible to test the
basic framework of quantum mechanics independently of
and more precisely than any particular quantum-me-
chanical theory. Recently, Weinberg'? has formulated a
general framework for introducing nonlinear corrections
to quantum mechanics which enables such a test. He
has suggested that a sensitive way to search for possible
nonlinearities is to look for a change in a transition fre-
quency as the wave function of a system changes be-
tween initial and final states. Monochromatic radiation
used to drive the transition would therefore not stay in
resonance throughout the entire transition. If the transi-
tion can be driven experimentally in time T, then the
maximum frequency shift due to the nonlinearity must
be on the order of 1/T. Because nuclear magnetic reso-
nance transitions in *Be* have been observed with T as
long as 1 s, Weinberg sets a limit of ~10 7' eV on the
magnitude of any such nonlinear corrections to the ener-
gy of the *Be nucleus. In this Letter we report an exper-

iment which improves this limit by 5 orders of magni-
tude.

In the formalism developed in Refs. 1 and 2, the equa-
tion which describes the time evolution of the wave func-
tion w(t) is nonlinear and derivable from a Hamiltonian
function h{y,¥*)}. For a discrete system, it takes the
form

. dvi  8h(y,p*)
ih - "
di iz

, 8))

where y, is the amplitude of state k. In general, A is not
a bilinear function of v and y* as in ordinary quantum
mechanics, but the property of homogeneity [A{ay,y*)
=h(y,Ay*)=1h(y,¥*) for any complex 1) is retained.
Homogeneity guarantees that if w(1) is a solution of Eq.
(1) then Ly(?) is also a solution representing the same
physical state. Homogeneity ensures the proper treat-
ment of physically separated systems and distinguishes
this formalism from previous nonlinear generalizations®*
and tests>® of quantum mechanics.

Consider a two-level system which in the absence of
nonlinear corrections has eigenvalues E;, k=1,2. Be-
cause any nonlinear corrections to quantum mechanics
arc expected to be small, it is reasonable to write the
Hamiltonian function as the sum of the bilinear term
holy,w*) =i =1 2Exyivi of ordinary gquantum me-
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der of magnitude longer than this.}

For the test of nonlinearities, Ramsey’s method with
unequal rf pulses was used to drive the clock transition
and measure @, for different values of 6. First an rf 6
pulse of duration 1, was applied. This prepared the ions
into a coherent superposition of the (—4,%) and
(= #, 1) states given by Eq. (2) for a particular value
of 8. The value of @ was determined from 8= (14, 7,) 7,
where 1, was the length of time to drive a # pulse at the
same rf power. After the rf @ pulse, the ions freely pre-
cessed for a time 7. This was followed by an rf x/2 pulse
coherent with the first pulse which completed the Ram-
scy excitation. In the limit that T 74, 7., the Ramsey
line shape Ispecifically, the pumber of ions remaining in
the (— %, 1) state as a function of the rf frequency w in
the Ramsey excitation] is proportional to

1=sinfcosllw — w, (1T},

where @,(8) is given by Eq. (4). The center frequency
of the Ramsey line shape is the precession frequency
w,(8). Figure 2 shows a Ramsey signal obtained with
T=1505and 6=x/2.

The Ramsey signal was used to steer the frequency of
a synthesized rf source.!' Ramsey-signal measurements
were taken near both of the full-width-at-half-faximum
frequencies @4+ =2xvy and o-=2av_, where vy and
v~ are indicated in Fig. 2. The difference in the mea-
sured signal strengths on ecither side of the line center
was used to electronically stecr the average frequency of
the synthesizer to w,(0). Eight pairs of measurements
were taken with an angle 8, =1.02 rad followed by ecight
pairs of measurements with an angle 65 =2.12 rad. This
pattern was repeated for the length of an entire run as
indicated in Fig. 3. The average frequency of the syn-

15000
o
¥ o
Bﬂ'\
=g
b
Qe
$3
7o
i
3 e %
o .
-0.005 0.000 0.005
frequency — 303 016 377.265
(Hz)

FIG. 2. Ramsey signal of the clock transition with T=150s
and 8=x/2. The data are the result of onc sweep (that is, onc
measurement per point). The sweep width is 9 mHz and the
frequency interval between points is 0.750 mHz. The dots are
experimental and the curve is a least-squares fit. The signal-
to-noise ratio is limited by the frequency stability of the refer-
ence oscillator. The full-width-at-half-maximum frequencies
are indicated by v+ and v-.

thesizer for 8=8,, was then subtracted from the average
frequency of the synthesizer for #*65. Run lengths
varied between 4 and 10 h. The uncertainty was due to
the frequency instability of the reference oscillator used
with the synthesizer. Most runs were taken with a com-
mercial cesium beam clock [fractional frequency stabili-
ty'* 6,(r)~6x10""27 "1 for measurement time r in
seconds] as the reference oscillator. For a limited time
we had access to a passive hydrogen maser!® o, (1)
~(2-3)x10""3;=12] and a few runs were taken with
the passive hydrogen maser as the reference oscillator.

Runs were taken with free-precession periods of T
=30, 60, and 100 s and rf pulse lengths of 74=0.657,.,
t3™1.351,; with 1,,=05, 1, and 2 5. & weighted
average of the synthesizer frequency differences for
6=9, and 9=0, from 25 runs is 2.7(6.0) uHz. The un-
certainty (in parentheses) is the external error caiculated
from the scatter of the 25 measurements from the
weighted average and is in good agreemest with the
internal error of 5.7 uHz calculated from the uncertain-
ties of each of the 25 runs. The time constant of the ser-
vo would have decreased the apparent size of a real fre-
quency difference by 28%. This results in a possible
dependence of the precession frequency on & of
[w,(85) — @,(6,)]/27*=3.8(8.3) uHz and from Eq. (4)
a value for the parameter ¢ of

¢/2nh =1.8(4.0) uHz. (5)

The error is a | standard deviation uncertamty. A few
runs were also taken with 6=x/2. The frequency w,(x/
2)/2x was compared with the frequencies w,(8,}/22
and a,(85)/2x for runs taken within a few days of each
other. The standard deviation of the frequencies from
their average was 6 uHz, consistent with the 7-uHz un-
certainty of the frequencies. The 6=x/2 rues do not im-
prove the limit of Eq. (5) on a possible cormection 1o w,
linear in a, but in general can be used to help place limits

~ 200
T
2
100
| 4
o
= 0
a.
2
I —100
'ta AIBIAIBIAIBIAIBIAIBIAIBIAIBIAG
3 -200 . . —
0 1x10%  2¢10%  3a0% ax104

time (s)

FIG. 3. "Be* precession frequency w,(¢), refered to a pas-
sive hydrogen maser, as a function of time for a sitgle run with
T=100 5. The periods A (B) during which the initia! Rabi
pulse created a mixed state with angle 6, =1.02 ad (65 =2.12
rad) are indicated.
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CHANICs and a lerm Anp\y,y ) thal 15 not bilincar and
contains the small nonlinear corrections. A form of hol
appropriate for the work discussed here is h,=nk{a),
where n= |y, |2+ |vw2]% a=|v2|Yn, and & is a real
function.'? The nonlinear time-dependent Schrodinger
equation then takes the form

m%::—'- E,+E“a%]v:5hw1(a)w:.
jhfﬂ- EZ+F+(l-a)d—E v2=ha(a)y,,
dr da
which has solutions
Vk(t)-cnqj.*(a)’. k=12, )

where a and the ;s can be parametrized by ¢;
=sin{6/2) and c;=a'?=cos(6/2). The relative phase
of the two components of the wave function (specifically,
the time dependence of the coherence yiy$) evolves
with a frequency

w, = w1(a) — wy(a) =wy— (dk/da)/h |

where wo={(E | — E,)/h is the atomic transition frequen-
¢y in the absence of nonlincarities. A two-level system is
mathematically equivalent to a spin-1 system in an
external, uniform magnetic ficld, where 8 is the angle by
which the spin is tipped with respect to the magnetic
field and w, is the precession frequency of the spin about
the magnetic field.” In the language of the equivalent
spin- 7 system, the effect of the nonlinear correction
dh/da is to create a dependence of the precession fre-
quency w, on the tipping angle @ between the spin and
the magnetic field.

We searched for a 8 dependence of the precession
frequency of the (mym;)=(— 1 +3)— (=% +1)
hyperfine transition at ~ 303 MHz in the ground state of
*Be* (see Fig. 1). At a magnetic field B of 0.8194 T,
this transition, referred to as the clock transition, de-
pends only quadratically on magnetic field fluctuations.
With v =y(— 4.+ %) and yo=(— L.+ 1) the sim-

clock m;, my)
transition
] (=312, 112)
U2, WD)
21/((112. 12)
F=1 (312, 112)
F=2
312, 1)
{112, -112)
(-112, -112)
=312, -112)

FIG. 1. Hyperfine cnergy levels (not drawn to scale) of the
*Be* 2551 ground state as a function of magnetic field. At
8=0.8194 T the 303-MHz clock transition is independent of
magnetic field to first order.
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plest nonbilinear addition to the Hamiltonian function of
the free *Be * nucleus for the two states is '+

h(a) =2¢a?, (3)

where ¢ is a measure of the strength of the nonlinear
correction. This gives rise to a dependence of w, on 6 of

@, =wg— 4(e/h )cos?(6/2) . (4}

This discussion assumes that the *Be™ nuclear spin is
decoupled from the valence electron spin and therefore
the (—1,%) and (—4,}) states are pure (my,my)
states. At a magnetic ficld of 0.8194 T these states have
a 0.02 to 0.03 amplitude admixture of m; = — & states.
This creates small corrections to Eqs. (3) and (4) which
we neglect,

Between 5000 and 10000 *Be* jons and 50000 to
150000 #Mg* ions were simultaneously stored in a cy-
lindrical Penning trap® with B=0.8194 T under con-
ditions of high vacuum (£107% Pa). To minimize
second-order Doppler shifts of the clock transition, the
Be* ions were cooled to less than 250 mK. The Mgt
ions were directly laser cooled and compressed by a
narrow-band (~1 MHz) radiation source at 280 nm.®
The *Be™ ions were then sympathetically cooled'® by
their Coulomb interaction with the cold Mg* ions. A
narrow-band 313-nm radiation source was used to opti-
cally pump and detect the *Be* ions.!'!> With the
313-nm source tuned to the 25 25 2(m; = 2 my=1) to
2p2P32(%, %) transition, 94% of the *Be* jons were
optically pumped into the 2525,,(%,1) ground
state.'"'? The 313-nm source was then turned off to
avoid optical pumping and ac Stark shifts. The sym-
pathetic cooling of the *Be* ions by the Mg* ions pro-
vided a steady cooling source independent of the 313-nm
radiation and therefore permitted the use of long transi-
tion times.

The clock transition was detected by the following
method. After the 313-nm source was turned off, the
ions in the (4,4 ) state were transferred to the (3,4
state and then to the (— §, 1) state by two successive rf
7 puises. Each pulsc was 0.2 s long and resonant with
the appropriate transition frequency (around 321 and
311 MHz, respectively). The clock transition was then
driven by Ramsey’s method of separated oscillatory
fields'? with rf pulses of about 1-s duration and a free-
precession time on the order of 100 s. This transferred
some of the ions from the (~4%,1) state to the
(= $.7) state. Those ions remaining in the (— }, 1
state were then transferred back to the (3, 1) state by
reversing the order of the two rf x pulses. The 313-nm
source was then turned back on, and the population of
ions in the (— #,1) state was registered as a decrease
in the *Be* fluorescence, relative to the steady-state
fluorescence, during the first second that the 313-nm
source was on. [The optical repumping time of the ions
from the {— $, 1) state to the (4, 1) state was an or-
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on a more complicated form for h(a).

