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Controlling single photons in a trap
Serge Haroche and his research group employ a different method to reveal the mysteries of the quantum 
world. In the laboratory in Paris microwave photons bounce back and forth inside a small cavity 
between two mirrors, about three centimetres apart. The mirrors are made of superconducting material 
and are cooled to a temperature just above absolute zero. These superconducting mirrors are the world’s 
shiniest. They are so reflective that a single photon can bounce back and forth inside the cavity for almost 
a tenth of a second before it is lost or absorbed. This record-long life-time means that the photon will 
have travelled 40,000 kilometres, equivalent to about one trip around the Earth. 

During its long life time, many quantum manipulations can be performed with the trapped photon. 
Haroche uses specially prepared atoms, so-called Rydberg atoms (after the Swedish physicist Johannes 
Rydberg) to both control and measure the microwave photon in the cavity. A Rydberg atom has a 
radius of about 125 nanometers which is roughly 1,000 times larger than typical atoms. These gigantic 
doughnut-shaped Rydberg atoms are sent into the cavity one by one at a carefully chosen speed, so 
that the interaction with the microwave photon occurs in a well controlled manner. 

The Rydberg atom traverses and exits the cavity, leaving the microwave photon behind. But the interac-
tion between the photon and the atom creates a change in the phase of quantum state of the atom: if you 
think of the atom’s quantum state as a wave, the peaks and the dips of the wave become shifted. This 
phase shift can be measured when the atom exits the cavity, thereby revealing the presence or absence 
of a photon inside the cavity. With no photon there is no phase shift. Haroche can thus measure a single 
photon without destroying it.

A laser is used to suppress the ion’s 
thermal motion in the trap, and to 
control and measure the trapped ion.

Electrodes keep the beryllium 
ions inside a trap. 
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Figure 2. In David Wineland’s laboratory in Boulder, Colorado, electrically charged atoms or ions are kept inside a trap by surrounding 
electric fields. One of the secrets behind Wineland’s breakthrough is mastery of the art of using laser beams and creating laser pulses. 
A laser is used to put the ion in its lowest energy state and thus enabling the study of quantum phenomena with the trapped ion.
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With a similar method Haroche and his group could count the photons inside the cavity, as a child 
counts marbles in a bowl. This may sound easy but requires extraordinary dexterity and skill because 
photons, unlike ordinary marbles, are destroyed immediately by contact with the world outside. 
Building on his photon counting methods, Haroche and collaborators devised methods to follow the 
evolution of an individual quantum state, step-by-step, in real time. 

Paradoxes of quantum mechanics
Quantum mechanics describes a microscopic world invisible to the naked eye, where events occur contrary 
to our expectations and experiences with physical phenomena in the macroscopic, classical world. Physics 
in the quantum world has some inherent uncertainty or randomness to it. One example of this contrary 
behaviour is superposition, where a quantum particle can be in several different states simultaneously. We 
do not normally think of a marble as being both ‘here’ and ‘there’ at the same time, but such is the case if it 
were a quantum marble. The superposition state of this marble tells us exactly what probability the marble 
has of being here or there, if we were to measure exactly where it is. 

Why do we never become aware of these strange facets of our world? Why can we not observe a 
superposition of quantum marble in our every-day life? The Austrian physicist and Nobel Laureate 
(Physics 1933) Erwin Schrödinger battled with this question. Like many other pioneers of quantum 
theory, he struggled to understand and interpret its implications. As late as 1952, he wrote: “We never 
experiment with just one electron or atom or (small) molecule. In thought-experiments we sometimes 
assume that we do; this invariably entails ridiculous consequences...”.

In order to illustrate the absurd consequences of moving between the micro-world of quantum physics 
and our every-day macro-world, Schrödinger described a thought experiment with a cat: Schröding-
er’s cat is completely isolated from the outside world inside a box. The box also contains a bottle of 
deadly cyanide which is released only after the decay of some radioactive atom, also inside the box.  

Rydberg atoms – roughly 1,000 times 
larger than typical atoms – 
are sent through the cavity one by one. 
At the exit the atom can reveal 
the presence or absence of a photon 
inside the cavity.

microwave photons

superconducting 
niobium mirrors
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Photons bounce back and forth inside 
a small cavity between two mirrors for 
more than a tenth of a second. Before it 
disappears the photon will have travelled 
a distance of one trip around the Earth.

Figure 3. In the Serge Haroche laboratory in Paris, in vacuum and at a temperature of almost absolute zero, the microwave photons 
bounce back and forth inside a small cavity between two mirrors. The mirrors are so reflective that a single photon stays for more 
than a tenth of a second before it is lost. During its long life time, many quantum manipulations can be performed with the trapped 
photon without destroying it. 
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Now scientists are able to direct experiments and catch nature in the act of 
being quantum and thus explore the boundary between quantum reality and 
normal life. Their work involves isolating the individual nuggets of nature — 
atoms and the particles that transmit light, known as photons — and making 
them play with each other. 

Dr. Wineland’s work has focused on the material side of where matter meets 
light. His prize is the fourth Nobel awarded to a scientist associated with the 
National Institute of Standards and Technology over the past 15 years for work 
involving the trapping and measuring of atoms. Dr. Wineland and his 
colleagues trap charged beryllium atoms, or ions, in an electric field and cool 
them with specially tuned lasers so that they are barely moving, which is 
another way of saying they are very, very cold.
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Various aspects of the laser cooling of atoms are investigated theoretically. More generally, the authors
investigate a process through which the kinetic energy of a collection of resonant absorbers can be reduced
by irradiating these absorbers with near-resonant electromagnetic radiation. The process is described here as
anti-Stokes spontaneous Raman scattering. Cooling mechanisms, rates, and limits are discussed for both free
and bound atoms.

I. INTRODUCTION

In the past few years, there has been increasing
interest in the use of near-resonant photon scat-
tering to cool a collection of atoms, ions, or
molecules. This interest is motivated in part by
the practical need to reduce first- and second-
order Doppler shifts in ultra-high-resolution
spectroscopy and in part by the esthetic appeal of
controlling the positions and velocities of a col-
lection of atomic particles to within the limits
imposed by quantum fluctuations. Recent pro-
posals and experiments using narrow-band tunable
lasers suggest that such control may soon become
a reality. It is not difficult to imagine that the
concepts and techniques which are being developed
may have application in a variety of areas not
initially anticipated.
Current interest in the possibility of cooling be-

gan with independent proposals to reduce the tem-
perature of a gas of neutral atoms' or ions which
are bound in an electromagnetic "trap"' with near-
resonant laser radiation. This method of cooling
has subsequently been incorporated into the in-
teresting schemes for trapping of particles using
near-resonant optical fields. ' The first demon-
stration4 of cooling using the basic techniques
described here was made for a slightly modified
situation; specifically, the magnetron motion of
an electron bound in a Penning trap was "cooled"
by a technique called motional sideband excita-
tion, ' which is formally equivalent to the laser
cooling of atoms. Cooling of ions bound in an
electromagnetic trap was more recently demon-
strated. "The cooling which is potentially
achievable should permit spectroscopy of unprece-
dented resolution and accuracy.
As discussed below, the technique can variously

be described in terms of radiation pressure, mo-
tional sideband excitation, optical pumping, or

anti-Stokes spontaneous Haman scattering; this
last concept is the one primarily used here be-
cause of its generality. It should be mentioned
that cooling by Raman scattering is not a new
idea; "lumino-refrigeration" was hypothesized
as early as 1950 by Kastler. ' We also note that
other cooling processes are possible; for exam-
ple, one could use optical pumping followed by
collisional relaxation, as discussed in Sec. II,
or cooling by collisionally aided fluorescence. '
The process described in this paper is, however,
more direct and does not rely on atom-atom col-
lisions to alter the atom kinetic energy.
The paper is divided as follows. In Sec. II we

describe the general aspects of the cooling pro-
cess and treat the problem combining simple
classical and quantum ideas. Section III introduces
the concepts and notation of the quantum-mechani-
cal treatment which is then applied to free atoms
in Sec. IV and bound atoms in Sec. V. In order to
make the problem somewhat more tractable, we
limit the discussion to simple systems which ex-
hibit the salient features of the process.

II. SIMPLE DESCRIPTION OF THE COOLING PROCESS

A. Analogy with optical pumping

The basic features of the cooling process have
been outlined previously (Refs. 1, 2, 5, 6, 7). The
attempt is made here to describe the qualitative
aspects of the problem more completely; how-
ever, the general problem becomes quite com-
plicated, and therefore several limiting cases
will be treated.
First, recall that in optical pumping we have a

way of drastically altering the temperature of a
specific degree of freedom in an atom or mole-
cule. Assume, for example, that we have an
alkali-like atom which has ground-state "hyper-
fine" structure. This atom can also have many
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excited electronic states, but we assume that we
have a narrow-band laser which can excite the
atom from one of the ground states to only one
excited electronic state. The relevant levels are
shown in Fig. 1.
Without laser. irradiation, the atoms eventually

reach thermal equilibrium by collisions or inter-
action with the background blackbody radiation.
Therefore, the ratio of the number of atoms in
state 2 to those in state 1 is given by the Boltz-
mann law:

N2/N~ = exp [—(E,—E,)/As Tj,
where k& = Boltzmann's constant, T = temperature,
and E„E,and N„N, are the respective energies
and numbers of atoms in the states. For sim-
plicity we assume that the ground state has only
two nondegenerate energy levels; hence statistical
weight factors are absent in Eq. (1).
If we now apply the laser radiation to the atoms,

optical pumping occurs. Atoms are excited to
level 3, but can decay into either ground state.
If we neglect the finite frequency widths of the
laser and of the optical transition, this process
continues until all of the atoms are in level 1.
They remain there until another process (say, the
collisions) depopulates this level. However, in the
pumping process, N, /N, -O, and, via Eq. (1), we
may say that T—0 also. In this simple example,
we see that we can cool an internal degree of
freedom of the atom (the hyperfine structure) by
optical pumping. In principle, we could continue
this optical pumping process and, using collisions
to transfer kinetic energy to the internal degree
of freedom, could reduce the translational tem-
perature of the gas if there were sufficient isola-
tion from the rest of the environment. The pro-
cess of laser cooling discussed below is very
similar to the optical pumping case except that
the translational degrees of freedom are optically
pumped directly.

B. Laser coohng of free atoms

Assume that we have an unbound gas of atoms
(or resonant absorbers in general) which possess

a resonant electric dipole transition (frequency,
v,) in some convenient spectral region with radia-
tive linewidth y/2w (full width at half-intensity
points). Now suppose that we irradiate these
atoms with monochromatic, directed, low intensi-
ty radiation tuned near, ' but slightly lower than,
the resonance frequency. We assume that the in-
tensity is well below that which would cause satu-
ration (the case of saturation is treated in Ref.
10), and that the thermalizing collision rate y,
between atoms is much less than the natural line-
width y, but is larger than the optical absorption
rate (y»y, » absorption rate, see Sec. VF).
Those atoms of a particular velocity class moving
against the radiation are Doppler shifted toward
the resonant frequency v, and scatter the incoming
light at a higher rate than those atoms moving with
the radiation which are Doppler shifted away from
resonance. For each scattering event, the atom
receives a momentum impulse kk (k is the photon
wave vector) in the absorption process. For an
atom which is moving against the radiation, this
impulse retards its motion. This retardation can
also be described in terms of radiation pres-
sure. '" The average momentum per scatter ing
event transferred to the atom by the reemitted
photons is zero, because of the randomness of the
photons' directions (if we neglect terms of second
order in iv~/c, where v is the atom velocity and c
is the speed of light). The average net effect then
is that the atomic velocity is changed by an amount
Av—= h k/M per scattering event, where M is the
atomic mass. When v and k are antiparallel, this
leads to a net cooling, provided iv+ iv) & ivi.
(See Fig. 2.) In a practical cooling experiment it
would be desirable to irradiate the atoms from all
sides with radiation that covered the entire lower
half of the Doppler profile. ' Alternatively, nar-
row-band laser schemes might be employed where
the laser frequency is swept from some very low
value to a value approaching the rest frequency. '
This requirement is substantially relaxed if the
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FIG. 1. Levels of interest in a hypothetical alkali-
like atom. Optical pumping into state 1 occurs while
driving the 2 3 transition with a laser.

