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CNOT is not NOT

CNOT flips the second qubit (y) if 
and only if the first qubit (x) is |1〉

(qubits can be both 0 and 1) (bits can be either 0 or 1)



CNOT is …

CNOT flips the second qubit (y) if 
and only if the first qubit (x) is |1〉

(qubits can be both 0 and 1)

a “universal” quantum gate 

can entangle two qubits 

can disentangle two qubits 

…



64 SC IE NTIF IC AMERIC AN August 20 0 8

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 

© 2008 SCIENTIFIC AMERICAN, INC.© 2008 SCIENTIFIC AMERICAN, INC.
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CNOT can entangle two qubits

Example: “Classical” Gate

(not entangled)



CNOT can entangle two qubits

Example: Entangled Bell State

(entangled!)
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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

Demonstration of a Fundamental Quantum Logic Gate

C. Monroe, D. M. Meekhof, B.E. King, W. M. Itano, and D. J. Wineland
National Institute of Standards and Technology, Boulder, Colorado 80303

(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

4714

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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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. 

electrode

lasers

electrode

ions

electrode

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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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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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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Beryllium+ Ion
Spin-Orbit “Fine-Structure”
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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. 

© 2008 SCIENTIFIC AMERICAN, INC.
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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 
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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-
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trary quantum computation among many ions.

Researchers at several laboratories—includ-
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University of Michigan at Ann Arbor, the 
National Institute of Standards and Technology 
(NIST) and the University of Oxford—have dem-
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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 
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may need to achieve a fidelity of about 99.99 per-
cent for error-correction techniques to work 
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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 
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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 
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to affect the ion only if its magnetic orientation is 
up, which here corresponds to a qubit value of 1. 
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in space, and the amount of rotation depends on 
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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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levels are IS) = I 1& and I T) ( Siyq)F = 2, mF = 2) and
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(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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Stimulated Raman transitions between S]/2 hyperfine states
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transition with o.+-polarized light and detecting the resulting
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of the Raman transitions due to a finite laser linewidth is
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Demonstration of a Fundamental Quantum Logic Gate

C. Monroe, D. M. Meekhof, B.E. King, W. M. Itano, and D. J. Wineland
National Institute of Standards and Technology, Boulder, Colorado 80303

(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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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,
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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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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
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according to the following format:
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in the notation of Ref. I 1].
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to undergo +1/4 and —1/4 of a complete Rabi cycle,
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Zeeman shift of =2.5 MHz resulting from a 0.18 mT
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by the blue sideband transition of step (b), and the effects
of the two Ramsey ~/2 pulses cancel. On the other hand,
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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
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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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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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ment computations on larger quantum registers. For ex-
ample, the CN gate between two ions (m and n) might be
realized by mapping the internal state of the mth ion onto
the collective vibrational state of all ions, applying the
single-ion CN operation demonstrated in this work to the
nth ion, then returning the vibrational state back to the in-
ternal state of the mth ion. (This mapping may be achieved
by simply driving a ~ pulse on the red of blue sideband of
the mth ion. ) This approach is equivalent to the scheme
proposed by Cirac and Zoller [1,23]. An arbitrary compu-
tation may then be broken into a number of such operations
on different pairs of ions, accompanied by single qubit ro-
tations on each ion (carrier transitions) [6—8].
We are currently devoting effort into the multiplexing

of the register to many ions. Several technical issues
remain to be explored in this scaling, including laser-
cooling efficiency, the coupling of internal vibrational
modes due to trap imperfections, and the unique address-
ing of each ion with laser beams. Although we can trap
and cool a few ions in the current apparatus, other ge-
ometries such as the linear rf-ion trap [24] or an array
of ion traps each confining a single ion [25] might be
considered.
This work is supported by the U.S. Office of Naval

Research and the U.S. Army Research Office. We
acknowledge useful contributions from J.C. Bergquist
and J.J. Bollinger. We thank Robert Peterson, Dana
Berkeland, and Chris Myatt for helpful suggestions on the
manuscript.

Ramsey detuning (kHz)