Equation (5) sets an upper limit of || <2.4x10-2°
eV (5.8 uHz) for a nonlinear contribution to the *Be*
nuclear Hamiltonian. This is less than 4 parts in 10?7 of
the binding energy per nucleon of the *Be™* aucleus and
improves the limit set in Ref. 1 by roughly S orders of
magnitude. The limit on | ¢ is also 5 orders of magni-
tude smaller than experimental limits placed by neutron
interferometry®® on |5 |, where b is the coefficient of a
logarithmic addition —by(x}in|w{x)}? to the one-
particle Schrodinger equation. However, this nonlineari-
ty does not satisfy the pro?erty of homogeneity and
therefore these experiments®® test for a nonlinearity
which does not satisfy the requirements of the frame-
work developed by Weinberg. Our experimental result is
limited by statistics due to the frequency instability of
the reference oscillator. The largest known systematic
error of our measurement of @,{(@) is the second-order
Doppler (time dilation) frequency shift due to the tem-
perature and Ex B rotation of the ions in the trap.!! Its
size is less than 3 pHz (1x10 ). We believe it can be
held constant to significantly better than 10% over the
time required to make a frequency difference measure-
ment. With a better reference oscillator or a second
Be* clock, it should therefore be possible to improve
our limit on || by more than an order of magnitude.
Improvements on this measurement may also be possible
using nuclear magnetic resonance techniques on neutral
atoms. '¢"7
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Inhibition of 1 — 2 Transition by
Measurement Pulses
Bloch vector picture

no pulses 4 pulses 16 pulses
2
f\){
4--/’/
1 '
P(T) = }[1 - cos™(w/n)]

~ }[1 — exp(—}7?/n)]

2 — 1 process essentially the same
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Quantum Pot Watching

A test of how observation

affects a quantum system verifies

theoretical predictions and proves the truth of an old maxim

A WATCHED POT NEVER BOILS, at least not
11iUs a quantum pot. That's the gist of 2
recent expeniment by Wayne Itano, Daniel
Heinzen., John Bollinger. and David Wine-
land at the Natenal Institute of Standards
and Technology in Boulder, Colorado. The
work is the first unambiguous confirmation
of a phenomenon that theotists had predict-
ed in the 1970s. and 1t highlights one of the
strangest aspects of quantum phvsics—the
way an observer can influence the behavior
of a svstem merel by sneaking a peck.

The pot that the NIST scientists watched
was a magnenc trap holding several thou-
sand bervllium-9 ions—the “warter.” Ar the
beginning of the experiment, the ions were
ordered so that thev were almost all in a
single electronic state. which was called Lev-
¢ 1. Bv exposing the ions to a radio-
trequency field for exacth 256 milliseconds,
the rescarchers caused them 10 move 1o
another state. Level 2. The water had boiled.

At least that's what happened when no
one was watching. Ir was a different storv if
someone took a ook before the 256 milli-
seconds were up. savs Wavne fano. a mem-
ber of the NIST ream.

The researchers made their observations

b expasing the bervihum tons to very short |
puises of laser {ight whose photons had an |

energy equal w the energy difference be-
tween Level | and a third aromic state of the
bervilium tons. Leve! 3.

Juhe Cherry

BEE

When the laser light hir the jons in Leve? 1.
it would force them brieflv into Leve! 3. The
ions would then quickiy decay back o Level
1. cach emirting a photon that could be
counted with a photon detector. In this way,
the researchers could tell how manv of the
5000 or so bervliium jons in their pot werce
in Level 1 at any given time, and could thus
estimate the number in Level 2, (The Level
2 ions were not affected by the laser pulses.)

Irano and his colleagues found thar the
number of ions in Level 2 at the end of 256
milliseconds depended on how often thev
looked at the ions. If thev waited the full
period to shine a laser pulse at the ons. all
had moved to Level 2. If thev looked once
after 128 milliseconds and then again ar 256
milliseconds. onlyv half of the ions were in
lxevel 2 at the second measurement. If thev
made four evenlv spaced observarions, onlv
about a third of the ions were in Level 2 ar
the end. And if thev peeked 64 times—or
once everv 4 milliseconds—almost none of
the ions were found in Level 2. The pot
refused to boil.

The reason. Itano explains, lies in the way
in which this quantum “water™ boils. When
an individual atom in Level 1 is exposed to
the radio-frequency field. its quanaum state

gradualiv shifts from Level ] 1o Level 2. If |

one waits the full 256 miiliseconds before
taking a jook. the ion will be completelv in
the Level 2 state when the laser puise hits it.

But whar happens if someone peeks ear-
Iv—sav after only 128 mulliseconds? At this
point, an on is in 2 composite state, half
Level 1 and half Level 2. Observing it forces
1t 10 be 1n erther one state or the other. much
as a tossed coin suddenly goes from an
indefinite state to being either heads or tails
once 1t hits the ground. A single jon ob-
served after 128 milliseconds will have equal
probability of going into Level 1 or Leve! 2,
so roughlv half of the several thousand ions
in the trap will be seen 1o be in Level 1 and
the other half in Leve! 2.

After onlv 4 milliseconds, however,
the quantum state of any given ion is
about 99.99% Leve! 1. This means that
shining the laser at the trap will reveal alf
bur abour 0.01% of the ions to still be in
Level 1. The water has not ver started 1o
boil.

Bur the act of looking has done more
than reveal the state of the svstem. It has
also sent all the jons, except for the few

that made 1t to level 2, back o the starnng
point in Level 1. If the observer conninues ro
peek every 4 miliseconds. the svstem is reset
again and again, with an average of onh
0.01% of the ions moving to Leve] 2 each
time. At the end of 256 milliseconds. onlv
about 0.6% of the 10ns have moved to Level
2. and the svstem Jooks very nearlv the same
as at the beginning. Making more trequent
observations would reduce the percentage 1n
Level 2 even more, Itano savs

The NIST expeniment provides expen-
mental confirmation of an effect noted by
several observers. including B Misra and
Ennackel Sudarshan ar the Unnersin of
Texas tn Ausun in the late 1970s. These two
researchers showed thar in theon a continu-
oushv observed quantum stare can never
decav and called this cthe “quantum Zeno
effect.” That was in reference to 4 famous
paradox conceived by the ancient Greek
philosopher Zeno. in which he argued tha:
motion 1s impossible. Consider an arrow in
flight. Zeno said: At any gIven Instant it
cannot be at two places. so it must be ar onc
point. but if it 1s 10 one spot it is at rest. Thic
implies that the arrow s at rest at everv
moment of its fught. so 1t cannor be moving
after all.

Unul the NIST expertment. no research-
ers had demonstrated the quantum Zeno
efiect directlv and unambiguoushy, although
some experiments imvolving contnuous ob-
senation of certain quantum svstems mav
have exhibited it indirecth, Itano savs. The
kev to the NIST LTOUPS SUCCEss Wan tse Of 3
svstemn 1n which the transimon from one
state ta another proceeded slowiv enough so
that observartions could sigruficantly reduce
the probabilind of 1t happening. For in-
stance. 0 order to slow radivactne decav,
researchers would have to make measure
ments that are less than one-trillionth the
duravion of the 2.4-millisecond pulses used
in the NIST work. This is wav out of the
range of expertmental capabilitics,

Although in theory one could suspend
any quanturn transition—even the decay of a
radioactive atom—by keeping a constant
watch on 1t in practical terms this 1o IMpos-
sible, ltano notes. Because any observanon
takes a finite period of time. there will
alwavs be in-between times when the atom
15 not being watched and can decav. The
NIST researchers could probablv improve
their result by several orders of magnitude
by using a more powerful laser. which
would permit shorter laser pulses and more
observations, Itano savs, but even then a few
atoms would still make it to Level 2. And
please don't call their expeniment the “quan-
tum por-watching effect.” To ltano o a4,
“Quantum Zeno effect™ sounds more eru-
dire and carchy. s ROBERT PooL
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Quantum Zeno Effect”

Wayne M. Itano, D. J. Heinzen, J. J. Bollinger, and D. J. Wineland
Time and Frequency Division, National Institute of Standards and Technology, Bouider, Colorads 80203

{Received 12 October 1989)

The quantum Zenc effect is the inhibition of transitions between quantum states by frequent
measurements of the state. The inhibition arises because the measurement causes a collapse
(reduction) of the wave-function. If the time between measurements is short enough, the wave-
function usually collapses back to the initial state, We have observed this effect in an rf transition
between two ?Bet ground-state hyperfine levels. The ions were confined in a Penning trap and
laser cooled. Short pulses of light, applied at the same time as the rf field, made the measure-
ments. If an ioh was in one state, it scattered a few photons; if it was in the other, it scattered
no photons. In the jatter case the wave-function collapse was due to a null measurement. Good

agreement was found with calculations.

1990 PACS numbers: 03.65.Bz, 32.30.Bv, 32.80.Pj

I. INTRODUCTION

The quantum Zeno effect {or paradox) is the inhibi-
tion of transitions between quantum states by frequent
measurements.!~7 Misra and Sudarshan! were the first
to call the effect by that name, but closely related work
was done much earlier.®

"Consider the decay of an unstable state, such as an un-
stable particle. An observation that the state has not de-
cayed causes a collapse (reduction) of the wave-function
to the undecayed state. The probability that the state
decays after this collapse grows quadratically with time,
for short enough times. Suppose n measurements, spaced
in time by T/n, are made. The probability that the state
will survive for a time T goes to 1 in the limit n — oc.
Hence, Misra and Sudarshan argued, a continuously ob-
served state can never decay.! This effect is difficult to
observe in spontanecus decay because the interval during
which the probability grows quadratically is very short
compared to the time required to make a measurement,
Ghirardi et al.® have shown, by general arguments based
on the time-energy uncertainty relations, that the depen-
dence of the lifetime on the frequency of measurements,
although present in principle, would be extremely diffi-
cult to observe. Deviations from an exponential decay
law, expected theoretically for very short and very long
times, have not yet been observed experimentally.’®

The term “quanturmn Zeno effect” is applied also to
the inhibition of induced transitions by frequent measure-
ments. This effect can easily be observed experimentally,
in contrast to the inhibition of spontaneous transitions.
Consider a system made up of two levels, labeled 1 and
2. Assume that the system can be driven from level I to
level 2 by applying a resonant perturbation for a given
length of time. Assume that it is possible to make mea-
surements of the state of the system, which project the
systemn into one of the two levels, and which take a neg-
ligible amount of time. If the system is initially in level

1, and we make n equally spaced measurements while
the perturbation is applied, the probability of finding the
system in level 2 at the end of the period decreases as n
increases. Various cases of this type have been examined
theoretically. 19— 12

II. THEORY

Cook!? proposed an experiment on a single, trapped
jon to demonstrate the quantum Zeno effect on an in-
duced transition. Trapped ions provide very clean sys-
tems for testing calculations of the dynamics of quantum
transitions. They can be observed for long periods. free
from perturbations and relaxations. Their levels can be
manipulated easily with rf and optical fields.

In Cook’s proposed experiment, the ion was assumed
to have the level structure shown in Fig. 1. Level 1 is
the ground state. Level 2 is an excited metastable state.
Spontaneous decay from level 2 to level 1 is assumed
to be negligible. If the ion is in level 1 at time r =
0, and a perturbation having the resonance frequency
(E3 — Ey)/h is applied, a coherent superposition state
is created. Let Py and P; be the probabilities for the
jon to be in levels 1 and 2. Then Py(r) = sin’{Qr/2)

3
2

l

FIG.1. Energy-level diagram for Cook’s proposed demon-
stration of the quantum Zeno effect.
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and P(7) = cos?(Q7/2), where Q, the Rabi frequency,
is proportional to the amplitude of the applied field. If a
measurement of the state of the ion is made after a short
time, such that Qr « 1, then Pi(r) = 1 and Pa(r) =
1Q%r? « 1. If, instead, the ion starts out in level 2,
the situation is reversed, so that Py(r) 2« 1 and P,(7) =
%Qz'r?.