FIG. 2. Qualitative description of radiation-pressure
cooling. In the absorption process, the atomic velocity
is changed (reduced for k v& 0) by an amount &v=8k/M.
In the reemission process, the average change in velo-
city is zero. Therefore in the overall scattering pro-
cess, the kinetic energy can be reduced.
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pumped directly.

B. Laser coohng of free atoms

Assume that we have an unbound gas of atoms
(or resonant absorbers in general) which possess

a resonant electric dipole transition (frequency,
v,) in some convenient spectral region with radia-
tive linewidth y/2w (full width at half-intensity
points). Now suppose that we irradiate these
atoms with monochromatic, directed, low intensi-
ty radiation tuned near, ' but slightly lower than,
the resonance frequency. We assume that the in-
tensity is well below that which would cause satu-
ration (the case of saturation is treated in Ref.
10), and that the thermalizing collision rate y,
between atoms is much less than the natural line-
width y, but is larger than the optical absorption
rate (y»y, » absorption rate, see Sec. VF).
Those atoms of a particular velocity class moving
against the radiation are Doppler shifted toward
the resonant frequency v, and scatter the incoming
light at a higher rate than those atoms moving with
the radiation which are Doppler shifted away from
resonance. For each scattering event, the atom
receives a momentum impulse kk (k is the photon
wave vector) in the absorption process. For an
atom which is moving against the radiation, this
impulse retards its motion. This retardation can
also be described in terms of radiation pres-
sure. '" The average momentum per scatter ing
event transferred to the atom by the reemitted
photons is zero, because of the randomness of the
photons' directions (if we neglect terms of second
order in iv~/c, where v is the atom velocity and c
is the speed of light). The average net effect then
is that the atomic velocity is changed by an amount
Av—= h k/M per scattering event, where M is the
atomic mass. When v and k are antiparallel, this
leads to a net cooling, provided iv+ iv) & ivi.
(See Fig. 2.) In a practical cooling experiment it
would be desirable to irradiate the atoms from all
sides with radiation that covered the entire lower
half of the Doppler profile. ' Alternatively, nar-
row-band laser schemes might be employed where
the laser frequency is swept from some very low
value to a value approaching the rest frequency. '
This requirement is substantially relaxed if the
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FIG. 1. Levels of interest in a hypothetical alkali-
like atom. Optical pumping into state 1 occurs while
driving the 2 3 transition with a laser.

FIG. 2. Qualitative description of radiation-pressure
cooling. In the absorption process, the atomic velocity
is changed (reduced for k v& 0) by an amount &v=8k/M.
In the reemission process, the average change in velo-
city is zero. Therefore in the overall scattering pro-
cess, the kinetic energy can be reduced.
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A single trapped ' Hg+ ion was cooled by scattering laser radiation that was tuned to the resolved
lower motional sideband of the narrow S]/2- D5/2 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.
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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 co, of the particle in its
confining well was less than the linewidth I of the cool-
ing transition. This condition also applies to free-atom
experiments, where co, 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 pK). In this Letter we report, for
the first time, laser cooling of a single bound atom in the
resolved sideband regime I « co„. 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 mo. If the atom oscillates at fre-
quency ~, in its confining well, the atom's absorption
and emission spectrum (as viewed in the laboratory) has
resolved components at coo and coo+ mco, (m an integer).
If we irradiate the atom with narrow-band radiation
tuned to the first lower sideband at coo—co„ the atom ab-
sorbs photons of frequency A, (coo —ro, ) and reemits pho-
tons of average energy Acoo. Hence, on the average,
each scattered photon reduces the atom's vibrational en-
ergy by hco„or reduces the atom's vibrational quantum
number n, by l. 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„)» l. In the experiments described
here, we achieve (n, ) « I by optical sideband cooling.
For our value of m„T was about 50 pK. However, to
the extent that the particle is in the ground state of its
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FIG. l. (a) A simplified energy level scheme of Hg tt show-

ing the optical transitions involved in our sideband cooling ex-
periment. (b) The geometrical arrangement of the laser
beams. The 194-nm Auorescence is detected normal to the
plane of the figure. Mirror M reflects 194-nm radiation while
transmitting 398-nm radiation.

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 ro, /2tr =2.96
MHz (see Fig. I). In order to optimize the cooling, a
two-stage process was used. First, the ion was cooled to
near the Doppler cooling limit' (T=AI /2ktt, where ktt
is the Boltzmann constant) by scattering light of wave-
length 194 nm on the strong Sii2 P~I2 transiti-on [(A)
in Fig. 1(a)].' At the Doppler cooling limit, (n, ) = 12
(T=1.7 mK) for each degree of freedom. In the next
stage of cooling, the 194-nm radiation was turned off
and the narrow S~y2- D5g2 electric quadrupole transition
[(B) in Fig. 1 (a)] was driven on the first lower sideband
frequency mo —co, . Since the natural lifetime of the
D5(2 state limits the maximum scatter rate to approxi-
mately 2 I ( D5I2) =6 photons/s, ' ' 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 Dy2 state was shortened by coupling it to the fast
decaying P3I2 state by 398-nm radiation [(C) in Fig.
1(a)]. From the P3I2 state, the ion has high probability
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trap axes onto the 282-nm beam axis are calculated to be
p„=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 due 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—SL/SU) '~ —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 kz T =6 ro, /In (1+1/
(n, )) is T=47+'3 pK. For any other energy partition,
(n„) and T for one 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 typically 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 r„up to 100 ms and measured SL,/SU as a
function of r„. We determined a heating rate (due ap-
parently to pickup of stray noise fields at radio frequen-
cies) of (n„)=6/s. If we assume the heating is due to
thermalization of the ion to room temperature by noise
at frequency m„ the heating time constant is 95 h. '
This rate varied slightly with cu„around ro, =3 MHz,
but was substantially higher for co, ~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 Uo 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 co,/2' =4.66 MHz was cooled and probed.
From the results, shown in Fig. 3, we calculate (n„)
=0.049~0.045 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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amounts to d, v/v ( 10 (Ref. 8). It can be made sub-
stantially lower 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 MHz range
can be detected with an efficiency of nearly 100%. 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 another possi-
ble 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. Such a device
might be useful in mass spectroscopy.
In summary, we have realized laser cooling in the

resolved sideband regime for the first time. The kinetic
energy of a trapped atomic ion was reduced to a value
where it spent most of its time in the ground-state level
of its confining well. To the extent that the ion is in the
zero-point energy state of motion, this realizes for the
first time the fundamental limit of laser cooling for a
bound particle and the ideal of an isolated atomic parti-
cle at rest to within the quantum-mechanical limits im-
posed by the surrounding apparatus.
We acknowledge the support of the U.S. Air Force

Office of Scientific Research and the U.S. Office of Na-
val Research. F. D. thanks the Deutsche Forschungsge-
meinschaft for financial support. We thank C. Wieman,
J. Bollinger, and J. Helffrich for comments and sugges-
tions on the manuscript. We thank R. Cook and R.
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FIG. 3. Vibrational quantum number (n„,) for the axial
motion (co./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.
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trap axes onto the 282-nm beam axis are calculated to be
p„=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 due 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—SL/SU) '~ —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 kz T =6 ro, /In (1+1/
(n, )) is T=47+'3 pK. For any other energy partition,
(n„) and T for one 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 typically 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 r„up to 100 ms and measured SL,/SU as a
function of r„. We determined a heating rate (due ap-
parently to pickup of stray noise fields at radio frequen-
cies) of (n„)=6/s. If we assume the heating is due to
thermalization of the ion to room temperature by noise
at frequency m„ the heating time constant is 95 h. '
This rate varied slightly with cu„around ro, =3 MHz,
but was substantially higher for co, ~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 Uo 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 co,/2' =4.66 MHz was cooled and probed.
From the results, shown in Fig. 3, we calculate (n„)
=0.049~0.045 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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amounts to d, v/v ( 10 (Ref. 8). It can be made sub-
stantially lower 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 MHz range
can be detected with an efficiency of nearly 100%. 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 another possi-
ble 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. Such a device
might be useful in mass spectroscopy.
In summary, we have realized laser cooling in the

resolved sideband regime for the first time. The kinetic
energy of a trapped atomic ion was reduced to a value
where it spent most of its time in the ground-state level
of its confining well. To the extent that the ion is in the
zero-point energy state of motion, this realizes for the
first time the fundamental limit of laser cooling for a
bound particle and the ideal of an isolated atomic parti-
cle at rest to within the quantum-mechanical limits im-
posed by the surrounding apparatus.
We acknowledge the support of the U.S. Air Force
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val Research. F. D. thanks the Deutsche Forschungsge-
meinschaft for financial support. We thank C. Wieman,
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FIG. 3. Vibrational quantum number (n„,) for the axial
motion (co./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.
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trap axes onto the 282-nm beam axis are calculated to be
p„=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 due 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—SL/SU) '~ —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 kz T =6 ro, /In (1+1/
(n, )) is T=47+'3 pK. For any other energy partition,
(n„) and T for one 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 typically 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 r„up to 100 ms and measured SL,/SU as a
function of r„. We determined a heating rate (due ap-
parently to pickup of stray noise fields at radio frequen-
cies) of (n„)=6/s. If we assume the heating is due to
thermalization of the ion to room temperature by noise
at frequency m„ the heating time constant is 95 h. '
This rate varied slightly with cu„around ro, =3 MHz,
but was substantially higher for co, ~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 Uo 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 co,/2' =4.66 MHz was cooled and probed.
From the results, shown in Fig. 3, we calculate (n„)
=0.049~0.045 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
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amounts to d, v/v ( 10 (Ref. 8). It can be made sub-
stantially lower 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 MHz range
can be detected with an efficiency of nearly 100%. 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 another possi-
ble 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. Such a device
might be useful in mass spectroscopy.
In summary, we have realized laser cooling in the

resolved sideband regime for the first time. The kinetic
energy of a trapped atomic ion was reduced to a value
where it spent most of its time in the ground-state level
of its confining well. To the extent that the ion is in the
zero-point energy state of motion, this realizes for the
first time the fundamental limit of laser cooling for a
bound particle and the ideal of an isolated atomic parti-
cle at rest to within the quantum-mechanical limits im-
posed by the surrounding apparatus.
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FIG. 3. Vibrational quantum number (n„,) for the axial
motion (co./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.
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trap axes onto the 282-nm beam axis are calculated to be
p„=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 due 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—SL/SU) '~ —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 kz T =6 ro, /In (1+1/
(n, )) is T=47+'3 pK. For any other energy partition,
(n„) and T for one 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 typically 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 r„up to 100 ms and measured SL,/SU as a
function of r„. We determined a heating rate (due ap-
parently to pickup of stray noise fields at radio frequen-
cies) of (n„)=6/s. If we assume the heating is due to
thermalization of the ion to room temperature by noise
at frequency m„ the heating time constant is 95 h. '
This rate varied slightly with cu„around ro, =3 MHz,
but was substantially higher for co, ~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 Uo 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 co,/2' =4.66 MHz was cooled and probed.
From the results, shown in Fig. 3, we calculate (n„)
=0.049~0.045 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
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amounts to d, v/v ( 10 (Ref. 8). It can be made sub-
stantially lower 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 MHz range
can be detected with an efficiency of nearly 100%. 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 another possi-
ble 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. Such a device
might be useful in mass spectroscopy.
In summary, we have realized laser cooling in the

resolved sideband regime for the first time. The kinetic
energy of a trapped atomic ion was reduced to a value
where it spent most of its time in the ground-state level
of its confining well. To the extent that the ion is in the
zero-point energy state of motion, this realizes for the
first time the fundamental limit of laser cooling for a
bound particle and the ideal of an isolated atomic parti-
cle at rest to within the quantum-mechanical limits im-
posed by the surrounding apparatus.
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FIG. 3. Vibrational quantum number (n„,) for the axial
motion (co./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.
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iments I am awarded for were done together with
research students or young colleagues in mutual inspira-
tion. In particular, I have to mention H. Friedburg and
H. G. Bennewitz, C. H. Schlier and P. Toschek in the
field of molecular-beam physics, and in conceiving and
realizing the linear quadrupole spectrometer and the rf
ion trap H. Steinwedel, O. Osberghaus, and especially
the late Erhard Fischer. Later H. P. Reinhard, U. Zahn,
and F. V. Busch played an important role in developing
this field.
What are the principles of focusing and trapping parti-

cles' Particles are elastically bound to an axis or a coor-
dinate in space if a binding force acts on them which in-
creases linearly with their distance r

F=—cr,
in other words, if they move in a parabolic potential

N —(ixx +/3y +yz ) .

