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Realization of the Cirac-Zoller
controlled-NOT quantum gate

Quantum Computations with Cold Trapped Ions

J.1. Cirac and P. Zoller*

Institut fiir Theoretische Physik, Universidt Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria
(Received 30 November 1994)

A quantum computer can be implemented with cold ions confined in a linear trap and interacting with
laser beams. Quantum gates involving any pair, triplet, or subset of ions can be realized by coupling

the ions through the collective quantized motion.

In this system decoherence is negligible, and the

measurement (readout of the quantum register) can be carried out with a high efficiency.

PACS numbers: 89.80.+h, 03.65.Bz, 12.20.Fv, 32.80.Pj

A quantum computer (QC) obeys the laws of quantum
mechanics, and its unique feature is that it can follow a su-
perposition of computation paths simultaneously and pro-
duce a final state depending on the interference of these
paths [1]. Recent results in quantum complexity theory
and the development of algorithms indicate that quantum
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Ferdinand idt-Kaler, Hiffner, Mark Riebe, Stephan Gulde,
Gavin P. T. Lancaster, Thomas Deuschle, Christoph Becher,
Christian F. Roos, Jiirgen Eschner & Rainer Blatt

Institut fiir Experimentalphysik, Universitiit Innsbruck, Technikerstrafie 25,
A-6020 Innsbruck, Austria

Quantum computers have the potential to perform certain
computational tasks more efficiently than their classical counter-
parts. The Cirac—Zoller proposal’ for a scalable quantum com-
puter is based on a string of trapped ions whose electronic states
represent the quantum bits of information (or qubits). In this
scheme, quantum logical gates involving any subset of ions are
realized by coupling the ions through their collective quantized
motion. The main experimental step towards realizing the
scheme is to implement the controlled-NOT (CNOT) gate oper-
ation between two individual ions. The CNOT quantum logical
gate corresponds to the XOR gate operation of classical logic that
flips the state of a target bit conditioned on the state of a control
bit. Here we implement a CNOT quantum gate according to the
Cirac—Zoller proposal'. In our experiment, two **Ca™ ions are
held in a linear Paul trap and are individually addressed using
focused laser beams?; the qubits® are represented by superposi-
tions of two long-lived electronic states. Our work relies on

of the qubits'® encoded in long-lived internal states®, and their
quantum state can be detected with efficiencies close to 100%
(ref. 15). During the past years two and four ions have been
entangled'®, a single-ion CNOT gate'® has been realized, and
recently the Deutsch—Jozsa algorithm' has been implemented on
a single-ion quantum processor. While the entangling operations
demonstrated in ref. 17 can be used as a logic gate, a two-ion gate
using individual addressing has not been demonstrated. This may
serve as a key element for the further development and future
perspectives towards general purpose quantum computing with
trapped ions.

To implement a QC, Cirac and Zoller proposed a string of ions in
a linear trap to serve as a quantum memory where the qubit
information is carried by two internal states of each ion. Compu-
tational operations are carried out by addressing the ions individu-
ally with a laser beam. Single-qubit rotations are performed using
coherent excitation by a single laser pulse driving transitions
between the qubit states. For a two-qubit CNOT operation, Cirac
and Zoller proposed to use the common vibration of an 1on string to
convey the information for a conditional operation (this vibrational
mode is called the ‘bus-mode’). This can be achieved with a
sequence of three steps after the ion string has been prepared in
the ground state (n = 0) of the bus-mode. First, the quantum
information of the control ion i1s mapped onto this vibrational
mode, that is, the entire string of ions is moving and thus the target
ion participates in this common motion. Second, and conditional
upon the motional state, the target ion’s qubit is inverted. Finally,
the state of the bus-mode is mapped back onto the control ion.
Mathematically, this amounts to performing the operation

the axis of the rotation, gi

208 © 2003 Nature Publishing Group

Table 1 Pulse for the Ci -Zoller CNOT gate

lon 1 lon 2 on lon 2 lon 1
A{(=.0) Ra{=/2.x) Ri(=. =)
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Our quantum computing future is built on our
technology heritage.
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Industrial giant Honeywell says it’s built the
world’s best quantum computer

Honeywell Quantum Computer Model
. H1 Sets A New Measured Quantum
Volume Record Of 512

Honeywell to release most powerful quantum computer PRSI 590 Sk

yet by mid-2020; QCCD architecture

09 March 2020

MR Moor Insights and Strategy Contributor Group ©

Honeywell announced that due to a breakthrough in technology, it will release a

quantum computer with a quantum volume of at least 64, twice that of the next

alternative in the industry, by the middle of 2020.
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Forbes

IonQ Takes Quantum Computing
Public With A S2 Billion Deal

Paul Smith-Goodson Contributor
VIR Moor Insights and Strategy Contributor Group ®
Cloud

Analyst-in-residence, Quantum Computing

Unparalleled performance

The world’s most
powerful quantum
computer

Featuring 32 qubits, minimal gate errors, and a
world-leading expected quantum volume. Available
on the cloud in 2021 to help solve humanity's hardest
problems.
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