Assume that level 3 is connected by a strongly allowed
transition to level 1 and that it can decay only to level
1. The state measurement is catried out by driving the
1 — 3 transition with an optical pulse. This pulse causes
a collapse of the wave-function. The wave-function of the
ion is projected by the measurement into level 1 or 2 with
probabilities equal to the squares of the wave-function
amplitudes for being in level 1 or 2. If the ion is projected
into level 1 at the beginning of the pulse, it cycles between
level 1 and level 3, and emits a series of photons unti] the
pulse is turned off. If it is projected into level 2, it scat-
ters no photons. The latter case is an example of what
Porrati and Putterman have called a wave-function col-
lapse due to a null measurement.!® That is, the absence
of scattered photons when the optical pulse is applied is
enough to cause a collapse of the wave-function to level
2. The pulse must be long enough so that an ion in level
1 would have time to scatter a few photons. It does not
matter whether a switched-on detector capable of detect-
ing the photons is actually present. The state of the ion is
recorded in the electromagnetic field. The measurement
{and the subsequent wave-function collapse) takes place
after the field has interacted with the ion for a sufficient
amount of time.}?!* If a measurement finds the ion to
be in level 1, the ion returns to level 1 after the end of
the measurement, within a time approximately equal to
the lifetime of level 3. If a measurement finds the ion to
be in level 2, the lon never leaves that level during the
measurement. If this measurement is followed immedi-
ately by a second one, the result will almost always be the
same. Thus the optical pulses make nearly ideal, nonde-
structive measurements. However, since a finite time is
required to make a measurement, the wave-function can
evolve between measurements. Therefore, it is possible
for the result of the second measurement to differ from
that of the first.

Cook’s proposed experiment was to drive the 1 — 2
transition with an on-resonance x pulse (a square pulse
of duration T = x/{2) while simultaneously applying a
series of short measurement pulses. The duration of a
measurement pulse was assumed to be much less than
the time between pulses. Suppose the ion is in level] 1
at time 7 = 0. The 7 pulse is then applied. Without
the measurement pulses, the probability Pa(T) to be in
level 2 at * = T is 1. Let n measurement pulses be ap-
plied at times 7 = kT/n = kn/(nQ)), where k=1,...,n.
The level populations at the end of the » pulse are easily
calculated with the use of the vector representation of
a two-level system.!3 The equations simplify if we trans-
form to a coordinate system in which the rotating compo-
nent of the rf perturbation is stationary. (We ignore the

counter-rotating component.) The system is described
by a vector R = (R, R, Rs), whose components ¢an be
expressed in terms of the density matrix p:
Ry =pra+pn,
Ra=i(p12 ~ p01), (1)
Ra=pax—pni & Py - Py.
The equation of motion for R is
dR/dt = wxR, (2)

where w = (02,0,0). The geometrical interpretation of
Eq. {2) is that R precesses about w with fixed magnitude
and angular velocity jw| = Q. At r =0, R = (0.0.~1).
Just before the first measurement pulse at 7 = r/(n{?),

R = [0,8in(Q7), - cos(§27)]
= (0,sin{7x/n), — cos(7 /n)]. (3)
The measurement pulse projects an ion into level 1 or
2. Its effect on the density matrix, which corresponds to
an ensemble average, is to set the coherences (p;, and
p21) to zero, while leaving the populations (ps2 and py1)
unchanged. Hence, R; and R, are set to zeto, while Rs
remains unchanged:
R = [0,0, —cos(z/n)]. (4)

Thus, at 7 = x/(nQQ}, just after the first measurement
pulse, R is the same as it was at » = (, except that its
magnitude has been decreased by a factor of cos(7/n).
After the second measurement [r = 2x/(n)], |{R| is de-
creased by another factor of cos(r/n}. This follows from
the fact that Eq. (2) is linear with respect toc R. After n
measurements, {7 = x /1),

R(T) = [0,0, - cos"(/n)]. (5)
We use Eq. (1) to express P, in terms of Rj :

Pp=Ra+Pi=Rz+(1-F)

= %(l + R3). (6}

In deriving Eq. (6), we used the conservation of proba-
bility for a closed two-level system: Py + P, = 1. Substi-
tuting the value of Ra(T) from Eq. (5) inte Eq. (6), we
have

PoT) = 31— cos™(x/n)]. (7)
It can be shown from Eq. (7) that P,(T) decreases mono-
tonically toward zero as n goes to infinity. For large n 12

PAT) = 3[1 - exp(~ 22 /m)). )
Equation (8) was derived from Eq. (7) by expanding
cos(7/n) in a power series and using

nlin;g(l-—-:/n)“:e". (9)

.y



III. EXPERIMENT

Our experiment is very similar to that proposed by
Cook. Levels 1 and 2 are the (m;, m;) = (&, 1)
and (%, 1) hyperfine sublevels in the ground 2s 8142
state of Be*t (see Fig. 2). These levels are separated by
320.7 MHz at the magnetic field used in the experiment
(B = 0.8194 T). Level 3 is the (m; = 3, m; = 2) sub-
level of the 2p ? P/, state, which decays only to level 1.
Spontaneous decay from level 2 to level 1 is negligible.

The experimental apparatus has been described
previously.!=18 About 5000 °Be* ions were stored in
a cylindrical Penning trap. The pressure in the trap was
about 10~2 Pa. The storage time of the ions in the trap
was several hours. A frequency-doubled cw dye laser
generated 313-nm radiation to drive the 1 — 3 transi-
tion in order to optically pump, detect, and laser cool
the ®Bet ions. The 313-nm fluorescence from the ions
was detected by an imaging photon-counting detector.?®
About 100 000 2®Mg* ions were confined together with
the °Be* ions. The **Mg* ions were laser-cooled by 280
nm radiation from a frequency-doubled cw dye laser. The
*Be*t were kept cold (< 250 mK) by long-range Coulomb
collisions with the 2 Mg* ions even when they were not
directly laser-cooled by the 313-nm source.??

The polarization of the 313-nm beam was perpendic-
ular to the magnetic field. When the 313-nm radiation
was nearly resonant with the 1 — 3 transition and no rf
field was applied, about 1% of the population was opti-
cally pumped to the (%, 5) ground-state sublevel {level
1).7°=22 The remaining population was in the (3, —1)
sublevel. When the 313-nm radiation was on continu-
ously, the populations approached the steady state with
a time constant of about 1 s.

The measurement sequence for the 1 — 2 transition
was as follows: The 313-nm radiation was left on for

FIG. 2. Diagram of the energy levels of *Be* in a mag-
netic field B. The states labeled 1, 2, and 3 correspond to
those in Fig. 1

about 5 s to prepare most of the *Bet ions in level 1 and
to empty level 2. The 313-nm radiation was then turned
off. The 320.7-MHz tf field was turned on for T = 256 ms.
Its frequency and amplitude were adjusted to make this
an on-resonance 7 pulse. During the tf pulse, n pulses of
length 7, = 2.4 ms and wavelength 313-nm were applied.
where n was 1, 2, 4, 8, 16, 32, or 64. The pulses were
long enough to collapse each ion’s wave-function without
causing significant optical pumping. The delay from the
beginning of the rf pulse to the beginning of the first
313-nm pulse was (T/n — 1.3) ms. The time between the
beginning of one 313-nm pulse and the beginning of the
next one was T'/n.

After the end of the rf r pulse, the 313-nm radiation
was turned on and left on to prepare the state. The num-
ber of photons counted in the first 100 ms was recorded.
This signal was roughly proportional to the number of
ions remaining in level 1. However, background counts,
counter deadtime, and optical pumping during the 100
ms cause deviations from this proportionality. In order
to calibrate the signal, known level populations were cre-
ated by applying rf pulses of lengths r = 0,32,64,... 544
ms. The population of level 1 (per ion in the subsystem
made up of levels 1 and 2) was then given by cos?(Q27/2).
From these data, the precise value of {} and also the cal-
ibration of the signal as a function of the population of
level 1 were obtained. The deviations of the calibration
points from a smooth curve gave an indication of the
measurement errors,

The 313-nm radiation was turned on and off with an
electromechanical shutter that had a rise or fall time of
about 0.2 ms. The 320.7-MHz rf field was turned on
and off with a semiconductor diode switch, which had a
switching time of about 150 ns and an on-to-off ratio of
about 75 dB. The 280-nm beam was left on continuously.
The measurement sequence was the same for the 2 — 1
transition, except that first an rf » pulse, free from 313-
nm pulses, transferred the level 1 population to level 2
immediately after the 313-nm radiation was shut off.

The 1 — 2 transition frequency decreases by 22 Hz
for a 1-uT increase in B. If the transition frequency
shifts by more than a small fraction of /T = 4 Hz, the
observed transition probabilities will deviate significantly
from the calculated ones. The center frequency of the
1 — 2 resonance was measured before and after each
run. If the frequency shifted by more than about 0.1
Hz, the data from that run were not used. Drift of the
magnetic field was the main obstacle to increasing T.
Relaxations of the ground-state hyperfine levels are very
weak when the 313-nm radiation is not applied. This
was shown in studies of the (m;, m;) =(-1, 1) to (-,
-}) transition. The derivative of this transition frequency
with respect to B goes to zero at B = (0.8194 T. At this
value of B, weak relaxation processes due, for example,
to collisions or to the 280-nm radiation can be studied.
This transition showed no sign of population or coherence
relaxations for times up to 550 s.!7

The average number of photons scattered by an ion in



TABLE L

Predicted and observed values of the 1 — 2 and 2 — 1 transition probabilities for

different values of the rumber of measurement pulses n. The uncertainties of the observed transition

probabilities are about 0.02. The second column shows the transition probabilities that result from
a simplified calculation, in which the measurement pulses are assumed to have zero duration and

in which optical pumping is neglected.

1 — 2 transiticn

2 — 1 transition

n {1 = cos™(x/n)] Predicted Observed Predicted Observed
1 1.0060 0.995 0.885 0.999 0.995
2 0.5000 0.497 0.500 0.501 0.496
4 0.3750 0.351 0.335 0.365 0.363
8 0.2346 0.201 0.154 0.217 0.209

16 0.1334 0.695 0.103 0.118 0.106

32 0.0716 0.634 0.013 0.073 0.061

64 0.0371 0.006 —0.006 0.080 0.075

level 1 during a single 313-nm pulse of length Tp 1S aPProx- for valuesofn = 1,2,...,64. The predicted and observed

imately 1, R./(e4 V), where R, is the observed steady-
state photon count rate, ¢4 is the probability of detecting
a scattered photon, and N is the total number of *Be*
ions. The photon detection efficiency ¢; was estimated
from the solid angle of the lens system and the quan-
tum efficiency of the detector to be about 2 x 10~*. For
typical experimental values 7, = 24 ms, R. = 30 000
s=%, and N = 5000, the number of scattered photons per
ion per pulse was therefore about 72, more than enough
to cause the collapse of the wave-function. We empha-
size that it is the number of scattered photons which is
important, not the number that can be detected by the
apparatus. The number of photons detected per ion per
pulse 1s much less than 1. As a further check that the
pulses were long enough, some runs were taken with 7,
decreased to 1.4 ms (the shortest that the shutter could
make). The results indicated that these pulses were still
long enough to collapse the wave-functions. These data
are not reported here because the pulse shapes were not
the same for different puise repetition rates. This made
quantitative interpretation of the data difficult.