The tools appropriate to generate such fields of force
to bind charged particles or neutrals with a dipole mo-
ment are electric or magnetic multipole fields. In such
configurations the field strength, or the potential, respec-
tively, increases according to a power law and shows the
desired symmetry. generally if rn is the number of
"poles" or the order of symmetry the potential is given

The two-dimensional quadrupole
or the mass filter

Configuration (a) is generated by four hyperbolically
shaped electrodes linearly extended in the y-direction as
is shown in Fig. 1. The potential on the electrodes is
+No/2 if one applies the voltage +0 between the elec-
trode pairs. The field strength is given by

@'o
x, E, =

Pp
z, E =0.

~o

No= U + V cosset,
the equations of motion are

If one injects ions in the y direction, it is obvious that for
a constant voltage Np the ions will perform harmonic os-
cillations in the x-y plane; but due to the opposite sign in
the field E„their amplitude in the z direction will in-
crease exponentially. The particles are defocused and
will be lost by hitting the electrodes.
This behavior can be avoided if the applied voltage is

periodic. I3ue to the periodic change of the sign of the
electric force, one gets focusing and defocusing in both
the x and z directions alternating in time. If the applied
voltage is given by a dc voltage U plus an rf voltage V
with the driving frequency co

e -r "cos
2

ex + ( U+ V coscot )x =0,
7' P' o

(4)

For a quadrupole I =4, it gives N-r cos2y; and for
a sextupole I =6, one gets 4-r cos3y corresponding
to a field strength increasing with r and r, respectively.
Trapping of charged particles
in two- and three-dimensional
quadrupole fields

In the electric quadrupole field the potential is quadra-
tic in the Cartesian coordinates,

~'o
(ax +/3y +) z ) .

2I'p

The Laplace condition 6+=0 imposes the condition
n+/3+y=0. There are two simple ways to satisfy this
condition.
(a) a= l =—y, /3=0 results in the two-dimensional

field

( U + V cosset )z =0 .
Pl I"0

At first sight one expects that the time-dependent term
of the force cancels out in the time average. But this
would be true only in a homogeneous field. In a periodic
inhornogeneous field, like the quadrupole field, there is a
small average force left, which is always in the direction
of the lower field, in our case toward the center. There-
fore, certain conditions exist that enable the ions to
traverse the quadrupole field without hitting the elec-
trodes; i.e., their motion around the y axis is stable with
limited amplitudes in x and z directions. We learned
these rules from the theory of the Mathieu equations, as
this type of differential equation is called.

(x —z ),
27"o

(2)

(b) a=/3=1, y= —2 generates the three-dimensional
configuration, in cylindrical coordinates (a)

-P /2
(&)

$0(r —2z )
with 2zo =rp .

I o+2zo
FIR. 1. (a) Equipotential lines for a plane quadrupole field. (b)
The electrode structure for the mass Alter.
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Experimental physics is the art of observing the struc-
ture of matter and of detecting the dynamic processes
within it. But in order to understand the extremely com-
plicated behavior of natural processes as an interplay of a
few constituents governed by as few as possible funda-
mental forces and laws, one has to measure the properties
of the relevant constituents and their interaction as pre-
cisely as possible. And as all processes in nature are in-
terwoven, one must separate and study them individual-
ly. It is the skill of the experimentalist to carry out clear
experiments in order to get answers to his questions un-
disturbed by undesired effects, and it is his ingenuity to
improve the art of measuring to ever higher precision.
There are many examples in physics showing that higher
precision revealed new phenomena, inspired new ideas,
or confirmed or dethroned well-established theories. On
the other hand, new experimental techniques conceived
to answer special questions in one field of physics became
very fruitful in other fields, too, be it in chemistry, biolo-
gy, or engineering. In awarding the Nobel prize to my
colleagues Norman Ramsey, Hans Dehmelt, and me for
new experimental methods, the Swedish Academy indi-
cates her appreciation for the aphorism the Gottingen
physicist Georg Christoph Lichtenberg wrote two hun-
dred years ago in his notebook "one has to do something
new in order to see something new. " On the same page
Lichtenberg said: "I think it is a sad situation in all our
chemistry that we are unable to suspend the constituents
of matter free. "
Today the subject of my 1ecture will be the suspension

of such constituents of rnatter or, in other words, about
traps for free charged and neutral particles without ma-
terial walls. Such traps permit the observation of isolated
particles, even of a single one, over a long period of time
and therefore according to Heisenberg's uncertainty prin-
ciple enable us to measure their properties with extreme-
ly high accuracy.
In particular, the possibility to observe individual

trapped particles opens up a new dimension in atomic
measurements. Until a few years ago all measurements
were performed on an ensemble of particles. Therefore
the measured value —for example, the transition proba-
bility between two eigenstates of an atom —is a value
averaged over many particles. Tacitly one assumes that
all atoms show exactly the same statistical behavior if
one attributes the result to the single atom. On. a trapped

*This lecture was delivered 8 December 1989, on the occasion
of the presentation of the 1989 Nobel Prize in Physics.

single atom, however, one can observe its interaction
with a radiation field and its own statistical behavior
alone.
The idea of building traps grew out of molecular-beam

physics, mass spectrometry, and particle accelerator
physics I was involved in during the first decade of my
career as a physicist more than 30 years ago. In these
years (1950—55) we had learned that plane electric and
magnetic multipole fields are able to focus particles in
two dimensions acting on the magnetic or electric dipole
moment of the particles. Lenses for atomic and molecu-
lar beams (Friedburg and Paul, 1951; Bennewitz and
Paul, 1954, 1955) were conceived and realized, improving
considerably the molecular-beam method for spectrosco-
py or for state selection. The lenses found application as
well to the ammonia as to the hydrogen maser (Townes,
1983).
The question "What happens if one injects charged

particles, ions or electrons, in such multipole fields" led
to the development of the linear quadrupole mass spec-
trometer. It employs not only the focusing and defocus-
ing forces of a high-frequency electric quadrupole field
acting on ions, but also exploits the stability properties of
their equations of motion in analogy to the principle of
strong focusing for accelerators which had just been con-
ceived.
If one extends the rules of two-dimensional focusing to

three dimensions, one possesses all ingredients for parti-
cle traps.
As already mentioned the physics or the particle dy-

namics in such focusing devices is very closely related to
that of accelerators or storage rings for nuclear or parti-
cle physics. In fact, multipole fields were used in
molecular-beam physics first. But the two fields have
complementary goals; the storage of particles, even of a
single one, of extremely low energy down to the micro-
electron-volt region on the one side and of as many as
possible of extremely high energy on the other. Today
we will deal with the low-energy part.
At first I will talk about the physics of dynamic stabili-

zation of ions in two- and three-dimensional radio-
frequency quadrupole fields, the quadrupole mass spec-
trometer, and the ion trap. In a second part I shall re-
port on trapping of neutral particles with emphasis on an
experiment with magnetically stored neutrons.
As in most cases in physics, especially in experimental

physics, the achievements are not the achievements of a
single person, even if he contributed in posing the prob-
lems and some basic ideas in solving them. All the exper-
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of standard instrument and its properties were treated ex-
tensively in the literature (Dawson, 1976).

The Ion trap

Already at the very beginning of our thinking about
the dynamic stabilization of ions we were aware of the
ossibility of using it for trapping ions in a three-
dimensional field. We called such a device "Ionenkafig. "
Nowadays the word "ion trap" is preferred (Berkling,
1956; Paul, Qsberghaus, and Fischer, 19S8; Fischer,
1959).
The potential configuration in the ion trap has been

given in Eq. (3). This configuration is generated by an
hyperbolically shaped ring and two hyperbolic rotation-
ally symmetric caps as it is shown schematically in Fig.
6(a). Figure 6(b) gives the view of the first realized trap
in 19S4.
If one brings ions into the trap, which is easily

achieved by ionizing inside a low-pressure gas by elec-
trons passing through the volume, they perform the same
forced motions as in the two-dimensional case. The only
difterence is that the Geld in z direction is stronger by a
factor 2. Again a periodic field is needed for the stabili-

zation of the orbits. If the voltage +0=U+ V cosset is
applied between the caps and the ring electrode, the
equations of motion are represented by the same Mathieu
function of Eq. (5). The relevant parameters for the r
motion correspond to those in the x direction in the
plane field case. Only the z parameters are changed by a
factor 2.
Accordingly, the region of stability in the a-q map for

the trap has a diferent shape, as is shown in Fig. 7.
Again the mass range of the storable ions (i.e., ions in the
stable region) can be chosen by the slope of the operation
line a/q =2U/V. Starting with operating parameters in
the tip of the stable region, one can trap ions of a single
mass number. By lowering the dc voltage one brings the
ions near the q axis where their motions are much more
stable.
For many applications it is necessary to know the fre-

quency spectrum of the oscillating ions. From
mathematics we learn that the motion of the ions can be
described as a slow (secular) oscillation with the funda-
mental frequencies co„,=P„,co/2 modulated with a mi-
cromotion, a much faster oscillation of the driving fre-
quency co, if one neglects higher harmonics. The frequen-
cy determining factor P is a function only of the Mathieu
parameters a and q and therefore mass dependent. Its
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FIG. 5. (a) Very first mass spectrum of rubidium. Mass scan-
ning was achieved by periodic variation of the driving frequen-

87cy v. Parameter: u = U/V, at u =0.164 "Rb and Rb are ful-
ly resolved. (b) Mass doublet 'Kr-C6H„Resolving powerI /6m =6500 (von Zahn, 1962).

FIG. 6. (a) Schematic view of the ion trap. (b) Cross section of
the first trap (1955).
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Experimental physics is the art of observing the struc-
ture of matter and of detecting the dynamic processes
within it. But in order to understand the extremely com-
plicated behavior of natural processes as an interplay of a
few constituents governed by as few as possible funda-
mental forces and laws, one has to measure the properties
of the relevant constituents and their interaction as pre-
cisely as possible. And as all processes in nature are in-
terwoven, one must separate and study them individual-
ly. It is the skill of the experimentalist to carry out clear
experiments in order to get answers to his questions un-
disturbed by undesired effects, and it is his ingenuity to
improve the art of measuring to ever higher precision.
There are many examples in physics showing that higher
precision revealed new phenomena, inspired new ideas,
or confirmed or dethroned well-established theories. On
the other hand, new experimental techniques conceived
to answer special questions in one field of physics became
very fruitful in other fields, too, be it in chemistry, biolo-
gy, or engineering. In awarding the Nobel prize to my
colleagues Norman Ramsey, Hans Dehmelt, and me for
new experimental methods, the Swedish Academy indi-
cates her appreciation for the aphorism the Gottingen
physicist Georg Christoph Lichtenberg wrote two hun-
dred years ago in his notebook "one has to do something
new in order to see something new. " On the same page
Lichtenberg said: "I think it is a sad situation in all our
chemistry that we are unable to suspend the constituents
of matter free. "
Today the subject of my 1ecture will be the suspension

of such constituents of rnatter or, in other words, about
traps for free charged and neutral particles without ma-
terial walls. Such traps permit the observation of isolated
particles, even of a single one, over a long period of time
and therefore according to Heisenberg's uncertainty prin-
ciple enable us to measure their properties with extreme-
ly high accuracy.
In particular, the possibility to observe individual

trapped particles opens up a new dimension in atomic
measurements. Until a few years ago all measurements
were performed on an ensemble of particles. Therefore
the measured value —for example, the transition proba-
bility between two eigenstates of an atom —is a value
averaged over many particles. Tacitly one assumes that
all atoms show exactly the same statistical behavior if
one attributes the result to the single atom. On. a trapped

*This lecture was delivered 8 December 1989, on the occasion
of the presentation of the 1989 Nobel Prize in Physics.