FIG. 3. Ramsey spectra of the controlled-NOT (CN) gate.
The detuning of the Ramsey m/2 pulses of the CN gate [steps
(a) and (c)] is swept, and S is measured, expressed in terms of
the probability P(S = 1). The solid points correspond to initial
preparation in the ~n)~S) = ~0)~ 1) state, and the hollow points
correspond to preparation in the (n)(S) = (I)( $) state. The
resulting patterns are shifted in phase by m rad. This Gipping
of (S) depending on the state of the control qubit indicates the
conditional dynamics of the gate. Similar curves are obtained
when the /n)JS) = )0)f $) and /I)/ 1) states are prepared. The
lines are fits by a sinusoid, and the width of the Ramsey fringes
is consistent with the =50 p, sec duration of the CN operation.
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ment computations on larger quantum registers. For ex-
ample, the CN gate between two ions (m and n) might be
realized by mapping the internal state of the mth ion onto
the collective vibrational state of all ions, applying the
single-ion CN operation demonstrated in this work to the
nth ion, then returning the vibrational state back to the in-
ternal state of the mth ion. (This mapping may be achieved
by simply driving a ~ pulse on the red of blue sideband of
the mth ion. ) This approach is equivalent to the scheme
proposed by Cirac and Zoller [1,23]. An arbitrary compu-
tation may then be broken into a number of such operations
on different pairs of ions, accompanied by single qubit ro-
tations on each ion (carrier transitions) [6—8].
We are currently devoting effort into the multiplexing

of the register to many ions. Several technical issues
remain to be explored in this scaling, including laser-
cooling efficiency, the coupling of internal vibrational
modes due to trap imperfections, and the unique address-
ing of each ion with laser beams. Although we can trap
and cool a few ions in the current apparatus, other ge-
ometries such as the linear rf-ion trap [24] or an array
of ion traps each confining a single ion [25] might be
considered.
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FIG. 3. Ramsey spectra of the controlled-NOT (CN) gate.
The detuning of the Ramsey m/2 pulses of the CN gate [steps
(a) and (c)] is swept, and S is measured, expressed in terms of
the probability P(S = 1). The solid points correspond to initial
preparation in the ~n)~S) = ~0)~ 1) state, and the hollow points
correspond to preparation in the (n)(S) = (I)( $) state. The
resulting patterns are shifted in phase by m rad. This Gipping
of (S) depending on the state of the control qubit indicates the
conditional dynamics of the gate. Similar curves are obtained
when the /n)JS) = )0)f $) and /I)/ 1) states are prepared. The
lines are fits by a sinusoid, and the width of the Ramsey fringes
is consistent with the =50 p, sec duration of the CN operation.
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perform a second independent measurement that provides
the probability P(n = 1}that the control bit ~n) is in the
~1) state: After the same operation sequence is repeated,
an appropriate Raman pulse is added just prior to the
detection of S. This "detection preparation" pulse maps
~ n) onto ~ S). For instance, if we first measure S to be J.,
we repeat the experiment with the addition of a "~pulse"
on the red sideband. Subsequent detection of S resulting
in the presence (absence) of fiuorescence indicates that
n = 0 (1). Likewise, if we first measure S to be f, we
repeat the experiment with the addition of a "~ pulse"
on the blue sideband. Subsequent detection of S resulting
in the presence (absence) of fiuorescence indicates that
n =1(0).
In the above measurement scheme, we do not obtain

phase information about the quantum state of the register
and therefore do not measure the complete transformation
matrix associated with the CN operation. The phase
information could be obtained by performing additional
operations (similar to those described above) prior to the
measurement of S. Here, we demonstrate the key features
of the CN gate by (i) verifying that the populations
of the register follow the truth table given in (2), and
(ii) demonstrating the conditional quantum dynamics
associated with the CN operation.
To verify the CN truth table, we separately prepare each

of the four eigenstates spanning the register (~n)(S) =
/0) / g), /0) /

1'), /1) / $), f 1)f 1')), then apply the CN operation
given in (1). We measure the resulting register population
as described above after operation of the CN gate, as
shown in Fig. 2. When the control qubit is prepared
in the ~n) = [0) state, the measurements show that the
gate preserves S with high probability, whereas when the
initial control qubit is prepared in the ~n) = ~1) state, the
CN gate Hips the value of S with high probability. In
contrast, the gate preserves the population n of the control
qubit ~n) with high probability, verifying that the register
populations follow the CN truth table expressed in (2).
The fact that the measured probabilities are not exactly
zero or one is primarily due to imperfect laser-cooling,
imperfect state preparation and detection preparation, and
decoherence effects.
To illustrate the conditional dynamics of a quantum

logic gate, we desire to perform a unitary transforma-
tion on one physical system conditioned upon the quan-
tum state of another subsystem [19]. To see this in the
present experiment, it is useful to view steps (a) and (c)
of the CN operations given in (1) as Ramsey radiation
pulses [20], which drive the ~n)( $) ~n)~ f) transition—
with the addition of the perturbation (b) inserted between
the pulses. If we now vary the frequency of the Ramsey
pulses, we obtain the typical sinusoidal Ramsey interfer-
ence pattern indicative of the coherent evolution between
states ~S) = ~ J) and ~ f). However, the final population
S depends on the status of the control qubit ~n). This
is illustrated in Fig. 3 where we plot the measured prob-
ability P(S = J} as a function of detuning of the Ram-