With a faster optical shutter, such as an acousto-
optic modulator, the 313-nm pulses could be decreased
in length and still be long encugh to collapse the wave-
functions. However, the minimum time required for a
measurement pulse depends not only on the gverage pho-
ton scattering rate, but also on the time required to en-
sure that every ion will pass through the 313-nm beam.
The °Bet ions occupied a cylindrical volume with a
height of about 1000 pm and a radius of about 350 pm.
The 313-nm beam was focused to a radius of about 50
pum. It propagated perpendicular to the axis of the cylin-
der and intersected the “Bet ions near the center of the
volume. If the 313-nm beam were expanded radially and
directed along the axis, so that it intersected the entire
volume, this problem could be avoided.

IV. RESULTS

Table I shows the calculated and observed values of the
probabilities of making the 1 — 2 and 2 — 1 transitions

values agree within the measurement error of about 0.02
estimated from the scatter of the signal calibration data.
The general decrease of the probabilities with n demon-
strates the quantum Zeno effect. Probabilities must take
values from 0§ to 1. However, with our method of deter-
mining the transition probability, random fluctuations in
the photon count rate can lead to an apparent transition
probability which is less than zero or greater than 1. The
value of —0.006 for the observed 1 — 2 transition proba-
bility for n = 64 just means that the number of photons
detected was slightly higher than the number expected
for a transition probability of 0. Figures 3 and 4 show
the probabilities for the 1 — 2 and 2 — 1 transitions,
respectively.

The assumptions made in the calculations are as fol-
lows: When the rf field is present and the 313-nm radi-
ation is not, the transition between levels | and 2 is as-
sumed to proceed without refaxations. During the 313-

.
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FIG. 3. Graph of the experimental and calculated 1 — 2
transition probabilities as a function of the number of mea-
surement pulses n. The decrease of the transition probabili-
ties with increasing n demonstrates the quantum Zeno effect.
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FIG. 4. Graph of the experimental and calculated 2 — 1
transition probabilities as a function of the number of mea-
surement pulses n. The transition probabilities for n = 32 and
n = 64 are higher than the corresponding ones for the ] — 2
transition because of an optical pumping effect discussed in
the text.

nm pulses, the coherence between levels 1 and 2 is as-
sumed to be destroyed so quickly that the f field can be
ignored. The 313-nm radiation causes optical pumping
from level 2 to level 1 with a time constant of about 1 s.
This rate was measured by using an tf 7 pulse to prepare
the ions in level 2, turning on the 313-nm radiation, and
recording the 313-nm fluorescence as a function of time.
Optical pumping by the 313-nm pulses can have an ob-
servable effect on the measured transition probabilities,
especially for large n. This optical pumping causes a de-
crease in the 1 — 2 transition probability and an increase
in the 2 — 1 transition probability. The decrease in the
1 — 2 transition probability is not noticeable in our data,
since the transition probability is already small for large
n. The increase in the 2 — 1 transition probability is
noticeable for n = 32 and 64. The predicted transition
probabilities shown in Table I and piotted in Figs. 3 and
4 take into account optical pumping, the finite 3J13-nm
pulse durations, and the measured value of . The mea-
sured value of §? differed by less than 3% from the ideal
value @ = =/T. For compatison, 4[1 — cos®(x/n)], the
transition probability calculated if these effects are not
included, is also shown in Table 1.

For the larger values of n, the sum of the measurement
periods, n7p, is not negligible compared to T. Therefore,
part of the decrease in the transition probability is due
merely to the decrease in the time during which rf field
can act. For the most extreme case (n = 64) n7, is
60% of T. However, even for this case, the decrease in
the transition probability is much more than could be
accounted for by the decrease in time. For n = 16, nry is
only 15% of T, but the transition probability is decreased
by about 90%.

V. DISCUSSION

Cook!? originally proposed an experiment with a sin-
gle ion. Such an experiment should be feasible, since
single ions have been observed in Penning traps®! 23 and
in Paul traps.2*:2® The ensemble average, which is needed’
for comparison with calculations of the density matrix.
would be obtained by repeating the experiment many
times. In the present experiment, each measurement is
an average over an ensemble of about 5000 independent
ions, since their mutual interactions can be neglected. An
experiment might be done with a single Hg* ion. Level |
would be the ground 5d'%s 25, state, level 2 would be
the metastable 5d°6s? ? Dy, state, and level 3 would be
the 5d'%p 2Py, state. The 1 — 2 transition at 282 nm
and the 1 — 3 transition at 194 nm have already been
observed in a single Hg* ion 2

It might be argued that previous observations of ef-
fects such as collisional relaxation of rf transitions al-
ready contain the quantum Zeno effect. This is possible,
but we know of no experiment in which the effect has
been demonstrated simply and unambiguously. Colli-
sions cannot usually be interpreted as quantum measure-
ments. That is, they do not necessarily project a single
quantum system, such as an atom, into one state or the
other. Rather, in many cases, they perturb the phase of
the coherence, represented by R; and R: in the vector
model, for each system. For the ensemble average, R,
and R; are driven to zero, just as in our experiment, but
the underlying physics is different. Collisions may also
perturb R3, which is not desirable for 2 demonstration of
the quantum Zeno effect.

Some experiments that involve continuous measure-
ments have, in a sense, already demonstrated the quan-
tum Zeno effect. Although the measurements are contin-
uous, it takes a finite amount of time to make a measure-
ment with a given degree of uncertainty. Thus a contin-
uous measurement might be regarded as a series of mea-
surements, one after the other. In such experiments, the
measurement times are not separated from the free evolu-
tion periods, so the analysis is more difficult than for the
present experiment. One example of such an experiment
is the spin flip resonance of a single, trapped electron.!?
The spin state is detected by coupling the electron to an
electronic circuit. As the time required to make a mea-
surement is decreased by increasing the degree of cou-
pling, noise broadens the spin-flip resonance. This broad-
ening decreases the rate of transitions induced by a weak
microwave field. Another example is the three-level Hg*
system described previously.?® Radiation resonant with
the 5d'%s 25/, to 5d'%p 2P,y (1 — 3) transition per-
forms a continuous state measurement. Photons are not
scattered if the ion is in the 54%6s? 2D5,2 state (level 2);
otherwise they are. We have observed a decrease of the
rate of the 1 — 2 transition, induced by a marrow-band
laser, when radiation at the 1 — 3 transitior frequency
is applied.

Normally, the probability for spontaneous emission of



a photon by an atom grows quadratically only for ex-
tremely short times, approximately the inverse of the
frequency of the emitted photon. However, it might be
possible to increase this time by placing the atom inside
a resonant cavity. Jaynes and Cummings® showed that
a two-level atom coupled to a single mode of a resonant,
lossless cavity oscillates between the ground and excited
states. Suppose an excited atom is placed in a cavity
that initially contains no photons. Then the probability
for the atom to be in the excited state is cos?(gr), where
¢ is the coupling constant (the vacuum field Rabi fre-
quency) and r is the time that the atom has been in the
cavity. The probability for the atom to be in the ground
state is proportional to 72 for 7 short compared to g~1.

If the atom is coupled to a single damped cavity mode,

the probability to be in the ground state is still pro-
portional to 72, provided that r is short compared to
both ¢~! and v !, where 7, is the dissipation rate of the
cavity.2” It might be possible to demonstrate the quan-
tum Zeno effect on the decay of an atom in a cavity. This
would not contradict the results of Ghirardi et al..? since
they did not consider such a system.
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INTRODUCTION

Single ions in ion traps can be localized in small volumes and held for long pe-
riods of time. This makes it easier to observe certain nonclassical properties of the
electromagnetic field, such as photon antibunching and sub-Poissonian photon statis-
tics, which are reduced when large numbers of atoms are present. Such properties can
be observed in atomic beams so dilute that the probability of having more than one
atom in the observation volume is low.»? Trapped ions can be studied for much longer
times. This makes it possible, for example, to observe repeated quantum jumps of the

same atom.>”® When there are only a few (or one) ions in the trap, their number can

be known and kept fixed. Thus, sub-Poissonian photon statistics can be observed®”’
without the time gating which is necessary with atomic beams.? Another advantage of
trapped ions is that, thanks to their isolation from collisions and other perturbations.
they can be laser-cooled to low temperatures and studied spectroscopically with great
precision. A single ion has even been cooled to the ground energy level of the harmonic
well of the trap, so its motion must be treated quantum mechanically.®

EXPERIMENT

Hg* ions were confined in a Paul trap that consists of a toroidal ring electrode.
with an inner diameter slightly less than 1 mm, and two endcap electrodes, which are
placed symmetrically on opposite sides of the hole through the ring.® A combination
of static and rf potentials applied between the electrodes effectively creates a three-
dimensional harmonic well. The classical motion consists of a small-amplitude oscilla-
tion, at the frequency of the applied rf potential, supertmposed on a large-amplitude,
harmonic motion, called the secular motion. The frequencies of the secular motion were

1-4 MHz.

A cw, tunable 194 nm radiation source'® with a power of about 5 yW was used
to excite the 25, /2 to 2Py first resonance line of Hg*. In order to cool the ions, the
frequency of the 194 nm source was tuned slightly lower than the atomic resonance.
The radiation pressure force increases when the ion’s velocity is opposed to the direction
of 194 nm propagation, because the Doppler shift brings the light frequency closer to
resonance. This form of laser cooling is called Doppler cooling. The 194 nm fluorescence

*Work of the NIST. Not subject to U.S. copyright.
'Present address: Gsianger Optoelektronik GmbH, Planegg, Federal Republic of Germany.
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Figure 1: The lowest four energy levels of Hg*.

from a single, cooled ion was easily observed. The photon detection efficiency was
about 5 x 10~*. Approximately 50 000 photons/s from a single ion were detected with
a photomultiplier tube.

QUANTUM JUMPS

Quantum jumps of single, trapped ions have been observed in Bat >* Hg* ° and
Mg*.'! In this context, the term “quantum jump” refers to a sudden change in the
fluorescence intensity when the atom makes a transition to or from a metastable level.
We have observed photon antibunching and sub-Poissonian statistics in the system
shown in Fig. 1. Measurements of the radiative decay rates were reported previously.”
The 194 nm source drives the Hg* ion from the ground 25, level to the 2P, /; level,
which decays at a rate of 4 x 10® s71. Usually, the ion decays back to the ground state,
emitting a 194 nm photon. However, about once in 107 times, it decays instead to the
metastable ?Dg/; level, and emits an 11 um photon. The 2Dy, level decays with a
total rate of 4y = 109 £ 5 s™'. It decays directly to the ground state with probability
f1 =0.491 £ 0.015 and to the metastable ?D;/; level with probability f; = 1 — f;. The

2Ds/2 level decays to the ground state at a rate v, = 11.6 + 0.4 s~1.

Figure 2 shows the 194 nm fluorescence from a single Hg* ion as a function of
time. When the ion makes transitions between the 2),; level and the 2P, level, the
fluorescence has a high, steady level. When the jon makes a transition (quantum jump)
to the 2 D3y level and emits an 11 um photon, the fluorescence drops to the background
level. When the ion returns to the ground state, the fluorescence goes back to the high

level. We call the sudden drops in fluorescence “on-to-off” quantum jumps and the
sudden increases “off-to-on” quantum jumps.
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Figure 2: 194 nm fluorescence of a single Hg* ion as a function of time.