single atom, however, one can observe its interaction
with a radiation field and its own statistical behavior
alone.
The idea of building traps grew out of molecular-beam

physics, mass spectrometry, and particle accelerator
physics I was involved in during the first decade of my
career as a physicist more than 30 years ago. In these
years (1950—55) we had learned that plane electric and
magnetic multipole fields are able to focus particles in
two dimensions acting on the magnetic or electric dipole
moment of the particles. Lenses for atomic and molecu-
lar beams (Friedburg and Paul, 1951; Bennewitz and
Paul, 1954, 1955) were conceived and realized, improving
considerably the molecular-beam method for spectrosco-
py or for state selection. The lenses found application as
well to the ammonia as to the hydrogen maser (Townes,
1983).
The question "What happens if one injects charged

particles, ions or electrons, in such multipole fields" led
to the development of the linear quadrupole mass spec-
trometer. It employs not only the focusing and defocus-
ing forces of a high-frequency electric quadrupole field
acting on ions, but also exploits the stability properties of
their equations of motion in analogy to the principle of
strong focusing for accelerators which had just been con-
ceived.
If one extends the rules of two-dimensional focusing to

three dimensions, one possesses all ingredients for parti-
cle traps.
As already mentioned the physics or the particle dy-

namics in such focusing devices is very closely related to
that of accelerators or storage rings for nuclear or parti-
cle physics. In fact, multipole fields were used in
molecular-beam physics first. But the two fields have
complementary goals; the storage of particles, even of a
single one, of extremely low energy down to the micro-
electron-volt region on the one side and of as many as
possible of extremely high energy on the other. Today
we will deal with the low-energy part.
At first I will talk about the physics of dynamic stabili-

zation of ions in two- and three-dimensional radio-
frequency quadrupole fields, the quadrupole mass spec-
trometer, and the ion trap. In a second part I shall re-
port on trapping of neutral particles with emphasis on an
experiment with magnetically stored neutrons.
As in most cases in physics, especially in experimental

physics, the achievements are not the achievements of a
single person, even if he contributed in posing the prob-
lems and some basic ideas in solving them. All the exper-
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particles, even of a single one, over a long period of time
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measurements. Until a few years ago all measurements
were performed on an ensemble of particles. Therefore
the measured value —for example, the transition proba-
bility between two eigenstates of an atom —is a value
averaged over many particles. Tacitly one assumes that
all atoms show exactly the same statistical behavior if
one attributes the result to the single atom. On. a trapped
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single atom, however, one can observe its interaction
with a radiation field and its own statistical behavior
alone.
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years (1950—55) we had learned that plane electric and
magnetic multipole fields are able to focus particles in
two dimensions acting on the magnetic or electric dipole
moment of the particles. Lenses for atomic and molecu-
lar beams (Friedburg and Paul, 1951; Bennewitz and
Paul, 1954, 1955) were conceived and realized, improving
considerably the molecular-beam method for spectrosco-
py or for state selection. The lenses found application as
well to the ammonia as to the hydrogen maser (Townes,
1983).
The question "What happens if one injects charged
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to the development of the linear quadrupole mass spec-
trometer. It employs not only the focusing and defocus-
ing forces of a high-frequency electric quadrupole field
acting on ions, but also exploits the stability properties of
their equations of motion in analogy to the principle of
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namics in such focusing devices is very closely related to
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cle physics. In fact, multipole fields were used in
molecular-beam physics first. But the two fields have
complementary goals; the storage of particles, even of a
single one, of extremely low energy down to the micro-
electron-volt region on the one side and of as many as
possible of extremely high energy on the other. Today
we will deal with the low-energy part.
At first I will talk about the physics of dynamic stabili-

zation of ions in two- and three-dimensional radio-
frequency quadrupole fields, the quadrupole mass spec-
trometer, and the ion trap. In a second part I shall re-
port on trapping of neutral particles with emphasis on an
experiment with magnetically stored neutrons.
As in most cases in physics, especially in experimental
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Over the past several decades technologi-
cal advances have dramatically boosted 
the speed and reliability of computers. 

Modern computer chips pack almost a billion 
transistors in a mere square inch of silicon, and 
in the future computer elements will shrink even 
more, approaching the size of individual mole-
cules. At this level and smaller, computers may 
begin to look fundamentally different because 
their workings will be governed by quantum 
mechanics, the physical laws that explain the 
behavior of atoms and subatomic particles. The 
great promise of quantum computers is that 
they may be able to perform certain crucial 
tasks considerably faster than conventional 
computers can. 

Perhaps the best known of these tasks is fac-
toring a large number that is the product of two 

primes. Multiplying two primes is a simple job 
for computers, even if the numbers are hundreds 
of digits long, but the reverse process—deriving 
the prime factors—is so extraordinarily difficult 
that it has become the basis for nearly all forms 
of data encryption in use today, from Internet 
commerce to the transmission of state secrets.  
In 1994 Peter Shor, then at Bell Laboratories, 
showed that a quantum computer, in theory, 
could crack these encryption codes easily because 
it could factor numbers exponentially faster than 
any known classical algorithm could. And, in 
1997, Lov K. Grover, also at Bell Labs, showed 
that a quantum computer could significantly 
increase the speed of searching an unsorted data-
base—say, finding a name in a phone book when 
you have only the person’s phone number.

Actually building a quantum computer, how-

KEY CONCEPTS
N � �Quantum computers can store 

and process data using atoms, 
photons or fabricated micro-
structures. These machines may 
someday be able to perform 
feats of computing once 
thought to be impossible.

N � �The manipulation of trapped 
ions is at the forefront of the 
quantum computing effort. 
Researchers can store data on 
the ions and transfer informa-
tion from one ion to another.

N � �Scientists see no fundamental 
obstacles to the development  
of trapped-ion computers.

 —The Editors

 QUANTUM PHYSICS

By Christopher R. Monroe and David J. Wineland

Researchers are taking the first steps toward 

building ultrapowerful computers that  

use individual atoms to perform calculations

COMPUTING
WITH IONS 

QUANTUM
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bors. We can solve this problem, however, by 
using laser beams that are focused on the partic-
ular qubit (or qubits) of interest.

The third basic requirement is the ability to 
devise at least one type of logic gate between 
qubits. It can take the same form as classical log-
ic gates—the AND and OR gates that are the 
building blocks of conventional processors—but 
it must also act on the superposition states unique 
to qubits. A popular choice for a two-qubit logic 
gate is called a controlled not (CNOT) gate. Let 
us call the qubit inputs A and B. A is the control 
bit. If the value of A is 0, the CNOT gate leaves 
B unchanged; if A is 1, the gate flips B, changing 
its value from 0 to 1, and vice versa [see box 
above]. This gate is also called a conditional log-
ic gate, because the action taken on qubit input B 
(whether the bit is flipped or not) depends on the 
condition of qubit input A.

To make a conditional logic gate between two 
ion qubits, we require a coupling between 
them—in other words, we need them to talk to 
each other. Because both qubits are positively 
charged, their motion is strongly coupled elec-
trically through a phenomenon known as mutu-
al coulomb repulsion. In 1995 Juan Ignacio 
Cirac and Peter Zoller, both then at the Univer-
sity of Innsbruck in Austria, proposed a way to 
use this coulomb interaction to couple indirectly 

environment, yet the electric repulsion among 
them provides a strong interaction for produc-
ing entanglement. And laser beams thinner than 
a human hair can be targeted on individual 
atoms to manipulate and measure the data 
stored in the qubits.

Over the past few years scientists have per-
formed many of the proof-of-principle experi-
ments in quantum computing with trapped ions. 
Researchers have produced entangled states of 
up to eight qubits and have shown that these 
rudimentary computers can run simple algo-
rithms. It appears straightforward (though tech-
nically very challenging) to scale up the trapped-
ion approach to much larger numbers of qubits. 
Taking the lead from classical computers, this 
effort would involve sequencing a few types of 
quantum logic gates, each made up of only a few 
trapped ions. Scientists could adapt convention-
al error-correction techniques to the quantum 
world by using multiple ions to encode each 
qubit. Here the redundant encoding of informa-
tion allows the system to tolerate errors, as long 
as they occur at a sufficiently low rate. In the end, 
a useful trapped-ion quantum computer would 
most likely entail the storage and manipulation 
of at least thousands of ions, trapped in complex 
arrays of electrodes on microscopic chips.

The first requirement for making a “univer-
sal” quantum computer—one that can perform 
all possible computations—is reliable memory. 
If we put a qubit in a superposition state of 0 and 
1, with the ion’s magnetic orientation pointing 
up and down at the same time, it must remain 
in that state until the data are processed or mea-
sured. Researchers have long known that ions 
held in electromagnetic traps can act as very 
good qubit memory registers, with superposi-
tion lifetimes (also known as coherence times) 
exceeding 10 minutes. These relatively long life-
times result from the extremely weak interac-
tion between an ion and its surroundings.

The second essential ingredient for quantum 
computing is the ability to manipulate a single 
qubit. If the qubits are based on the magnetic 
orientation of a trapped ion, researchers can use 
oscillating magnetic fields, applied for a speci-
fied duration, to flip a qubit (changing it from 0 
to 1, and vice versa) or to put it in a superposi-
tion state. Given the small distances between the 
trapped ions—typically a few millionths of a 
meter—it is difficult to localize the oscillating 
fields to an individual ion, which is important 
because we will often want to change one qubit’s 
orientation without changing that of its neigh-
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TRUTH TABLE
[BASICS]

A trapped-ion computer 
would rely on logic gates 
such as the controlled not 
(CNOT) gate, which con-
sists of two ions, A and B. 
This truth table shows 
that if A (the control bit) 
has a value of 0, the gate 
leaves B unchanged. But 
if A is 1, the gate flips B, 
changing its value from 0 
to 1, and vice versa. And 
if A is in a superposition 
state (0 and 1 at the same 
time), the gate puts the 
two ions in an entangled 
superposition. (Their 
state is now identical  
to the one shown in the 
box on the bottom of  
the opposite page.)

POWERS OF TWO
The enormous potential of 
trapped-ion computers lies in the 
fact that a system with N ions can 
hold 2N numbers simultaneously. 
And as N increases, the value of 
2N rises exponentially.

25 = 32 

210 = 1,024

250 = 
1,125,899,906,842,624  

2100 =  
1,267,650,600,228,229, 
401,496,703,205,376 
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bors. We can solve this problem, however, by 
using laser beams that are focused on the partic-
ular qubit (or qubits) of interest.

The third basic requirement is the ability to 
devise at least one type of logic gate between 
qubits. It can take the same form as classical log-
ic gates—the AND and OR gates that are the 
building blocks of conventional processors—but 
it must also act on the superposition states unique 
to qubits. A popular choice for a two-qubit logic 
gate is called a controlled not (CNOT) gate. Let 
us call the qubit inputs A and B. A is the control 
bit. If the value of A is 0, the CNOT gate leaves 
B unchanged; if A is 1, the gate flips B, changing 
its value from 0 to 1, and vice versa [see box 
above]. This gate is also called a conditional log-
ic gate, because the action taken on qubit input B 
(whether the bit is flipped or not) depends on the 
condition of qubit input A.

To make a conditional logic gate between two 
ion qubits, we require a coupling between 
them—in other words, we need them to talk to 
each other. Because both qubits are positively 
charged, their motion is strongly coupled elec-
trically through a phenomenon known as mutu-
al coulomb repulsion. In 1995 Juan Ignacio 
Cirac and Peter Zoller, both then at the Univer-
sity of Innsbruck in Austria, proposed a way to 
use this coulomb interaction to couple indirectly 

environment, yet the electric repulsion among 
them provides a strong interaction for produc-
ing entanglement. And laser beams thinner than 
a human hair can be targeted on individual 
atoms to manipulate and measure the data 
stored in the qubits.

Over the past few years scientists have per-
formed many of the proof-of-principle experi-
ments in quantum computing with trapped ions. 
Researchers have produced entangled states of 
up to eight qubits and have shown that these 
rudimentary computers can run simple algo-
rithms. It appears straightforward (though tech-
nically very challenging) to scale up the trapped-
ion approach to much larger numbers of qubits. 
Taking the lead from classical computers, this 
effort would involve sequencing a few types of 
quantum logic gates, each made up of only a few 
trapped ions. Scientists could adapt convention-
al error-correction techniques to the quantum 
world by using multiple ions to encode each 
qubit. Here the redundant encoding of informa-
tion allows the system to tolerate errors, as long 
as they occur at a sufficiently low rate. In the end, 
a useful trapped-ion quantum computer would 
most likely entail the storage and manipulation 
of at least thousands of ions, trapped in complex 
arrays of electrodes on microscopic chips.

The first requirement for making a “univer-
sal” quantum computer—one that can perform 
all possible computations—is reliable memory. 
If we put a qubit in a superposition state of 0 and 
1, with the ion’s magnetic orientation pointing 
up and down at the same time, it must remain 
in that state until the data are processed or mea-
sured. Researchers have long known that ions 
held in electromagnetic traps can act as very 
good qubit memory registers, with superposi-
tion lifetimes (also known as coherence times) 
exceeding 10 minutes. These relatively long life-
times result from the extremely weak interac-
tion between an ion and its surroundings.