g= Prob. ( I s = g) ) Q= Prot). ([n=i) )
--:—I--

'I
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After CN
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FIG. 2. Controlled-NOT (CN) truth table measurements for
eigenstates. The two horizontal rows give measured final
values of n and S with and without operation of the CN gate,
expressed in terms of the probabilities P(n = 1}and P(S =1}.
The measurements are grouped according to the initial prepared
eigenstate of the quantum register (IO)I ]), IO)I l'), Il)I ]), or
Il)I I')l. Even without CN operations, the probabilities are not
exactly 0 or 1 due to imperfect laser-cooling, state preparation
and detection preparation, and decoherence effects. However,
with high probability, the CN operation preserves the value of
the control qubit n, and flips the value of the target qubit S
only if n = 1.

sey pulses. For initial state ~0)~ J,), we obtain the normal
Ramsey spectrum since step (b) is inactive. For initial
state ~1)~ f), the Ramsey spectrum is inverted indicating
the conditional control (by quantum bit ~n)) of the dynam-
ics of the Ramsey pulses. Appropriate Ramsey curves are
also obtained for initial states ~0) ( t') and ~ 1)( f).
The switching speed of the CN gate is approximately

20 kHz, limited mainly by the auxiliary 2~ pulse in step
(b) given in (1). This rate could be increased with more
Raman beam laser power, although a fundamental limit in
switching speed appears to be the frequency separation of
the control qubit vibrational energy levels, which can be
as high as 50 MHz in our experiment [17].
We measure a decoherence rate of a few kHz in the

experiment, adequate for a single CN gate operating at
a speed of =20 kHz, but certainly not acceptable for a
more extended computation. We identify several sources
responsible for decoherence, including instabilities in the
laser beam power and the relative position of the ion with
respect to the beams, fluctuating external magnetic fields
(which can modulate the qubit phases), and instabilities
in the rf-ion trap drive frequency and voltage amplitude.
Substantial reduction of these sources of decoherence can
be expected. Other sources of decoherence that may
become important in the future include external heating
and dissipation of the ion motion [16,21], and spontaneous
emission caused by off-resonant transitions. %'e note that
decoherence rates of under 0.001 Hz have been achieved
for internal-state ion qubits [22].
The single-ion quantum register in the experiment com-

prises only two qubits and is therefore not useful for com-
putation. However, if the techniques described here are
applied to a collection of many ions cooled to the n = 0
state of collective motion, it should be possible to imple-
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perform a second independent measurement that provides
the probability P(n = 1}that the control bit ~n) is in the
~1) state: After the same operation sequence is repeated,
an appropriate Raman pulse is added just prior to the
detection of S. This "detection preparation" pulse maps
~ n) onto ~ S). For instance, if we first measure S to be J.,
we repeat the experiment with the addition of a "~pulse"
on the red sideband. Subsequent detection of S resulting
in the presence (absence) of fiuorescence indicates that
n = 0 (1). Likewise, if we first measure S to be f, we
repeat the experiment with the addition of a "~ pulse"
on the blue sideband. Subsequent detection of S resulting
in the presence (absence) of fiuorescence indicates that
n =1(0).
In the above measurement scheme, we do not obtain

phase information about the quantum state of the register
and therefore do not measure the complete transformation
matrix associated with the CN operation. The phase
information could be obtained by performing additional
operations (similar to those described above) prior to the
measurement of S. Here, we demonstrate the key features
of the CN gate by (i) verifying that the populations
of the register follow the truth table given in (2), and
(ii) demonstrating the conditional quantum dynamics
associated with the CN operation.
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FIG. 2. Controlled-NOT (CN) truth table measurements for
eigenstates. The two horizontal rows give measured final
values of n and S with and without operation of the CN gate,
expressed in terms of the probabilities P(n = 1}and P(S =1}.
The measurements are grouped according to the initial prepared
eigenstate of the quantum register (IO)I ]), IO)I l'), Il)I ]), or
Il)I I')l. Even without CN operations, the probabilities are not
exactly 0 or 1 due to imperfect laser-cooling, state preparation
and detection preparation, and decoherence effects. However,
with high probability, the CN operation preserves the value of
the control qubit n, and flips the value of the target qubit S
only if n = 1.

sey pulses. For initial state ~0)~ J,), we obtain the normal
Ramsey spectrum since step (b) is inactive. For initial
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applied to a collection of many ions cooled to the n = 0
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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
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according to the following format:
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The effect is described by the operator V'~ (vr/2)
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The experiment apparatus is described elsewhere
[16,17]. A single 9Be+ ion is stored in a coaxial-
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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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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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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.
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relatively straightforward, and (iii) the qubit readout can
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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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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