Table 1: Table of observed and calculated values of Np{n) and Q. Values of Np(n]
and @ for Poissonian distributions having the same {n) are shown for comparison.

p(n) Q i

n= 0 1 2 3 4 5 6 T
Obs. 1350 785 572 222 58 12 0 1 —0.253¢0.0~2.51‘
|
i

l-ion | Calc. {360.3 771.5 5683 2282 59.2 109 15 0.2]-0.243
Poiss. | 470.5 6809 4926 2376 86.0 249 6.0 1.2| 0.000
Obs. 796 1503 1118 445 99 35 2 2 |-=0.194+0.019
2-ion | Cale. | 775.0 1558.1 1077.1 436.8 1223 25.8 4.3 0.6]-0.198
Poiss. | 969.0 1373.8 973.9 460.2 163.1 46.3 10.9 2.2| 0.000

Let ¢(®(7) be the normalized intensity correlation function of the 11 um field
generated by the radiative decay from the 2Py, level to the 2D,, level. Reference 7
used a solution of the density-matrix equations of the four-level atomic system, valid
for times long compared to the lifetime of the 2Py, level, to show that

gy =1-Cre™™ ~C_e™™ 7, (1)

where

1
Y+ = 5{(‘70 +m+v2) £ [(o+m+72) —4f2v0m — 4N — 470‘)’2]%}, (2)

Ci = Tv:(five — 12)/ 12l — 72 (3)
Here, v is the transition rate from the “on” to the “off” state. It depends on the
intensity and frequency detuning of the 194 nm source. Since ¢'d(r) = 0as T — 0, the

11 um light is antibunched. The calculated and measured g'2(7) are in good agreement
[see Fig. 2(a) of Ref. 7}. Photon antibunching was also observed with two Hg™ ions

separated by about 3 ym.” The observed ¢'*(7) was consistent with the assumption
that the two ions were independent.

Given g‘¥(r), we can compute the complete photon counting distribution. Let
p(m) be the probability that m, 11 um photons are emitted in an interval of length T'.
It can be shown that

plm) = 2 & S, (4

where the rth factorial moment of n is defined for r =1,2,3..., by

oo

N ={nn-1...(a~r+1))=> nn-1)...(n = r+1)p(n) (5)

n=0

and (n®) = 1.® With the assumption that the ion loses memory of its previous history
after each 11 pum photon emission, the factorial moments are given by

- T ¢
(n"y = (1)'r!]0 dt,...jo’dtlgm(t, ). gt =), r=2,3,...,

(n®) = (n) = ()T, (n®) =1, (6)

where {I) is the average number of 11 um photons emitted per unit of time."® The
normalized second factorial moment @ is given by Eq. (11a) of Ref. 13. This parameter
measures the departure of the variance of a distribution from that of a Poissorian
distribution. Negative values of Q indicate sub-Poissonian statistics.
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Figure 3: Observed and calculated photon count distributions. The uncertainties are
less than or approximately equal to the radii of the dots. A Poissonian distribution is
shown for comparison.

Observed and calculated values of Np(n) and @ for one and two ions are shown
in Table 1. Here, Np(n) is the number of intervals in which n photons were detected,
where N is the total number of intervals. For the one-ion data, N = 2000, T = 200
ms, 4o = 12.55 s™!. For the two-ion data, N = 4000, T = 100 ms, 7o = 12.1 s~1. The
observed and calculated values are in good agreement with each other and clearly differ
from the values for a Poissonian distribution. The statistical uncertainties of Np(n)
are approximately the square roots of the measured values. The values of ) depend on
the value of T. For example, ¢ was measured to be —0.242 & 0.025 for T = 200 ms.’
Values of p(n) were calculated by computing (n{”)} for r = 0,...,11 from Eq. (6) and
using Eq. (4). Figure 3 shows the observed and calculated values of Np(n) for one ion.
The dots represent the experimental data. The solid line is a smooth curve connecting
the calculated values.

If the atom loses all memory after each quantum jump, then the lengths of suc-
cessive intervals between jumps should show no correlation. Let T3,75,...,T, be the
successive intervals between off-to-on or on-to-off quantum jumps. A nonrandom pat-
tern in the scatter plot of T, vs T,,;; would be an indication that the seemingly random
sequence of quantum jumps was actually governed by a low-dimensional chaotic attrac-
tor. Such patterns have been observed, for example, in the time sequence of drips from
a leaky faucet.! Plots of T,, vs T4, for both the off-to-on and the on-to-off quantum
jumps are shown in Fig. 4. No nonrandom structure is apparent.

500 500 v

Th+1 (ms)
Tn+1 (ms)

T, (ms) Tn (ms)

Figure 4: Scatter plot of T,,41 vs T, where T, is the nth interval between successive
(a) on-to-off quantum jumps and (b} off-to-on quantum jumps.



QUANTUM HARMONIC OSCILLATOCR

The wavefunctions of a single charged particle in a Paul trap have been calculated
in Refs. 15 and 16. Since the Hamiltonian is time dependent, stationary states do not
exist. However, quasi-stationary states, obtained by solving for the eigenvalues of the
Floquet operator, do exist. Thev correspond in some sense to the stationary states of
the secular harmonic oscillator potential.

The absorption spectrum of a narrow optical resonance of an ion in a Paul trap
consists of an unshifted carrier, surrounded by discrete motional sidebands. The side-
bands are spaced by multiples and combinations of the secular fre%uencies. We have
observed these sidebands in the absorption spectrum of the S, /5-t0-? D;, transition of

a single trapped Hg* ion.® The carrier results from transitions in which the vibrational
quasi-energy is unchanged. The upper and lower sidebands correspond to transitions
which increase or decrease the quasi-energy.

Recently, we have cooled a single Hg* ion almost to the lowest (n, = 0) vi-
brational quasi-energy state, by a method called sideband cooling.® First, the ion was
Doppler cooled to about 2 mK with the 25, j3-to-2P; /, transition, so that the mean value
of n, was about 12 at a secular frequency of 2.96 MHz. Laser radiation tuned to the
first lower sideband of the narrow 25)/,-t0-2 D5/, transition was then applied to the ion,
lowering n, by one for each photon absorbed. After the sideband cooling period, laser
radiation of saturating intensity was applied at the lower sideband frequency. Absence
of absorption, detected by optical double resonance,” indicated that the ion was in the
n, = 0 state. The ion was found to be in the (n, = 0) state about 95% of the time.

Starting from the n, = 0 state, other quantum harmonic oscillator states could
be prepared by manipulation of the electric potentials applied to the trap. A coherent
state could be prepared by quickly shifting the static potential of one endcap relative
to the other, thus shifting the center of the potential well. A squeezed state could be
prepared by shifting the static potential on both of the endcaps relative to the ring.
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4-Level Density-Matrix Equations

dpnn
el Y1P11 t+ Y3P44
dpa _
ol fayipir — 12022
dpsz '
I fimipir + 12p22 + Yapas — 1(p3s — paa)uE(t)/h
dpss _ ;
— = —(v4 + ’73)P44 +i(p3s — pa3)uE(t) /P
d . - |
—df-)—t?ii = [iwsz — 3(y3 + Ya)]p3s + 1(pas — pas)E(1)/ R

wy3 is 251/2 to 2Py, transition frequency,
u is electric dipole matrix element,

E(t) = E cos(wt).



Effective 3-State Rate Equations

For time scales much longer than the ?P/, lifetime
(2 ns), the system can be described by 3 population

variables:

P, =p1, P2=pp, and Fp=ps+ pu

\ _,_O_._.\ 7o
Py R "\:’\""5.._____ 1 %Dy
: 'lfl')’l fon
' ? { A 2
\ § : - L D5/2
251/2 \\ v ’,' o
dP;
- = —mP P,
7 Y1431 + Yol 0
dPs
— = = P, — P
dt f2’)’1 1 — Yol
dF,

= = fimP+ 2P — ko
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Calculation of ¢(2)(+) for 1 Ion

g(z)(r) = 1ntens. correl. function of 11 pum field.

11 pm photons emitted at rate voPB,.
99(1) o« Py(r).
For initial conditions at 7 = 0
Po‘-——-o, P1=1, P2=0
(i.e., at 7 = 0, the ion is in the 2Dy)5 state.)

Solution:

g1y =1-Cre ™ — C_e™ 7,
{C+1 C—-: T+ 7—} depend on {707 715 Y2, fl: f2}

1

g(2)(7)

5 . .T.

93(r) — 0asT—0
(photon antibunching)



WHAT IS PHOTON
ANTIBUNCHING?

Define the intensity correlation function C(7) to be:
C(r) = (I@®I(t+ 7)),
and the normalized intensity correlation function to

be:
0@(r) = C(r) _ I@IE+7))
(I(¢))° (I(2))*
Examples:
Antibunched light Thermal light (bunched)
2 2

For antibunched light, g*’(0) < 1. The photons
tend to avoid each other. For thermal (chaotic) light,

¢'2(0) > 1 (photon bunching).

07



A CLASSICAL FIELD CANNOT
BE ANTIBUNCHED

Consider an arbitrary, stationary, classical I(%):
| I(t) = I, + AI(2),
where I, = (I(t)) and (AI(t)) = 0.

Intensity correlation function:

C(r) = @I+ 7))

C(oo) = (I(t))*
— (IO)2
C(0) = (I(t)°) .
= (I, + AI(%)))
= (L) +2A8I(t) I, +(AI(t))?)
=0
= (L)’ + {(AI(1)?)
>0
Therefore,

C(0) 2 C(o0)



Calculation of Photon Count
Distribution P(m)

P(m) = prob. m photons detected in time T.
It can be shown that

P(m) = 5 & Sl ),

_T;L-!- r=0 7!
where the (n{")) defined by:

)
(n*”)
(n?) = (n(n—1))
(n*)

and (n(") is given by the r-fold integral:
(n®) = (D! [Fdt, ... 2t gD (t~t-1) - g B(t—11),
where (I) = avg. # photons/sec.



Calculation of @
The Poissonian distribution is:
Proiss(m, (n)) = e~

Q measures the deviation from Poissonian statistics:

_(An)) = (n) _ (n®) — ()’
C=""m T ™

Q = “%""{/0 dt; [;* dt:lg 2)(t1)—1]}

C+ 1 — 6_7+T

T+

H

~2h{ZE

v+ T



Laser Cooling to the Zero-Point Energy of Motion

F. Diedrich, ™ J. C. Bergquist, Wayne M. Itano, and D. J. Wineland

Time and Frequency Division, National Institute of Standards and Technology, Boulder, Colorado 80303
(Received 28 July 1988)

A single trapped '™Hg* jon was cooled by scattering laser radiation that was tuned 1o the resolved
lower motional sideband of the narrow S;4-2Dy,; transition. The different absorption strengths on the
upper and lower sidebands after cooling indicated that the ion was in the ground state of its confining

well approximately 95% of the time.

PACS numbers: 32.80.Pj, 32.30.Jc, 35.10.—d

The subject of laser cooling of ions and neutral atoms
is currently of great experimental and theoretical in-
terest.' It has been applied to high-resolution spectros-
copy, low-energy collisions, quantum jumps, and photon
antibunching.? In all cooling experiments done so far,
the oscillation frequency @, of the particle in its
confining well was less than the linewidth I' of the cool-
ing transition. This condition also applies to frec-atom
experiments, where w, — 0. The lowest temperatures T
have been obtained in recent free-atom experiments,’*
where kinetic energies near or below that corresponding
to the recoil of a single photon from an atom at rest have
been achieved (T==1 uK). In this Letter we report, for
the first time, laser cooling of a single bound atom in the
resoived sideband regime I'®€w,.. An ion has been
cooled so that it occupies the ground state of its
confining potential most of the time.