The second essential ingredient for quantum 
computing is the ability to manipulate a single 
qubit. If the qubits are based on the magnetic 
orientation of a trapped ion, researchers can use 
oscillating magnetic fields, applied for a speci-
fied duration, to flip a qubit (changing it from 0 
to 1, and vice versa) or to put it in a superposi-
tion state. Given the small distances between the 
trapped ions—typically a few millionths of a 
meter—it is difficult to localize the oscillating 
fields to an individual ion, which is important 
because we will often want to change one qubit’s 
orientation without changing that of its neigh-
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TRUTH TABLE
[BASICS]

A trapped-ion computer 
would rely on logic gates 
such as the controlled not 
(CNOT) gate, which con-
sists of two ions, A and B. 
This truth table shows 
that if A (the control bit) 
has a value of 0, the gate 
leaves B unchanged. But 
if A is 1, the gate flips B, 
changing its value from 0 
to 1, and vice versa. And 
if A is in a superposition 
state (0 and 1 at the same 
time), the gate puts the 
two ions in an entangled 
superposition. (Their 
state is now identical  
to the one shown in the 
box on the bottom of  
the opposite page.)

POWERS OF TWO
The enormous potential of 
trapped-ion computers lies in the 
fact that a system with N ions can 
hold 2N numbers simultaneously. 
And as N increases, the value of 
2N rises exponentially.

25 = 32 

210 = 1,024

250 = 
1,125,899,906,842,624  

2100 =  
1,267,650,600,228,229, 
401,496,703,205,376 
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FIG. 1. Be+ energy levels. The levels indicated with
thick lines form the basis of the quantum register: internal
levels are IS) = I 1& and I T) ( Siyq)F = 2, mF = 2) and
S,y2)F = 1,mF = 1) levels, respectively, separated by
coo/2n = 1.250 GHz), and )aux) = S~y2)F = 2, mF = 0)
(separated from I 1) by =2.5 MHz); external vibrational levels
are ln) = )0) and )1) (separated by ~,/2 r7= 11.2 MHz).
Stimulated Raman transitions between S]/2 hyperfine states
are driven through the virtual P~p level (5 = 50 GHz) with
a pair of =313 nm laser beams. Measurement of S is accom-
plished by driving the cycling I 1) ~ P3y2)F = 3, mF 3)
transition with o.+-polarized light and detecting the resulting
ion fluorescence.

according to the following format:
(a) A vr/2 pulse is applied on the carrier transition.

The effect is described by the operator V'~ (vr/2)
in the notation of Ref. I 1].

(b) A 2~ pulse is applied on the blue sideband
transition between I

'T) and an auxiliary atomic (1)
level )aux) (see Fig. 1).

(c) A zr/2 pulse is applied on the carrier transition,
with a m phase shift relative to (a), leading to the
operator V' (—zr/2) of Ref. I 1].

The ~/2 pulses in steps (a) and (c) cause the spin IS)
to undergo +1/4 and —1/4 of a complete Rabi cycle,
respectively, while leaving In) unchanged. The auxiliary
transition in step (b) simply reverses the sign of any
component of the register in the )1)l T) state by inducing a
complete Rabi cycle from )1)l 'T) )0))aux) —)1)l T).
The auxiliary level )aux) is the Siyz IF = 2, mF = 0)
ground state, split from the I J) state by virtue of a
Zeeman shift of =2.5 MHz resulting from a 0.18 mT
applied magnetic field (see Fig. 1). Any component of
the quantum register in the In) = )0) state is unaffected
by the blue sideband transition of step (b), and the effects
of the two Ramsey ~/2 pulses cancel. On the other hand,
any component of the quantum register in the )1)l T) state
acquires a sign change in step (b), and the two Ramsey
pulses add constructively, effectively "Dipping" the target
qubit by ~ radians. The truth table of the CN operation

The experiment apparatus is described elsewhere
[16,17]. A single 9Be+ ion is stored in a coaxial-
resonator rf-ion trap [17],which provides pseudopotential
oscillation frequencies of (cu„au~,cu, )/2~ = (11.2, 18.2,
29.8) MHz along the principal axes of the trap. We cool
the ion so that the n = 0 vibrational ground state is occu-
pied =95% of the time by employing resolved-sideband
stimulated Raman cooling in the x dimension, exactly
as in Ref. [16]. The two Raman beams each contain
=1mW of power at =313 nm and are detuned =50 6Hz
red of the P~y2 excited state. The Raman beams are
applied to the ion in directions such that their wave-vector
difference Bk points nearly along the x axis of the
trap; thus the Raman transitions are highly insensitive to
motion in the other two dimensions. The Lamb-Dicke
parameter is g = 6k xo = 0.2, where xo = 7 nm is
the spread of the n = 0 wave function. The carrier
(ln)) j) )n)) T)) Rabi frequency is Ao2vr = 140 kHz,
th«ed ()1)l l) ~ )0)l T)) and blue ()0)l g) ~ )1)l T))
sideband Rabi frequencies are g, Ao/2~ = 30 kHz, and
the auxiliary transition ()1)l T) ~ )0)l $)) Rabi frequency
is g,A,„,/27r = 12 kHz. The difference frequency of
the Raman beams is tunable from 1200 to 1300 MHz
with the use of a double pass acousto-optic modulator
(AOM), and the Raman pulse durations are controlled
with additional switching AOMs. Since the Raman beams
are generated from a single laser and an AOM, broadening
of the Raman transitions due to a finite laser linewidth is
negligible [18].
Following Raman cooling to the )0)l [) state, but before

application of the CN operation, we apply appropriately
tuned and timed Raman pulses to the ion, which can
prepare an arbitrary state of the two-qubit register. For
instance, to prepare a )1)l J) eigenstate, we apply a 7r
pulse on the blue sideband followed by a ~ pulse on
the carrier ()0)l $) )1)l T) )1)l $)). We perform two
measurements to detect the population of the register
after an arbitrary sequence of operations. First, we
measure the probability P(S =)) that the target qubit
IS) is in the I J) state by collecting the ion lluorescence
when o.+-polarized laser radiation is applied resonant
with the cycling I /) P3gz)F = 3, mF = 3) transition
(radiative linewidth y/2' = 19.4 MHz at A = 313 nm;
see Fig. 1). Since this radiation does not appreciably
couple to the I T) state (relative excitation probability:
=5 X 1() s), the fluorescence reading is proportional to
P(S =j,). For S = $, we collect on average =1 photon
per measurement cycle [16]. Once S is measured, we
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(Received 14 July 1995)
We demonstrate the operation of a two-bit "controlled-NOT" quantum logic gate, which, in

conjunction with simple single-bit operations, forms a universal quantum logic gate for quantum
computation. The two quantum bits are stored in the internal and external degrees of freedom of a single
trapped atom, which is first laser cooled to the zero-point energy. Decoherence effects are identified
for the operation, and the possibility of extending the system to more qubits appears promising.

PACS numbers: 89.80.+h, 03.65.—w, 32.80.Pj
We report the first demonstration of a fundamental

quantum logic gate that operates on prepared quantum
states. Following the scheme proposed by Cirac and
Zoller [1], we demonstrate a controlled-NOT gate on a
pair of quantum bits (qubits). The two qubits comprise
two internal (hyperfine) states and two external (quantized
motional harmonic oscillator) states of a single trapped
atom. Although this minimal system consists of only two
qubits, it illustrates the basic operations necessary for, and
the problems associated with, constructing a large scale
quantum computer.
The distinctive feature of a quantum computer is its

ability to store and process superpositions of numbers
[2]. This potential for parallel computing has led to
the discovery that certain problems are more efficiently
solved on a quantum computer than on a classical
computer [3]. The most dramatic example is an algorithm
presented by Shor [4] showing that a quantum computer
should be able to factor large numbers very efficiently.
This appears to be of considerable interest, since the
security of many data encryption schemes [5] relies on the
inability of classical computers to factor large numbers.
A quantum computer hosts a register of qubits, each of

which behaves as quantum mechanical two-level systems
and can store arbitrary superposition states of 0 and 1.
It has been shown that any computation on a register
of qubits can be broken up into a series of two-bit
operations [6], for example, a series of two-bit
"controlled-NOT*' (CN) quantum logic gates, accompa-
nied by simple rotations on single qubits [7,8]. The CN
gate transforms the state of two qubits e] and e2 from
let)le2) to le&)le& s E2), where the s operation is addi-
tion modulo 2. Reminiscent of the classical exclusive-OR
(XOR) gate, the CN gate represents a computation at the
most fundamental level: the "target" qubit le2) is fiipped
depending on the state of the "control" qubit le~).
Experimental realization of a quantum computer re-

quires isolated quantum systems that act as the qubits, and
the presence of controlled unitary interactions between the
qubits that allow construction of the CN gate. As pointed
out by many authors [6,9,10], if the qubits are not suffi-
ciently isolated from outside infIuences, decoherences can
destroy the quantum interferences that form the computa-
tion. Several proposed experimental schemes for quantum
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computers and CN gates involving a dipole-dipole inter-
action between quantum dots or atomic nuclei [6,7, 11,12]
may suffer from decoherence efforts. The light shifts on
atoms located inside electromagnetic cavities have been
shown to be large enough [13,14] that one could construct
a quantum gate where a single photon prepared in the
cavity acts as the control qubit [7,15] for the atomic state.
However, extension to large quantum registers may be dif-
ficult. Cirac and Zoller [1] have proposed a very attrac-
tive quantum computer architecture based on laser-cooled
trapped ions in which the qubits are associated with in-
ternal states of the ions, and information is transferred
between qubits through a shared motional degree of free-
dom. The highlights of their proposal are that (i) deco-
herence can be small, (ii) extension to large registers is
relatively straightforward, and (iii) the qubit readout can
have nearly unit efficiency.
In our implementation of a quantum CN logic gate, the

target qubit lS) is spanned by two S&I2 hyperfine ground
states of a single 9Be ion (the lf = 2,mF = 2) and
lF = 1, mF = 1) states, abbreviated by the equivalent
spin-1/2 states l J) and l [)) separated in frequency by
coo/2~ = 1.250 6Hz. The control qubit ln) is spanned
by the first two quantized harmonic oscillator states
of the trapped in (lo) and l 1)), separated in frequency
by the vibrational frequency to, /2' = 11 MHz of the
harmonically trapped ion. Figure 1 displays the relevant
Be energy levels. Manipulation between the four basis
eigenstates spanning the two-qubit register (ln)lS) =
lO)l g), lO)l y), ll)l g), ll)l T)) is achieved by applying a
pair of off-resonant laser beams to the ion, which drives
stimulated Raman transitions between basis states. When
the difference frequency 6 of the beams is set near 6 =
coo (the carrier), transitions are coherently driven between
internal states lS) while preserving ln). Likewise, for 6 =
con —co, (the red sideband), transitions are coherently
driven between l 1)l 1) and lo)l f), and for t5 = con + co,
(the blue sideband), transitions are coherently driven
between lo)l [) and ll)l 1'). Note that when 6 is tuned to
either sideband, the stimulated Raman transitions entangle
lS) with ln), a crucial part of the trapped-ion quantum CN
gate.
We realize the controlled-NOT gate by sequentially

applying three pulses of the Raman beams to the ion
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driven between l 1)l 1) and lo)l f), and for t5 = con + co,
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either sideband, the stimulated Raman transitions entangle
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FIG. 1. Be+ energy levels. The levels indicated with
thick lines form the basis of the quantum register: internal
levels are IS) = I 1& and I T) ( Siyq)F = 2, mF = 2) and
S,y2)F = 1,mF = 1) levels, respectively, separated by
coo/2n = 1.250 GHz), and )aux) = S~y2)F = 2, mF = 0)
(separated from I 1) by =2.5 MHz); external vibrational levels
are ln) = )0) and )1) (separated by ~,/2 r7= 11.2 MHz).
Stimulated Raman transitions between S]/2 hyperfine states
are driven through the virtual P~p level (5 = 50 GHz) with
a pair of =313 nm laser beams. Measurement of S is accom-
plished by driving the cycling I 1) ~ P3y2)F = 3, mF 3)
transition with o.+-polarized light and detecting the resulting
ion fluorescence.

according to the following format:
(a) A vr/2 pulse is applied on the carrier transition.

The effect is described by the operator V'~ (vr/2)
in the notation of Ref. I 1].

(b) A 2~ pulse is applied on the blue sideband
transition between I

'T) and an auxiliary atomic (1)
level )aux) (see Fig. 1).

(c) A zr/2 pulse is applied on the carrier transition,
with a m phase shift relative to (a), leading to the
operator V' (—zr/2) of Ref. I 1].

The ~/2 pulses in steps (a) and (c) cause the spin IS)
to undergo +1/4 and —1/4 of a complete Rabi cycle,
respectively, while leaving In) unchanged. The auxiliary
transition in step (b) simply reverses the sign of any
component of the register in the )1)l T) state by inducing a
complete Rabi cycle from )1)l 'T) )0))aux) —)1)l T).
The auxiliary level )aux) is the Siyz IF = 2, mF = 0)
ground state, split from the I J) state by virtue of a
Zeeman shift of =2.5 MHz resulting from a 0.18 mT
applied magnetic field (see Fig. 1). Any component of
the quantum register in the In) = )0) state is unaffected
by the blue sideband transition of step (b), and the effects
of the two Ramsey ~/2 pulses cancel. On the other hand,
any component of the quantum register in the )1)l T) state
acquires a sign change in step (b), and the two Ramsey
pulses add constructively, effectively "Dipping" the target
qubit by ~ radians. The truth table of the CN operation

The experiment apparatus is described elsewhere
[16,17]. A single 9Be+ ion is stored in a coaxial-
resonator rf-ion trap [17],which provides pseudopotential
oscillation frequencies of (cu„au~,cu, )/2~ = (11.2, 18.2,
29.8) MHz along the principal axes of the trap. We cool
the ion so that the n = 0 vibrational ground state is occu-
pied =95% of the time by employing resolved-sideband
stimulated Raman cooling in the x dimension, exactly
as in Ref. [16]. The two Raman beams each contain
=1mW of power at =313 nm and are detuned =50 6Hz
red of the P~y2 excited state. The Raman beams are
applied to the ion in directions such that their wave-vector
difference Bk points nearly along the x axis of the
trap; thus the Raman transitions are highly insensitive to
motion in the other two dimensions. The Lamb-Dicke
parameter is g = 6k xo = 0.2, where xo = 7 nm is
the spread of the n = 0 wave function. The carrier
(ln)) j) )n)) T)) Rabi frequency is Ao2vr = 140 kHz,
th«ed ()1)l l) ~ )0)l T)) and blue ()0)l g) ~ )1)l T))
sideband Rabi frequencies are g, Ao/2~ = 30 kHz, and
the auxiliary transition ()1)l T) ~ )0)l $)) Rabi frequency
is g,A,„,/27r = 12 kHz. The difference frequency of
the Raman beams is tunable from 1200 to 1300 MHz
with the use of a double pass acousto-optic modulator
(AOM), and the Raman pulse durations are controlled
with additional switching AOMs. Since the Raman beams
are generated from a single laser and an AOM, broadening
of the Raman transitions due to a finite laser linewidth is
negligible [18].
Following Raman cooling to the )0)l [) state, but before

application of the CN operation, we apply appropriately
tuned and timed Raman pulses to the ion, which can
prepare an arbitrary state of the two-qubit register. For
instance, to prepare a )1)l J) eigenstate, we apply a 7r
pulse on the blue sideband followed by a ~ pulse on
the carrier ()0)l $) )1)l T) )1)l $)). We perform two
measurements to detect the population of the register
after an arbitrary sequence of operations. First, we
measure the probability P(S =)) that the target qubit
IS) is in the I J) state by collecting the ion lluorescence
when o.+-polarized laser radiation is applied resonant
with the cycling I /) P3gz)F = 3, mF = 3) transition
(radiative linewidth y/2' = 19.4 MHz at A = 313 nm;
see Fig. 1). Since this radiation does not appreciably
couple to the I T) state (relative excitation probability:
=5 X 1() s), the fluorescence reading is proportional to
P(S =j,). For S = $, we collect on average =1 photon
per measurement cycle [16]. Once S is measured, we
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the presence of controlled unitary interactions between the
qubits that allow construction of the CN gate. As pointed
out by many authors [6,9,10], if the qubits are not suffi-
ciently isolated from outside infIuences, decoherences can
destroy the quantum interferences that form the computa-
tion. Several proposed experimental schemes for quantum
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computers and CN gates involving a dipole-dipole inter-
action between quantum dots or atomic nuclei [6,7, 11,12]
may suffer from decoherence efforts. The light shifts on
atoms located inside electromagnetic cavities have been
shown to be large enough [13,14] that one could construct
a quantum gate where a single photon prepared in the
cavity acts as the control qubit [7,15] for the atomic state.
However, extension to large quantum registers may be dif-
ficult. Cirac and Zoller [1] have proposed a very attrac-
tive quantum computer architecture based on laser-cooled
trapped ions in which the qubits are associated with in-
ternal states of the ions, and information is transferred
between qubits through a shared motional degree of free-
dom. The highlights of their proposal are that (i) deco-
herence can be small, (ii) extension to large registers is
relatively straightforward, and (iii) the qubit readout can
have nearly unit efficiency.
In our implementation of a quantum CN logic gate, the

target qubit lS) is spanned by two S&I2 hyperfine ground
states of a single 9Be ion (the lf = 2,mF = 2) and
lF = 1, mF = 1) states, abbreviated by the equivalent
spin-1/2 states l J) and l [)) separated in frequency by
coo/2~ = 1.250 6Hz. The control qubit ln) is spanned
by the first two quantized harmonic oscillator states
of the trapped in (lo) and l 1)), separated in frequency
by the vibrational frequency to, /2' = 11 MHz of the
harmonically trapped ion. Figure 1 displays the relevant
Be energy levels. Manipulation between the four basis
eigenstates spanning the two-qubit register (ln)lS) =
lO)l g), lO)l y), ll)l g), ll)l T)) is achieved by applying a
pair of off-resonant laser beams to the ion, which drives
stimulated Raman transitions between basis states. When
the difference frequency 6 of the beams is set near 6 =
coo (the carrier), transitions are coherently driven between
internal states lS) while preserving ln). Likewise, for 6 =
con —co, (the red sideband), transitions are coherently
driven between l 1)l 1) and lo)l f), and for t5 = con + co,
(the blue sideband), transitions are coherently driven
between lo)l [) and ll)l 1'). Note that when 6 is tuned to
either sideband, the stimulated Raman transitions entangle
lS) with ln), a crucial part of the trapped-ion quantum CN
gate.
We realize the controlled-NOT gate by sequentially

applying three pulses of the Raman beams to the ion
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We demonstrate the operation of a two-bit "controlled-NOT" quantum logic gate, which, in

conjunction with simple single-bit operations, forms a universal quantum logic gate for quantum
computation. The two quantum bits are stored in the internal and external degrees of freedom of a single
trapped atom, which is first laser cooled to the zero-point energy. Decoherence effects are identified
for the operation, and the possibility of extending the system to more qubits appears promising.
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most fundamental level: the "target" qubit le2) is fiipped
depending on the state of the "control" qubit le~).
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the presence of controlled unitary interactions between the
qubits that allow construction of the CN gate. As pointed
out by many authors [6,9,10], if the qubits are not suffi-
ciently isolated from outside infIuences, decoherences can
destroy the quantum interferences that form the computa-
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states of a single 9Be ion (the lf = 2,mF = 2) and
lF = 1, mF = 1) states, abbreviated by the equivalent
spin-1/2 states l J) and l [)) separated in frequency by
coo/2~ = 1.250 6Hz. The control qubit ln) is spanned
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con —co, (the red sideband), transitions are coherently
driven between l 1)l 1) and lo)l f), and for t5 = con + co,
(the blue sideband), transitions are coherently driven
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either sideband, the stimulated Raman transitions entangle
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FIG. 1. Be+ energy levels. The levels indicated with
thick lines form the basis of the quantum register: internal
levels are IS) = I 1& and I T) ( Siyq)F = 2, mF = 2) and
S,y2)F = 1,mF = 1) levels, respectively, separated by
coo/2n = 1.250 GHz), and )aux) = S~y2)F = 2, mF = 0)
(separated from I 1) by =2.5 MHz); external vibrational levels
are ln) = )0) and )1) (separated by ~,/2 r7= 11.2 MHz).
Stimulated Raman transitions between S]/2 hyperfine states
are driven through the virtual P~p level (5 = 50 GHz) with
a pair of =313 nm laser beams. Measurement of S is accom-
plished by driving the cycling I 1) ~ P3y2)F = 3, mF 3)
transition with o.+-polarized light and detecting the resulting
ion fluorescence.

according to the following format:
(a) A vr/2 pulse is applied on the carrier transition.

The effect is described by the operator V'~ (vr/2)
in the notation of Ref. I 1].

(b) A 2~ pulse is applied on the blue sideband
transition between I

'T) and an auxiliary atomic (1)
level )aux) (see Fig. 1).

(c) A zr/2 pulse is applied on the carrier transition,
with a m phase shift relative to (a), leading to the
operator V' (—zr/2) of Ref. I 1].

The ~/2 pulses in steps (a) and (c) cause the spin IS)
to undergo +1/4 and —1/4 of a complete Rabi cycle,
respectively, while leaving In) unchanged. The auxiliary
transition in step (b) simply reverses the sign of any
component of the register in the )1)l T) state by inducing a
complete Rabi cycle from )1)l 'T) )0))aux) —)1)l T).
The auxiliary level )aux) is the Siyz IF = 2, mF = 0)
ground state, split from the I J) state by virtue of a
Zeeman shift of =2.5 MHz resulting from a 0.18 mT
applied magnetic field (see Fig. 1). Any component of
the quantum register in the In) = )0) state is unaffected
by the blue sideband transition of step (b), and the effects
of the two Ramsey ~/2 pulses cancel. On the other hand,
any component of the quantum register in the )1)l T) state
acquires a sign change in step (b), and the two Ramsey
pulses add constructively, effectively "Dipping" the target
qubit by ~ radians. The truth table of the CN operation

The experiment apparatus is described elsewhere
[16,17]. A single 9Be+ ion is stored in a coaxial-
resonator rf-ion trap [17],which provides pseudopotential
oscillation frequencies of (cu„au~,cu, )/2~ = (11.2, 18.2,
29.8) MHz along the principal axes of the trap. We cool
the ion so that the n = 0 vibrational ground state is occu-
pied =95% of the time by employing resolved-sideband
stimulated Raman cooling in the x dimension, exactly
as in Ref. [16]. The two Raman beams each contain
=1mW of power at =313 nm and are detuned =50 6Hz
red of the P~y2 excited state. The Raman beams are
applied to the ion in directions such that their wave-vector
difference Bk points nearly along the x axis of the
trap; thus the Raman transitions are highly insensitive to
motion in the other two dimensions. The Lamb-Dicke
parameter is g = 6k xo = 0.2, where xo = 7 nm is
the spread of the n = 0 wave function. The carrier
(ln)) j) )n)) T)) Rabi frequency is Ao2vr = 140 kHz,
th«ed ()1)l l) ~ )0)l T)) and blue ()0)l g) ~ )1)l T))
sideband Rabi frequencies are g, Ao/2~ = 30 kHz, and
the auxiliary transition ()1)l T) ~ )0)l $)) Rabi frequency
is g,A,„,/27r = 12 kHz. The difference frequency of
the Raman beams is tunable from 1200 to 1300 MHz
with the use of a double pass acousto-optic modulator
(AOM), and the Raman pulse durations are controlled
with additional switching AOMs. Since the Raman beams
are generated from a single laser and an AOM, broadening
of the Raman transitions due to a finite laser linewidth is
negligible [18].
Following Raman cooling to the )0)l [) state, but before

application of the CN operation, we apply appropriately
tuned and timed Raman pulses to the ion, which can
prepare an arbitrary state of the two-qubit register. For
instance, to prepare a )1)l J) eigenstate, we apply a 7r
pulse on the blue sideband followed by a ~ pulse on
the carrier ()0)l $) )1)l T) )1)l $)). We perform two
measurements to detect the population of the register
after an arbitrary sequence of operations. First, we
measure the probability P(S =)) that the target qubit
IS) is in the I J) state by collecting the ion lluorescence
when o.+-polarized laser radiation is applied resonant
with the cycling I /) P3gz)F = 3, mF = 3) transition
(radiative linewidth y/2' = 19.4 MHz at A = 313 nm;
see Fig. 1). Since this radiation does not appreciably
couple to the I T) state (relative excitation probability:
=5 X 1() s), the fluorescence reading is proportional to
P(S =j,). For S = $, we collect on average =1 photon
per measurement cycle [16]. Once S is measured, we

4715

VOLUME 75, NUMBER 25 PH YS ICAL REVIEW LETTERS 18 DECEMBER 1995

)l

5C

2

Ra man
transition

2

P3a

Detection
(o')

is as follows:

Input state ~ Output state

lo) I l) - lo) I l)
Io)l T) —Io)l T)

I 1)I 1)—I 1)I T)
Il)l T) Il)l l).