The idea of laser cooling in the resolved sideband re-
gime is as follows>: Let the rest frequency of the atom’s
cooling transition be wy. If the atom oscillates at fre-
quency w, in its confining well, the atom's absorption
and emission spectrum (as viewed in the laboratory) has
resolved components at g and wo + mw, {m an integer).
If we irradiate the atom with narrow-band radiation
tuned to the first lower sideband at wy— w,, the atom ab-
sorbs photons of frequency h(wo—w,) and reemits pho-
tons of average encrgy Awo. Hence, on the average,
each scattered photon reduces the atom’s vibrational en-
ergy by hw,, or reduces the atom’s vibrational quantum
number 2. by 1. In this way, we can obtain {n.) <1 and
have the atom most of its time in the ground-state level
of its confining potential.** When (n,)<1, T is no
longer proportional to {n.) but depends logarithmically **
on {n.). The technique of sideband cooling has previous-
ly been applied to cool the magnetron motion of trapped
electrons with an rf electronic excitation of the axial
motion that was coupled to a cooled resistor.’ The final
temperature in this experiment was limited by thermal
excitation and the energy of the magnetron motion cor-
responded to (n.)>»1. In the experiments described
here, we achieve (n,) <1 by optical sideband cooling.
For our value of w,, T was about 50 uK. However, to
the extent that the particle is in the ground state of its

confining potential (about 95% of the time here) the fun-
damental limit of laser cooling for a confined particle has
been reached.

Our experiments were performed with a single '**Hg *
ion stored in a Paul (rf) trap'®!! which had e,/2x=2.96
MHz (sec Fig. 1). In order to optimize the cooling, 2
two-stage process® was used. First, the ion was cooled to
near the Doppler cooling limit! (T =AT/2ks, where kg
is the Boltzmann constant) by scattering light of wave-
length 194 nm on the strong 2S,,-2P ), tramsition [(4)
in Fig. 1{a)].'? At the Doppler cooling limit, (.} = 12
{T'=1.7 mK) for each degree of freedom.® In the next
stage of cooling, the 194-nm radiation was marned off
and the narrow 25;,-2Ds/; electric quadrupole transition
[(B) in Fig. | (a)] was driven on the first lower sideband
frequency wo—w,.. Since the natural lifetime of the
2Dy, state limits the maximum scatter rate to approxi-
mately 1T (°Ds;) =6 photonsfs,'®' a cooling time of
at least 6 s is required to reach (n,)=0 for all degrees of
freedom. This time becomes even longer, or cooling is
prevented, if external heating is present. Therefore, in
order to enhance the sideband cooling rate, the lifetime
of the 2Ds; state was shortened by coupling it to the fast
decaying 2Py, state by 398-nm radiation {€) in Fig.
1(a)). From the Py, state, the ion has high probability

L
zmism-- G4
Paul TrapN
"
194 nm
FIG. 1. (a} A simplificd energy level scheme of Hg 11 show-
ing the optical transitions involved in our sideband cooling ex-
periment.  (b) The geometrical arrangement & the laser
beams. The 194-nm fuorescence is detected nemmal 1o the

plane of the figure, Mirror M reflects 194-nm radation while
transmitting 398-nm radiation.
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of rapidly decaying to the ground state. When {n.) <1,
a quantitative measurement of (n,} from the absorption
spectrum becomes very simple. The strength of absorp-
tion S; on the lower sideband is proportional to (n,),
while the strength Sy of the upper sideband is propor-
tional to {n,}+1.* When (n.) approaches zero, the lower
sideband disappears because no more vibrational quanta
can be extracted from the ion. If the sideband absorp-
tion spectrum is probed with saturating power, the ratio
of the strengths of lower 1o upper sidebands becomes in-
dependent of power'* and directly gives (n,).

To simplify our discussion, we have assumed the trap
states and associated wave functions are those of a har-
monic potential which is equal to the classical pseudopo-
tential of the rf trap. In the quantum treatment of the rf
trap,'>'® the relevant states are not energy eigenstates
because of the time dependence of the potential. Howev-
er, when the trap drive frequency Q> w,, the atom’s op-
tical spectrum and transition matrix elements relevant
for cooling closely approximate those for a harmonic po-
tential equal to the classical pseudopotential. The states
which represent the cooled jon look like harmonic-
oscillator states whose dimensions oscillate with small
amplitude at frequency 1. These states are of the form
expl —iw.(n+ 3 )t1f,(x,1) where the f, are periodic in
time with period 27/0.'¢

Our trap'®!! (rp=466 um, zo==330 ym) was operat-
ed at a trapping field frequency n/2x=23.18¢ MHz.
With an rf peak voltage amplitude ¥o==1.2 kV and a
static potential Up™=+71.4 V applied to the ring elec-
trode, the trap potential was approximately spherical. In
order to cool all motional degrees of freedom to near the
Doppler cooling limit for the (4} transition, two orthogo-
nal beams of 194-nm radiation, both at an angle of 55°
with respect 1o the trap symmetry (z) axis, were used
(Fig. 1). The radiation to drive the (B) transition was
derived from a frequency stabilized dye laser (A =563
nm) with a linewidth iess than 20 kHz. The output radi-
ation from this narrow-band laser was frequency doubled
and focused to as much as 25 W/cm? at the position of
the ion; this allows strong saturation on the cooling tran-
sition. The radiation to drive the (C) transition was de-
rived from a frequency stabilized LD 700 dye laser
whose output radiation was frequency doubled and fo-
cused to give approximately 1 mW/cm? at the position of
the ion,

Before the sideband cooling experiment was started,
an absorption spectrum of the (B) transition was taken'’
to determine the carrier frequency as well as the side-
band frequencies (inset Fig. 2). We made sure that the
282-nm source had equal power at both the upper and
lower sideband frequencies. For the sideband cooling
and the probing of the absorption spectrum, the follow-
ing computer-controlled sequence was run repeatedly.
First, the 398- and 194-nm radiation were turned on
stimultaneously for a 20-ms interrogation period. If the
194-nm fuorescence exceeded a preset value during this
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FIG. 2. Absorption spectrum of the 2S,-2D:s electric
quadruple transition of **Hg*. The inset spectrum was taken
before sideband cooling was applied. It shows the carrier at
zero detuning (frequency wo) and the first sidebands (at fre-
quencies wo— w, and ao+ @) generated by the ion’s motion in
the approximately spherical weil. For this spectrum, the band-
width of the 282-nm radiation was broadened to 120 kHz to
reduce the number of required data points and the laser power
was reduced in order to avoid saturation. The enlarged part of
the figure shows the absorption strength S: (Si) on the lower
(upper) motional sideband 15 ms after the end of the sideband
cooling. Values for S; and S were obtained from Gaussian
fits to the data points which arc averaged over 41 sweeps.

period, it could be assumed that the ion was laser cooled
and cycling between the 2S,/; and the 2P, /2 states. This
20-ms interrogation period was repeated until this condi-
tion was satisfied. Then the 194-nm radiation was
switched off and the 282-nm radiation, tuned to the first
lower sideband at wg~ w,, was switched on for a cooling
time z. (typically 200-500 ms). After the 282-nm radi-
ation was switched off, the 398-nm radiation was kept on
for a relaxation time r, (typically 5 ms) in order to emp-
ty the Dy, state. After this, the cooled ion was in the
electronic ground state and the probing of the absorption
spectrum was done as foliows: The 282-nm source was
switched on at saturating intensity for 10 ms at a fre-
quency corresponding to one point near the upper or
lower sideband frequency. After this, the 282-nm beam
was switched off and the 194-nm radiation was switched
on to see if the ion had made the transition to the 2D«
state.'' The result was averaged with the results of pre-
vious measurements at the same probe frequency. The
frequency of the 282-nm source was stepped to the next
value and the cooling and probing cycle was repeated un-
til about 40 cycles for each value of the probe frequency
were completed. The results of a typical run are shown
in Fig. 2.

In order to deduce (n,) for the different motional de-
grees of freedom, the geometry of our experiment (Fig.
1) has to be considered. The 282-nm beam enters the
trap at an angle of 55° with respect to the z axis. The x
and y directions were previously determined by the fixed
spatial alignment of two simultaneously stored ions,'’
which we take to be along the x axis. From these data,
the squares of the projections p; of unit vectors along the



trap axes onto the 282-nm beam axis are calculated to be
pE=0.03, p?=0.64, and p;/=0.33. Since we make the
differences between the x, y, and z frequencies bigger
than 1/r,, all directions are cooled simultaneously.®
However, in the analysis, we assume that the probing ab-
sorption strength is duc only to the ion’s motion in the y
and z directions. Since the x axis is nearly perpendicular
to the 282-nm beam, no meaningful statement abut the
energy in this degree of freedom can be made. By
neglecting the contribution of the x motion to the side-
band strength we overestimate (n.) for the y and z direc-
tions. In order to deduce {n,) for the y and z oscillations
from our data (Fig. 2), an assumption about the energy
distribution between the two directions has to be made.
If we assume temperature equilibrium between the y and
z degrees of freedom, both contain an energy correspond-
ing to {n,)=(1—5./Sy) ~"*—1=0.051 £0.012 quan-
ta. Therefore, for the y and z degrees of freedom, the
ion is in the n. =0 state 95% of the time. The corre-
sponding temperature given by® kT =ho.An(1+1/
{n,)} is T=47+3 uK. For any other energy partition,
{n.) and T for onec degree of freedom would be less than
these values. Independent of the energy distribution, for
both degrees of freedom the temperature is much lower
than the 194-nm Doppler cooling limit and the ion
spends most of its time in the harmonic-oscillator
ground-state level.

The theoretical sideband cooling limit® gives a value of
(n,) == 10 ~%, However, since the probing in the experi-
ment is done at saturating power, the measured {n,} cor-
responds to the energy of the ion at the end of the prob-
ing interval, which is typicaliy 15 ms after the end of the
sideband cooling, and external heating might have oc-
curred. In order to check for external heating processes,
we extended 7, up to 100 ms and measured S;/S;- as a
function of r,. We determined a heating rate (due ap-
parently to pickup of stray noise fields at radio frequen-
cies) of (.} ==6/s. If we assume the heating is due to
thermalization of the ion to room temperature by noise
at frequency o,, the heating time constant is 95 h.'®
This rate varied slightly with o, around o.=3 MHz,
but was substantially higher for w.<2.5 MHz. From
these heating data, the measured {n.) is consistent with
the theoretical limit at the end of the sideband cooling
period. We also measured (n.) for a single degree of
freedom directly by changing Ug to —25 V in order to
split the radial and axial sideband frequencies. The
282.-nm radiation was tuned so that only the first axial
sideband at @,/2xr=4.66 MHz was cooled and probed.
From the results, shown in Fig. 3, we calculate {n.)
=(),049 +0.045 at the end of the cooling period, con-
sistent with the theoretical cooling limit. The
confinement of the axial motion is given by the spread of
the zero-point wave function z (rms) = 2.4 nm.

For our data, the uncertainty in the second-order
Doppler shift is dominated by the uncertainty in {n.} and
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FIG. 3. Vibrationa! quantum number (n.) for the axial
motion (w./2n=4.66 MHz} as a function of time delay be-
tween the end of the sideband cooling and probing. A linear
extrapolation of the data points (circles) to zero delay time
yields {n.) (triangle} consistent with the theoretical expecta-
tion.

amounts to Av/v < 10 7% (Ref. 8). It can be made sub-
stantially jower by adiabatically lowering the potential
well depth after the ion is cooled into the ground state.
With our experiment, the absorption of a single quantum
of energy at a (tunable) frequency in the R4Hz range
can be detected with an efficiency of nearly 160%. With
appropriate coupling to the ion's motion {for example,
via one of the endcaps), a similar apparatus could serve
as a very sensitive spectrum analyzer. In asether possi-
bie application, the motion of a trapped charged particle
could be damped by coupling it electronically'® to a
second laser-cooled ion in a separate trap, thereby reduc-
ing the first charged particle’s kinetic energy to near the
zero-point energy. Resonant excitation of the first
particle’s motion could then be detected very sensitively
by its influence on the laser-cooled ion. Sagh a device
might be useful in mass spectroscopy.