(2)

2
1/2

)0&)aux&

10& I S&

FIG. 1. Be+ energy levels. The levels indicated with
thick lines form the basis of the quantum register: internal
levels are IS) = I 1& and I T) ( Siyq)F = 2, mF = 2) and
S,y2)F = 1,mF = 1) levels, respectively, separated by
coo/2n = 1.250 GHz), and )aux) = S~y2)F = 2, mF = 0)
(separated from I 1) by =2.5 MHz); external vibrational levels
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Stimulated Raman transitions between S]/2 hyperfine states
are driven through the virtual P~p level (5 = 50 GHz) with
a pair of =313 nm laser beams. Measurement of S is accom-
plished by driving the cycling I 1) ~ P3y2)F = 3, mF 3)
transition with o.+-polarized light and detecting the resulting
ion fluorescence.

according to the following format:
(a) A vr/2 pulse is applied on the carrier transition.

The effect is described by the operator V'~ (vr/2)
in the notation of Ref. I 1].

(b) A 2~ pulse is applied on the blue sideband
transition between I

'T) and an auxiliary atomic (1)
level )aux) (see Fig. 1).

(c) A zr/2 pulse is applied on the carrier transition,
with a m phase shift relative to (a), leading to the
operator V' (—zr/2) of Ref. I 1].

The ~/2 pulses in steps (a) and (c) cause the spin IS)
to undergo +1/4 and —1/4 of a complete Rabi cycle,
respectively, while leaving In) unchanged. The auxiliary
transition in step (b) simply reverses the sign of any
component of the register in the )1)l T) state by inducing a
complete Rabi cycle from )1)l 'T) )0))aux) —)1)l T).
The auxiliary level )aux) is the Siyz IF = 2, mF = 0)
ground state, split from the I J) state by virtue of a
Zeeman shift of =2.5 MHz resulting from a 0.18 mT
applied magnetic field (see Fig. 1). Any component of
the quantum register in the In) = )0) state is unaffected
by the blue sideband transition of step (b), and the effects
of the two Ramsey ~/2 pulses cancel. On the other hand,
any component of the quantum register in the )1)l T) state
acquires a sign change in step (b), and the two Ramsey
pulses add constructively, effectively "Dipping" the target
qubit by ~ radians. The truth table of the CN operation

The experiment apparatus is described elsewhere
[16,17]. A single 9Be+ ion is stored in a coaxial-
resonator rf-ion trap [17],which provides pseudopotential
oscillation frequencies of (cu„au~,cu, )/2~ = (11.2, 18.2,
29.8) MHz along the principal axes of the trap. We cool
the ion so that the n = 0 vibrational ground state is occu-
pied =95% of the time by employing resolved-sideband
stimulated Raman cooling in the x dimension, exactly
as in Ref. [16]. The two Raman beams each contain
=1mW of power at =313 nm and are detuned =50 6Hz
red of the P~y2 excited state. The Raman beams are
applied to the ion in directions such that their wave-vector
difference Bk points nearly along the x axis of the
trap; thus the Raman transitions are highly insensitive to
motion in the other two dimensions. The Lamb-Dicke
parameter is g = 6k xo = 0.2, where xo = 7 nm is
the spread of the n = 0 wave function. The carrier
(ln)) j) )n)) T)) Rabi frequency is Ao2vr = 140 kHz,
th«ed ()1)l l) ~ )0)l T)) and blue ()0)l g) ~ )1)l T))
sideband Rabi frequencies are g, Ao/2~ = 30 kHz, and
the auxiliary transition ()1)l T) ~ )0)l $)) Rabi frequency
is g,A,„,/27r = 12 kHz. The difference frequency of
the Raman beams is tunable from 1200 to 1300 MHz
with the use of a double pass acousto-optic modulator
(AOM), and the Raman pulse durations are controlled
with additional switching AOMs. Since the Raman beams
are generated from a single laser and an AOM, broadening
of the Raman transitions due to a finite laser linewidth is
negligible [18].
Following Raman cooling to the )0)l [) state, but before

application of the CN operation, we apply appropriately
tuned and timed Raman pulses to the ion, which can
prepare an arbitrary state of the two-qubit register. For
instance, to prepare a )1)l J) eigenstate, we apply a 7r
pulse on the blue sideband followed by a ~ pulse on
the carrier ()0)l $) )1)l T) )1)l $)). We perform two
measurements to detect the population of the register
after an arbitrary sequence of operations. First, we
measure the probability P(S =)) that the target qubit
IS) is in the I J) state by collecting the ion lluorescence
when o.+-polarized laser radiation is applied resonant
with the cycling I /) P3gz)F = 3, mF = 3) transition
(radiative linewidth y/2' = 19.4 MHz at A = 313 nm;
see Fig. 1). Since this radiation does not appreciably
couple to the I T) state (relative excitation probability:
=5 X 1() s), the fluorescence reading is proportional to
P(S =j,). For S = $, we collect on average =1 photon
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Single trapped ions represent elementary quantum systems that are well isolated from the
environment. They can be brought nearly to rest by laser cooling, and both their internal electronic
states and external motion can be coupled to and manipulated by light fields. This makes them ideally
suited for quantum-optical and quantum-dynamical studies under well-controlled conditions.
Theoretical and experimental work on these topics is reviewed in the paper, with a focus on ions
trapped in radio-frequency (Paul) traps.
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the components of a superposition of internal states to
be associated to different motional states.

The evolving state of the system during the sequence
is summarized in Fig. 15. Following (a) laser cooling to
the !g!!n !0! state, the Schrödinger-cat state was cre-
ated by applying several sequential pulses of the Raman
beams: (b) A "/2 pulse on the carrier transition split the
wave function into an equal superposition of states
!g!!0! and !e!!0! . (c) The selective dipole force of the
coherent displacement beams excited the motion corre-
lated with the !e! component to a state !#!. (d) A " pulse
on the carrier transition then swapped the internal states
of the superposition. (e) Next, the displacement beams
excited the motion correlated with the new !e! compo-
nent to a second coherent state !#ei$! . (f) A final "/2
pulse on the carrier combined the two coherent states.
The relative phases [$ and the phases of steps (b), (d),
and (f)] of the steps above were controlled by phase
locking the rf sources that created the frequency split-
ting of the Raman or displacement beams, respectively.

The state created after step (e) is a superposition of
two independent coherent states, each correlated with
an internal state of the ion (for $!"),

!%!!
!#!!e!"!##!!g!

&
. (145)

In this state, the widely separated coherent states re-
place the classical notions of ‘‘dead’’ and ‘‘alive’’ in
Schrödinger’s original thought experiment. The coher-
ence of this mesoscopic superposition was verified by
recombining the coherent wave-packet components in
the final step (f). This resulted in different degrees of
interference of the two wave packets as the relative
phase $ of the displacement forces [steps (c) and (e)]
was varied. The nature of the interference depended on
the phases of steps (b), (d), and (f) and was set to cause
destructive interference of the wave packets in the !g!
state. The interference was directly measured by detect-
ing the probability Pg($) that the ion was in the !g!
internal state for a given value of $. The signal for par-
ticular choices of the phases in (b), (d), and (f) is

Pg&$'!
1
2 (1#Ce##2(1#cos $) cos&#2 sin $'), (146)

where # is the magnitude of the coherent states and C
!1 is the expected visibility of the fringes in the absence
of any mechanisms decreasing the contrast, such as, for
example, imperfect state preparation, motional heating,

or decoherence. The experiment was continuously
repeated—cooling, state preparation, detection—while
slowly sweeping the relative motional phase $ of the
coherent states.

Figure 16 shows the measured Pg($) for a few differ-
ent values of the coherent-state amplitude #, which is set
by changing the duration of application of the displace-
ment beams [steps (c) and (e) from above]. The unit
visibility (C"1) of the interference feature near $!0
verifies that superposition states were produced instead
of statistical mixtures, and the feature clearly narrows as
# increases. The amplitude of the Schrödinger-cat state
was extracted by fitting the interference data to the ex-
pected form of the interference fringe. The extracted
values of # agreed with an independent calibration of
the displacement forces. Coherent-state amplitudes as
high as #"2.97(6) were measured, corresponding to an
average of n "9 vibrational quanta in the state of mo-
tion. This indicates a maximum spatial separation of
4#x0!83(3) nm, which was significantly larger than the
single wave-packet size characterized by x0!7.1(1) nm
as well as a typical atomic dimension ("0.1 nm). The
individual wave packets were thus clearly spatially sepa-

FIG. 15. Steps for creation of a Schrödinger-cat state (Monroe
et al., 1996). For detailed explanation, see text.

FIG. 16. Phase signal of a Schrödinger-cat state for different
magnitudes of the coherent displacement (Monroe et al.,
1996).
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example, imperfect state preparation, motional heating,

or decoherence. The experiment was continuously
repeated—cooling, state preparation, detection—while
slowly sweeping the relative motional phase $ of the
coherent states.

Figure 16 shows the measured Pg($) for a few differ-
ent values of the coherent-state amplitude #, which is set
by changing the duration of application of the displace-
ment beams [steps (c) and (e) from above]. The unit
visibility (C"1) of the interference feature near $!0
verifies that superposition states were produced instead
of statistical mixtures, and the feature clearly narrows as
# increases. The amplitude of the Schrödinger-cat state
was extracted by fitting the interference data to the ex-
pected form of the interference fringe. The extracted
values of # agreed with an independent calibration of
the displacement forces. Coherent-state amplitudes as
high as #"2.97(6) were measured, corresponding to an
average of n "9 vibrational quanta in the state of mo-
tion. This indicates a maximum spatial separation of
4#x0!83(3) nm, which was significantly larger than the
single wave-packet size characterized by x0!7.1(1) nm
as well as a typical atomic dimension ("0.1 nm). The
individual wave packets were thus clearly spatially sepa-
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the components of a superposition of internal states to
be associated to different motional states.

The evolving state of the system during the sequence
is summarized in Fig. 15. Following (a) laser cooling to
the !g!!n !0! state, the Schrödinger-cat state was cre-
ated by applying several sequential pulses of the Raman
beams: (b) A "/2 pulse on the carrier transition split the
wave function into an equal superposition of states
!g!!0! and !e!!0! . (c) The selective dipole force of the
coherent displacement beams excited the motion corre-
lated with the !e! component to a state !#!. (d) A " pulse
on the carrier transition then swapped the internal states
of the superposition. (e) Next, the displacement beams
excited the motion correlated with the new !e! compo-
nent to a second coherent state !#ei$! . (f) A final "/2
pulse on the carrier combined the two coherent states.
The relative phases [$ and the phases of steps (b), (d),
and (f)] of the steps above were controlled by phase
locking the rf sources that created the frequency split-
ting of the Raman or displacement beams, respectively.

The state created after step (e) is a superposition of
two independent coherent states, each correlated with
an internal state of the ion (for $!"),

!%!!
!#!!e!"!##!!g!

&
. (145)

In this state, the widely separated coherent states re-
place the classical notions of ‘‘dead’’ and ‘‘alive’’ in
Schrödinger’s original thought experiment. The coher-
ence of this mesoscopic superposition was verified by
recombining the coherent wave-packet components in
the final step (f). This resulted in different degrees of
interference of the two wave packets as the relative
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was varied. The nature of the interference depended on
the phases of steps (b), (d), and (f) and was set to cause
destructive interference of the wave packets in the !g!
state. The interference was directly measured by detect-
ing the probability Pg($) that the ion was in the !g!
internal state for a given value of $. The signal for par-
ticular choices of the phases in (b), (d), and (f) is
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!1 is the expected visibility of the fringes in the absence
of any mechanisms decreasing the contrast, such as, for
example, imperfect state preparation, motional heating,
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on the quantum computer chip. Electric forces 
can move the ion strings without disturbing their 
internal states, hence preserving the data they 
carry. And researchers could entangle one string 
with another to transfer data and perform pro-
cessing tasks that require the action of many log-
ic gates. The resulting architecture would some-
what resemble the familiar charge-coupled 
device (CCD) used in digital cameras; just as a 
CCD can move electric charge across an array of 
capacitors, a quantum chip could propel strings 
of individual ions through a grid of linear traps.