In summary, we have realized laser cosling in the
resolved sideband regime for the first time. Yhe kinetic
energy of a trapped atomic ion was reducef to a value
where it spent most of its time in the ground-state level
of its confining well. To the extent that theijon is in the
zero-point energy state of motion, this resitzes for the
first time the fundamental limit of laser zooling for a
bound particle and the ideal of an isolated Momic parti-
¢le at rest to within the quantum-mechanicd limits im-
posed by the surrounding apparatus.
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Abstract

Ordered structures of as many as 16 laser-cooled Hg* ions, confined in a Paul trap, have been
observed. These structures, called Coulomb clusters, match those calculated by minimizing
the effective potential energy of the system. The 5d'%s 25/, to 5d°6s? 2Ds/, transition in
Hg* has been observed by optical-optical double resonance. The resolution was high enough
that Doppler-induced sidebands, due to the harmonic motion of a single ion in the trap, were
clearly resolved. Additional sidebands, due to the relative vibration of two ions forming a
pseudomolecule, have also been observed.

I. Introduction

A group of a few ions in a Paul (radiofrequency) trap is a system that can be modelled
with simple calculations, but which still exhibits phenomena, such as spatial ordering and
phase tramsitions, which are associated with condensed matter. Stimulated in part by re-
cent theoretical predictions that systems of laser-cooled ions would form spatially ordered
structures,! 9 several experimental groups have produced and studied such structures.6—11

We have created systems of a few Hg* ions, which we call Coulomb clusters, in which the
positions of the ions are approximately fixed relative to each other. These relative positions
are determined by a balance between the confining forces of the trap and the mutual Coulomb
repulsion of the ions. We have also observed a modification of the optical absorption spectrum
of the ions by the harmonic vibration of two ions relative to each other. This vibration is
an indication that the jons have formed a spatially ordered state. Direct evidence of spatial
ordering has been obtained by two-dimensional imaging of the laser-induced fluorescence
from the ions. Images of up to 16 ions have been recorded and compared with calculations.
These clusters are a novel form of matter, in which the spacing between atoms is larger by
about three orders of magnitude than in an ordinary crystal or molecule. Observations of
similar structures of ions in a Penning trap have been made recently.12 Those structures

*Work of the NIST. Not subject to U.S. copyright.
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Figure 1: The lowest energy levels of Hg*.

contained more ions than those described here (as many as 15 000). However, individual
ions were not resolved in the Penning trap, as they were in the Paul trap. The smallest
clusters studied in the Penning trap had about 20 ions, so that the two experiments taken
together cover a range of ion numbers from one to 15 000. We have also observed Coulomb
clusters of charged particles with diameters of several micrometers in a large Paul trap. Such
clusters of mascroscopic particles are more easily produced and observed than ion clusters.
However, the charge-to-mass ratio cannot be made as uniform as for jons. In Thomson's
model of the atom, the potential energy function for the electrons was essentialiy the same
as for the ions in a Paul trap. As a result, some of the cluster shapes that we observe are
the same as those Thomson calculated for atomic electrons. Preliminary reports of this work
have appeared elsewhere.”10

II. Hg' levels

The lowest energy states of the mercury ion are shown in Fig. 1. The ground state is 25, /5.
as in an alkali atom. The strong 1S/, to ?Py/; electric dipole transition at 194 nm is used
for the laser cooling and fluorescence detection. The lifetime of the 2P/, state is about 2
ns. Usually, it decays directly back to the ground 25,/; state. About once in 107 times, it
decays instead to the metastable ?Dj/, state, which has a lifetime of about 9 ms. If this
happens the 194 nm fluorescence abruptly turns off. The ?Ds;; state decays about half the
time directly to the ground state and the rest of the time to the metastable 2Ds)s state,
which has a lifetime of about 86 ms. After the decay to the ground state the fluorescence
turns on again. Thus, the 194 nm fluorescence from a single jon is bistable and switches
randomly between zero and a steady level. The statistical properties of this bistable signal
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Figure 2: Schematic view of the apparatus. The separation between the endcap electrodes is
approximately 625 um. The inner diameter of the ring electrode is approximately 890 um.

have been used to measure the decay rates of the metastable states.13

III. Apparatus

The experimental apparatus is shown schematically in Fig. 2. The electrodes of the Paul trap
are shown in cross section. Radiofrequency and static voltages are applied between the elec-
trodes to control the effective potential well for the ions. The 194 nm laser beam passes along
a diagonal between the electrodes. The 194 nm source is required both for detecting the ions
and for cooling them {by resonant radiation pressure). The 194 nm fluorescence is detected
along another diagonal. For some experiments, the 194 nm detector is a photomultiplier
tube. In other cases, a resistive-anode photomultiplier tube that provides two-dimensional
positional information from single photoelectrons is used. For optical-optical double reso-
nance experiments, 282 nm light from a frequency-doubled dye laser is focused on the jons.

A. Paul trap
The electric potential inside an ideal Paul trap is given by the expression,

Bay,e) = DIV W 2y 2 g0y )

The potential V applied between the ring electrode and the two endcap electrodes is the
sum of a static and a radiofrequency part: V = Uy + V, cos(§t). The parameter A depends
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on the geometry of the trap electrodes and has the dimensions of area. The radiofrequency
voltage V, gives rise to an effective potential which confines in all directions. This potential
is four times as strong in the axial (z) direction as in the radial (r) direction. The ratio
of the axial to radial confining force can be changed by varying the static voltage U;. The
effective potential energy which governs the average motion, called the secular motion, is

2‘/2 U, 4 2V2 2qU
q¢eﬁ(Iiyiz) = ("?92;4 + gzz'q) (.".Cz + y?) + (m§1224 . ;20) 22 (2)
2 mw2
- m;-’,- (32 + y‘z) + 5 222. (3)

We call the harmonic frequencies for the secular motion along the axial and radial directions
w, and w,. The ion also oscillates at the frequency Q of the applied field. This motion is
called the micromotion. Under normal operating conditions, §} is much greater than w, or
w,. I there is a slight deviation from axial symmetry, we can describe the effective potential
in terms of secular frequencies w, and wy, provided that we align the coordinate axes along
the principal axes of the potential. The effective potential is

mw? mw? mw?
q¢€ﬁ(xsysz)z 213"2+"“2J‘y2+ 2zz2, (4)

where w; =~ w,.

The trap used in these experiments has been described previously.M The electrodes
were made of molybdenum. The design of the electrodes, which were machined with simple
straight cuts, has been discussed in detail elsewhere.1? The inside diameter of the ring
electrode was less than 1 mm. This allowed very strong electric field gradients to be applied.
The maximum value of Vy was about 1 kV. The frequency Q1/2x was about 23 MHz. The

ions were created inside the trap by electron impact ionization of isotopically purified '**Hg.

B. Lasers

The cw, tunable 194 nm source has been described previously.16 Radiation at 257 nm was
generated by frequency doubling the output of a 515 nm single-mode cw argon ion laser in
an ammonijum dihydrogen phosphate crystal. This radiation was mixed with the output of
a 792 nm cw dye laser in a potassium pentaborate crystal to generate the sum frequency at
194 nm. The efficiencies of the frequency doubling and mixing processes were enhanced by
using ring buildup cavities to increase the powers of the input beams circulating through the
crystals. About 5 pW were generated at 194 nm. The bandwidth was about 2 MHz.

The narrowband 282 nm source was obtained from a dye laser that was frequency doubled
in a deuterated ammonium dihydrogen phosphate crystal. The bandwidth of the dye laser,
which was stabilized to a Fabry-Perot cavity, was about 15 kHz for these experiments.
Recently, the linewidth of this laser has been decreased further by stabilizing it to a higher-
finesse cavity.

C. Photon imaging detection

A three-stage lens system projected an image of the ion fluorescence onto the photocathode
of the position-sensitive photon counter with a magnification of about 180. The first stage
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was an aberration-corrected multi-element lens with an f-number of 4.5. The positional
information from single detected photons was available in either analog or digital form.
Images could be observed in real time on an oscilloscope screen, using the analog pulses.
The digital information went to a computer, in order to make time exposures. An image of
a single ion in the trap, recorded with this apparatus, has been published previously.l’

IV. High resolution optical spectroscopy

A. Optical-optical double resonance

We have observed the 282 nm 25, /2 to 2D5/2 electric quadrupole transition with high res-
olution. The metastable 2Ds;, state has a lifetime of about 86 ms, so the transition has a
natural linewidth of about 2 Hz. It would be very difficult to observe this transition in a
single ion by detecting the emitted 282 nm photons, since there would be at most about 11
photons per second. To increase the efﬁciencg of observation, we use optical-optical double
resonance with quantum amplification.}418.19 The method works in the following way. The
194 nm source is turned off and 282 nm source is turned on. Suppose the ion absorbs a 282
nm photon, and is put into the metastable state. When the 194 nm light is then turned on,
no fluorescence is observed. If, on the other hand, the ion is still in the ground state when
the 194 nm light is turned on, flucrescence is observed at the normal intensity (typically
thousands of photons per second detected). After a few milliseconds, the state of the ion
can be determined with almost complete certainty. This technique was developed with the
goal of making an optical frequency standard. Here it is used to yield information about the
temperature and mutual interactions of the trapped ions.

B. Single-ion motional sidebands

The Doppler broadening of an absorption resonance of an ion bound in a harmonic well is
modified by the confinement.20 Instead of a single, broadened resonance line, the spectrum
takes the form of a series of discrete resonances, each having a width equal to the natural
width of the resonance, which are separated by the frequency of harmonic motion.

Consider an ion moving in the z direction in a harmonic well with frequency w, and
amplitude Xy, so that

z = Xo cos{w;t). (5)

Let it be irradiated by a monochromatic laser beam of frequency w propagating along the r
axis. The electric field E(z,t) of the laser beam is

E(z,t) = Re Epett==wt), (6)

where the symbol Re denotes the real part of a complex expression. In the frame of the
ion, there is a frequency modulation of the laser field. The electric field in the ion’s frame is
obtained by substituting the expression for z given by Eq. (5) into Eq. (6):

E(.‘L‘,t) — ReE'oei(kXocotw,t—M)
- +m .
= Re By ¥ i"J,(kXo)e omeskt, (7)

ns—o0
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In addition to the carrier at w, the ion sees sidebands, called motional sidebands, spaced by
the harmonic oscillation frequency w;. The amplitudes of the sidebands are proportional to
the Bessel functions J,. The ion absorbs light when the laser frequency is equal to one of
its resonance frequencies and also when one of the motional sidebands matches a resonance
frequency.

The intensities of the sidebands can be used to measure the temperature of the ion.
A quantum mechanical treatment, in which a thermal-state-probability distribution was
assumed, has been given previously.21 According to Eq. (44) of Ref. 21, the intensity of the
nth sideband o(n), is

o(n) = opexp (;:: 7 k’(z’)) I. (exp (%;%(kzo)’(n,))) . (8)

In this notation, the intensity of the carrier is ¢(0), I, is a modified Bessel function, and
(z?) is the mean squared displacement of the harmonic oscillator, given by

h

My

(z%) = —({nz) + ) = 223 ({na) + 1), (9)

where m is the mass of the ion and {n.) is the mean occupation number of the oscillator.
The temperature T is related to (n;) by
1

o () -1

{nz) = (10)

Equation 8 can easily be generalized to cases where there are two or more distinct frequencies
of motion and where the laser beam is not directed along one of the principal axes of the
trap. We have measured the temperature of a single, laser-cooled Hg* ion from the motional

sidebands of the 25;,; to 2Dg, transition.22 The measured temperature was about 2 mK.

which agrees with theoretical pr:edictions.21

Figure 3(a) shows the absorption spectrum of a single Hg' ion, observed by the optical-
optical double resonance. The carrier (at optical frequency 1) and the motional sidebands
above and below vy are clearly resolved. The potentials Us; and V; were adjusted so that
v, = 2v, =~ 473 kHz, where v, = w, /27 and v, = w,/27. This condition helped to simplify the
sideband spectrum. The frequencies v, and v, were determined experimentally by applying
a radiofrequency voltage between the electrodes. When the frequency of the applied voltage
matched one of the secular frequencies, the fluorescence decreased, due to heating of the
ion. In our notation for the sidebands, (3z,r + z), for example, denotes the two overlapping
sidebands at the frequencies vy + 3v, and vy + v, + v,.