Many of the trapped-ion experiments at NIST 
have involved shuttling ions through a multi-
zone linear trap. Extending this idea to much 
larger systems, however, will require more 
sophisticated structures with a multitude of elec-
trodes that could guide the ions in any direction. 
The electrodes would have to be very small—in 
the range of 10 to 100 millionths of a meter—to 
confine and control the ion-shuttling procedure 
precisely. Fortunately, the builders of trapped-
ion quantum computers can take advantage of 
microfabrication techniques, such as microelec-
tromechanical systems (MEMS) and semicon-
ductor lithography, that are already used to con-
struct conventional computer chips.

Over the past year several research groups 
have demonstrated the first integrated ion traps. 
Scientists at the University of Michigan and the 
Laboratory for Physical Sciences at the Universi-
ty of Maryland employed a gallium arsenide 
semiconductor structure for their quantum chip. 
Investigators at NIST developed a new ion-trap 
geometry in which the ions float above a chip’s 
surface. Groups at Alcatel-Lucent and Sandia 
National Laboratories have fabricated even fan-
cier ion traps on silicon chips. Much work remains 
to be done on these chip traps. The atomic noise 
emanating from nearby surfaces must be reduced, 
perhaps by cooling the electrodes with liquid 
nitrogen or liquid helium. And researchers must 
skillfully choreograph the movement of ions 
across the chip to avoid heating the particles and 

LEVITATED STRING of eight calcium ions are confined in a vacuum chamber and laser-
cooled to be nearly at rest. Such a string can perform quantum calculations.

this common motion, jiggling back and forth 
like two pendulum weights connected by a 
spring. Researchers can excite the common 
motion by applying photon pressure from a laser 
beam modulated at the natural oscillation fre-
quency of the trap [see box on opposite page].

More important, the laser beam can be made 
to affect the ion only if its magnetic orientation is 
up, which here corresponds to a qubit value of 1. 
What is more, these microscopic bar magnets 
rotate their orientation while they are oscillating 
in space, and the amount of rotation depends on 
whether one or both of the ions are in the 1 state. 
The net result is that if we apply a specific laser 
force to the ions for a carefully adjusted duration, 
we can create a CNOT gate. When the qubits are 
initialized in superposition states, the action of 
this gate entangles the ions, making it a funda-
mental operation for the construction of an arbi-
trary quantum computation among many ions.

Researchers at several laboratories—includ-
ing groups at the University of Innsbruck, the 
University of Michigan at Ann Arbor, the 
National Institute of Standards and Technology 
(NIST) and the University of Oxford—have dem-
onstrated working CNOT gates. Of course, 
none of the gates works perfectly, because they 
are limited by such things as laser-intensity fluc-
tuations and noisy ambient electric fields, which 
compromise the integrity of the ions’ laser-excit-
ed motions. Currently researchers can make a 
two-qubit gate that operates with a “fidelity” of 
slightly above 99 percent, meaning that the 
probability of the gate operating in error is less 
than 1 percent. But a useful quantum computer 
may need to achieve a fidelity of about 99.99 per-
cent for error-correction techniques to work 
properly. One of the main tasks of all trapped-
ion research groups is to reduce the background 
noise enough to reach these goals, and although 
this effort will be daunting, nothing fundamen-
tal stands in the way of its achievement. 

Ion Highways
But can researchers really make a full-fledged 
quantum computer out of trapped ions? Unfor-
tunately, it appears that longer strings of ions—

those containing more than about 20 qubits—

would be nearly impossible to control because 
their many collective modes of common motion 
would interfere with one another. So scientists 
have begun to explore the idea of dividing the 
quantum hardware into manageable chunks, 
performing calculations with short chains of 
ions that could be shuttled from place to place 

Quantum 
information 
science offers 
an opportunity 
to radically 
change 
computing. 
Scientists may 
finally realize 
their dream  
of creating  
a quantum 
machine that 
can tackle tasks 
once thought 
impossible. 
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Among the numerous types of architecture being explored for quantum computers are systems utilizing ion traps, in which
quantum bits (qubits) are formed from the electronic states of trapped ions and coupled through the Coulomb interaction. Although
the elementary requirements for quantum computation have been demonstrated in this system, there exist theoretical and
technical obstacles to scaling up the approach to large numbers of qubits. Therefore, recent efforts have been concentrated on
using quantum communication to link a number of small ion-trap quantum systems. Developing the array-based approach, we
show how to achieve massively parallel gate operation in a large-scale quantum computer, based on techniques already
demonstrated for manipulating small quantum registers. The use of decoherence-free subspaces significantly reduces
decoherence during ion transport, and removes the requirement of clock synchronization between the interaction regions.

A
quantum computer is a device that prepares and
manipulates quantum states in a controlledway, offering
significant advantages over classical computers in tasks
such as factoring large numbers1 and searching large
databases2. The power of quantum computing derives

from its scaling properties: as the size of these problems grows, the
resources required to solve them grow in amanageable way. Hence a
useful quantum computing technology must allow control of large
quantum systems, composed of thousands or millions of qubits.

The first proposal for ion-trap quantum computation involved
confining a string of ions in a single trap, using their electronic states
as qubit logic levels, and transferring quantum information between
ions through theirmutual Coulomb interaction3. All the elementary
requirements for quantum computation4—including efficient quan-
tum state preparation5–7, manipulation7–10 and read-out7,11,12—have
been demonstrated in this system. Butmanipulating a large number
of ions in a single trap presents immense technical difficulties, and
scaling arguments suggest that this scheme is limited to compu-
tations on tens of ions13–15.Oneway to escape this limitation involves
quantum communication between a number of small ion-trap
quantum registers. Recent proposals along these lines that use
photon coupling16–18 and spin-dependent Coulomb interactions19

have not yet been tested in the laboratory. The scheme presented
here, however, uses only quantum manipulation techniques that
have already been individually experimentally demonstrated.

The quantum CCD
To build up a large-scale quantum computer, we have proposed a
‘quantum charge-coupled device’ (QCCD) architecture consisting
of a large number of interconnected ion traps. By changing the
operating voltages of these traps, we can confine a few ions in each
trap or shuttle ions from trap to trap. In any particular trap, we can
manipulate a few ions using the methods already demonstrated,
while the connections between traps allow communication between
sets of ions13. Because both the speed of quantum logic gates20 and
the shuttling speed are limited by the trap strength, shuttling ions
between memory and interaction regions should consume an
acceptably small fraction of a clock cycle.

Figure 1 shows a diagram of the proposed device. Trapped ions
storing quantum information are held in the memory region. To
perform a logic gate, we move the relevant ions into an interaction
region by applying appropriate voltages to the electrode segments.
In the interaction region, the ions are held close together, enabling

the Coulomb coupling necessary for entangling gates3,21. Lasers are
focused through the interaction region to drive gates.We thenmove
the ions again to prepare for the next operation.
We can realize the trapping and transport potentials needed for

the QCCD using a combination of radio-frequency (r.f.) and
quasistatic electric fields. Figure 1 shows only the electrodes that
support the quasistatic fields. By varying the voltages on these
electrodes, we confine the ions in a particular region or transport
them along the local trap axis, which lies along the thin arrows in Fig.
1. Two more layers of electrodes lie above and below the static
electrodes, as shown in Fig. 2. Applying r.f. voltage to the outer layers
creates a quadrupole field that confines the ions transverse to the
local trap axis bymeans of the ponderomotive force22. This geometry
allows stable transport of the ions around ‘T’ and ‘X’ junctions, sowe
can build complex, multiply connected trap structures.

Figure 1 Diagram of the quantum charge-coupled device (QCCD). Ions are stored in
the memory region and moved to the interaction region for logic operations. Thin
arrows show transport and confinement along the local trap axis.
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scaling arguments suggest that this scheme is limited to compu-
tations on tens of ions13–15.Oneway to escape this limitation involves
quantum communication between a number of small ion-trap
quantum registers. Recent proposals along these lines that use
photon coupling16–18 and spin-dependent Coulomb interactions19

have not yet been tested in the laboratory. The scheme presented
here, however, uses only quantum manipulation techniques that
have already been individually experimentally demonstrated.

The quantum CCD
To build up a large-scale quantum computer, we have proposed a
‘quantum charge-coupled device’ (QCCD) architecture consisting
of a large number of interconnected ion traps. By changing the
operating voltages of these traps, we can confine a few ions in each
trap or shuttle ions from trap to trap. In any particular trap, we can
manipulate a few ions using the methods already demonstrated,
while the connections between traps allow communication between
sets of ions13. Because both the speed of quantum logic gates20 and
the shuttling speed are limited by the trap strength, shuttling ions
between memory and interaction regions should consume an
acceptably small fraction of a clock cycle.

Figure 1 shows a diagram of the proposed device. Trapped ions
storing quantum information are held in the memory region. To
perform a logic gate, we move the relevant ions into an interaction
region by applying appropriate voltages to the electrode segments.
In the interaction region, the ions are held close together, enabling

the Coulomb coupling necessary for entangling gates3,21. Lasers are
focused through the interaction region to drive gates.We thenmove
the ions again to prepare for the next operation.
We can realize the trapping and transport potentials needed for

the QCCD using a combination of radio-frequency (r.f.) and
quasistatic electric fields. Figure 1 shows only the electrodes that
support the quasistatic fields. By varying the voltages on these
electrodes, we confine the ions in a particular region or transport
them along the local trap axis, which lies along the thin arrows in Fig.
1. Two more layers of electrodes lie above and below the static
electrodes, as shown in Fig. 2. Applying r.f. voltage to the outer layers
creates a quadrupole field that confines the ions transverse to the
local trap axis bymeans of the ponderomotive force22. This geometry
allows stable transport of the ions around ‘T’ and ‘X’ junctions, sowe
can build complex, multiply connected trap structures.

Figure 1 Diagram of the quantum charge-coupled device (QCCD). Ions are stored in
the memory region and moved to the interaction region for logic operations. Thin
arrows show transport and confinement along the local trap axis.
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Among the numerous types of architecture being explored for quantum computers are systems utilizing ion traps, in which
quantum bits (qubits) are formed from the electronic states of trapped ions and coupled through the Coulomb interaction. Although
the elementary requirements for quantum computation have been demonstrated in this system, there exist theoretical and
technical obstacles to scaling up the approach to large numbers of qubits. Therefore, recent efforts have been concentrated on
using quantum communication to link a number of small ion-trap quantum systems. Developing the array-based approach, we
show how to achieve massively parallel gate operation in a large-scale quantum computer, based on techniques already
demonstrated for manipulating small quantum registers. The use of decoherence-free subspaces significantly reduces
decoherence during ion transport, and removes the requirement of clock synchronization between the interaction regions.
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‘quantum charge-coupled device’ (QCCD) architecture consisting
of a large number of interconnected ion traps. By changing the
operating voltages of these traps, we can confine a few ions in each
trap or shuttle ions from trap to trap. In any particular trap, we can
manipulate a few ions using the methods already demonstrated,
while the connections between traps allow communication between
sets of ions13. Because both the speed of quantum logic gates20 and
the shuttling speed are limited by the trap strength, shuttling ions
between memory and interaction regions should consume an
acceptably small fraction of a clock cycle.

Figure 1 shows a diagram of the proposed device. Trapped ions
storing quantum information are held in the memory region. To
perform a logic gate, we move the relevant ions into an interaction
region by applying appropriate voltages to the electrode segments.
In the interaction region, the ions are held close together, enabling

the Coulomb coupling necessary for entangling gates3,21. Lasers are
focused through the interaction region to drive gates.We thenmove
the ions again to prepare for the next operation.
We can realize the trapping and transport potentials needed for

the QCCD using a combination of radio-frequency (r.f.) and
quasistatic electric fields. Figure 1 shows only the electrodes that
support the quasistatic fields. By varying the voltages on these
electrodes, we confine the ions in a particular region or transport
them along the local trap axis, which lies along the thin arrows in Fig.
1. Two more layers of electrodes lie above and below the static
electrodes, as shown in Fig. 2. Applying r.f. voltage to the outer layers
creates a quadrupole field that confines the ions transverse to the
local trap axis bymeans of the ponderomotive force22. This geometry
allows stable transport of the ions around ‘T’ and ‘X’ junctions, sowe
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