C. Two-ion motional sidebands

If v, < v, two ions have the lowest possible potential energy when they are located on the
z axis, at z = £ 2zmin, where zpin = (¢2/4mw?)!/3. The normal-mode frequencies of vibration
about the minimum of the potential have been calculated prt-:v.ri011sly.3'7'8 The center of
mass of the two ions behaves like a particle of mass 2m and charge 2¢ and thus has the same
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Figure 3: Absorption spectra of the 2S;5(my = 1/2) to 2Dsj{my = —1/2) transition for
(a) one Hg* ion and for (b) two Hg* ions. The carrier at optical frequency v, (defined as
zero frequency detuning) and the motional sidebands are clearly resolved. The sidebands
are labeled in a notation that is explained in the text. The additional sidebands in (b} are
due to the vibration of the two ions with respect to each other at frequency v,

frequencies of motion as a single ion. The frequency at which two ions vibrate with respect to
each other along the z axis is v, = v/3v,. This mode is like the stretch vibration of a diatomic
molecule. The other vibrational frequency is (v — v2)!/2, which, for v, = 2v,, is also equal
to v/3v,. This vibration is a torsional motion in the z-z or y-z plane. Figure 3(b) shows an
absorption spectrum taken with 2 ions in the trap. The trap potentials were the same as for
the data of Fig. 3(a). The electronics of the position-sensitive photon detector were adjusted
so that the fluorescence from only one of the two ions was detected. The motion of one ion
is a superposition of harmonic motions at all of the normal-mode frequencies of the system.
Therefore, all of the sidebands in Fig. 3(a) are also present in Fig. 3(b). The additional kines
are due to the additional vibrational modes, at frequency v/, of the 2-ion pseudomolecule.

This kind of vibrational mode of two trapped ions has been observed by another method
described in Ref. 9. Those workers applied a radiofrequency electric field between the trap
electrodes, thus directly exciting the vibrational mode. When the frequency of the applied
field matched the vibrational resonance, the flucrescence signal decreased.



V. Multi-ion cluster shapes

A. Calculations

The effective potential energy Vg for a system of N ions of mass m and charge ¢ is given by
the expression,

N 2
m 1
Vea({zi, i, 2:}) = 5 D (wiz? + Wiyl +wizl)+ 2 Y T (11)
oaml L L ' ry—r; |,
effective tr:; potential coﬂm]:,pmn

Here, 7; = (z:,¥:, i) is the position of the tth ion. The first term in Eq. (11) is the effective
potential of the ions due to the trap fields. The second is the potential energy due to
the Coulomb repulsion between the ions. The equilibrium configurations were calculated
by finding the set of 3NV ion coordinates that minimized the potential energy. A variable
metric, or quasi-Newton, method was used to find the minimum, as in Ref. 3. We used
the FORTRAN subroutine DFPMIN from Ref. 23. For a cylindrically symmetric Paul trap,
there is an infinite set of solutions, since V.g is unchanged by an arbitrary rotation about
the z axis. To avoid possible convergence problems, and also to simulate the asymmetry of
a real trap, w, and w, were assumed to differ by 0.2 %. Because of the remaining symmetry
of the trap, there were in some cases several solutions, which were related by rotations and
reflections. The algorithm sometimes converged to a minimum which was not the global
minimum. In order to detect such false minima, at least 10 random initial configurations
were used for each case. The solution with the lowest final value of V. was assumed to be
a global minimum.

B. Observations

The ions were observed at an angle of approximately 54.7° with respect to the z axis of
the trap. This allowed the three-dimensional structure of the clusters to be seen. In the
apparatus of Ref. 6, the ions were observed along the z axis, so only the projection on the
z-y plane could be seen. Figures 4-10 show the observed ion images and the corresponding
calculated configurations. The magnification was the same for all of the experimental im-
ages. The scale of the experimental and calculated images is the same. The scale for the
experimental images was determined from the separation between two ions, which is easily
calculated. An approximate scale can be determined from the caption to Fig. 5. Experi-
mental images of two, three, and four ions, obtained with less optical magnification, were
published previously.f

Figure 4(a) shows five ions for v, = 0.308 MHz and v, = 0.376 MHz. Two of the ions
lie along the z axis, symmetrically above and below the z-y plane. The other three ions
circulate in the z-y plane about the z axis. They are not fixed in position, because the
trap’s effective potential is nearly cylindrically symmetric. Thus, the small, unintentional
torque that the 194 nm beam applies to the system is enough to cause it to rotate. In this
case, we determined the number of ions by reducing v,, relative to v,, until they were clearly
separated in a chain along the z axis. Figure 4(b) shows the calculated ion positions for these



trap parameters. The circle in the calculated figure is obtained by rotating the configuration
about the z axis.

(a) (b)

Figure 4: Nonplanar configuration of five ions for v, = 0.308 MHz and », = 0.376 MHz. (a)
Experimental data. {b) Calculation.

Figure 5 shows six ions for v, = 0.497 MHz and v, = 0.256 MHz. One is located
at the origin. The other five circulate in the z-y plane. For these trap parameters, the
configurations calculated for six, seven, and eight ions all have one ion at the origin and the
rest in a ring in the z-y plane. In this case, we assume that there were six ions, because that
number gives the best agreement between the observed and calculated ring sizes.

(b)

Figure 5: Planar configuration of six ions for v, = 0.497 MHz and v, = 0.256 MHz. The
diameter of the ring is approximately 16 ym. (a) Experimental data. (b) Calculation.

Figure 6 shows six ions for v, = 0.780 MHz and v, = 0.347 MHz. One is at the orgin,
and four others lie at the vertices of a pentagon in the z-y plane. The fifth vertex of the
pentagon appears to be vacant, but we assume that it is occupied by an ion which does not
fluoresce. It may be a heavier isotope of mercury, such as **Hg*, or a molecular ion, such
as HgOH*, neither of which would fluoresce. If it had a higher charge-to-mass ratio than
198Hg+ it would be more tightly bound to the trap, and would go the center. The additimal
asymmetry, due to the odd ion, keeps the configuration from rotating.

Figures 7 and 8 show two different configurations of the same nine ions. The sealar
frequencies for Fig. 7 were v, = 0.497 MHz and v, = 0.256 MHz; for Fig. 8, they mere



Figure 8: Nonplanar configuration of nine ions for », = 0.439 MHz and v, = 0.304 MHz.
Seven circulate in the z-y plane. The other two are displaced along the 2 axis. (a) Experi-
mental data. (b) Calculation.

Figure 9 Planar configuration of 15 ions for v, = 0.780 MHz and v, = 0.347 MHz. (a)
Experimental data. (b) Calculation.

(a) (b)

Figure 10: Nonplanar configuration of 16 ions for v, = 0.626 MHz and v, = 0.479 MHz. (a)
Experimental data. (b) Calculation.
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Figure 6: Planar configuration of six ions for », = 0.780 MHz and v, = 0.347 MHz. Five
jons are presumed to lie at the vertices of a pentagon in the z-y plane, but one does not
fluoresce. Another one lies at the origin. (a) Experimental data. (b) Calculation.

v, = 0.439 MHz and v, = 0.304 MHz. The ions in Fig. 7 lie in the z-y plane. This
configuration is the same as the calculated one shown in Fig. 1 of Ref. 3. The outer ring
of the experimental image appears to be incomplete in this case because of nonuniform
illumination of the cluster by the tightly focused 194 nm beam. In Fig. 8, two ions lie along
the z ‘axis, symmetrically above and below the z-y plane. The others form a ring in the
z-y plane. The number of jons in Figs. 7 and 8 was determined uniquely from the observed
configurations for the two different sets of conditions.

Figure 7: Planar configuration of nine ions for v, = 0.497 MHz and v, = 0.256 MHz. (a)
Experimental data. (b} Calculation.

Figure 9 shows 15 ions for »; = 0.780 MHz and v, = 0.347 MHz. All of them ke in
the z-y plane. Five form a pentagon, and the other ten form the outer ring. The obsesved
pattern is only consistent with the one calculated for 15 ioms.

Figure 10 shows 16 ions, for », = 0.626 MHz and v, = 0.479 MHz. The large ring of
eight ions lies nearly in the z-y plane. Two smaller rings of four ions each are displkced
along the z axis, above and below the z-y plane. If another ion is added, at the same trap
voltages, then, according to calculations, one ion goes to the center. By using data taken
at another set of trap voltages, we could determine the number of ions. The 16 iom lie
close to the surface of a spheroid. For larger numbers of ions, one would expect to se a
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series 1of concentric spheroids like those which have been predicted and observed in Penning
traps.*<

VI. Related physical systems

A. Macroscopic particle traps

Perhaps the earliest studies of spatially ordered systems of charged particles in a Paul trap
were made by Wuerker, Shelton, and Langmuir about 30 years a.go.2 In these studies,
aluminum particles that had diameters of a few micrometers were suspended in a large Paul
trap and cooled by collisions with gas molecules.

A similar trap has been built in our laboratory.l0 The inner diameter of the ring was
about 2.5 cm. Typical trap parameters were V; ~ 350 V, U, =~ 0 V, and /27 =~ 60 Hz.
Aluminum oxide particles of approximate mass 10~? g and charge approximately 10° times
the proton charge were trapped and observed to form ordered structures.

B. The Thomson model of the atom

In an early model for the atom, first suggested by Kelvin and later studied in detail bv
Thomson, electrons were assumed to be embedded in a uniform sphere of positive chahrge.2
The potential energy of an electron inside the sphere due to the positive charge is proportional
to 27 + y? + 2°. Thus, the stable spatial configurations of the electrons in such a model
are the same as for ions in a Paul trap with a spherically symmetric effective potential.
Thomson’s calculations of the minimum-energy configurations, which actually were done in
two dimensions, showed patterns of concentric rings. He tabulated the configurations for
up to 100 electrons. The 100-electron configuration contains seven rings. For v, > v,, the
three-dimensional configurations for small numbers of particles are the same as for Thomson'’s
two-dimensional calculations. For example, Thomson’s 13-electron configuration has five in
the inner ring and ten in the outer ring, like the data of Fig. 9. Thomson’s calculations
are perhaps the earliest predictions of layered structures in a bound Coulomb systermn. Such
layered structures are predicted to occur in one-, two-, and three-dimensional systems25 and
have been observed in the Penning trap, a three-dimensional syst’.ern.12

Thomson discussed experiments with floating magnets, which he used to verify his cal-
~ culations of the two-dimensional configurations. For these experiments, equally magnetized
needles, oriented in the same way, were pushed through corks and floated on water. An
attractive force was produced by a large magnet placed above the surface of the water, the
lower pole having the opposite sign to that of the upper poles of the floating magnets.

VII. Discussion

The equilibrium shapes of clusters that contain 16 ions or fewer and the intra-cluster vi-
brational frequencies can be calculated from the effective potential approximation. Other
properties, however, such as the Doppler spectrum or the order-chaos transition, are affected
by the micromotion, and require a more complete theoretical treatment.
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Experiments with charged micrometer-sized particles in Paul traps might be useful in
testing calculations, since they are relatively simple to perform, compared to experiments
with ions. Large numbers of particles (on the order of 100) can be cooled and optically

observed. The melting and freezing phase transitions have been observed previously.24 Per-
haps further experimental work could reveal details of the transition to chaotic behavior. 9
Other kinds of traps, with linear or “racetrack” geometriesZ? might be useful in simulating
ordered structures in ion storage rings. Such structures have been predicted, but not yet
observed.28
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