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(from Michael Brooks)

Quantum Information Processing
Roadmap (1987-1998)

Research Goals

Basic Research

* Quantum interference
e lon traps

e Cavity QED

e Quantum dots

* NMR schemes

e Si:P

e Shor’s algorithm

e Quantum cryptography
e Grover’s algorithm

e Single photon detector
e Error correction

Applications

Now

* Photon counters

e Precision range finding

» Optical time-domain
reflectometry

* Metrology

e Secure optical
communications




(from Michael Brooks)

Quantum Information Processing
Roadmap (1998-2003)

Research Goals

Near Term Goals

* NMR to do 8 qubit QC
» 3-5 photon entanglement
* 3-5 qubit ion trap
 Quantum dot gate
 Silicon-based gate
 Few qubit applications
* New algorithms

e Fault tolerant QC

* Novel QC

e Quantum repeaters

e Quantum amplifiers

e Detectors

e Sources

Applications

Near Future

* Quantum cryptography
demonstrators

e General quantum
communications

« Random number generators

e 2-photon metrology

 DNA sequencing

e Single molecule sensors

 Simulation of guantum systems

e Quantum gyroscopes




(from Michael Brooks)

Quantum Information Processing
Roadmap (2003-2015)

Research Goals

Mid Term Goals

® 10 - 20 qubit computation

« Demonstrator systems

* Novel algorithms

e Macroscopic superposition

« Bose condensate
connections

* Quasi-classical few particle
gates and bits

Applications

Far Future

e Quantum repeaters
e Quantum amplifiers
 Quantum computers
- factoring
- non-structured information
retrieval
 Molecular simulation
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A Quantum Information
Science and Technology

Roadmap 2002.12.1
Part 1: Quantum Computation http ://qlst |an| _ gOV
Report of the Richard Hughes et al.

Quantum Information Science and Technology
Experts Panel

“_.. it seems that the laws of physics present no
barrier to reducing the size of computers until bits
are the size of atoms, and quantum behavior holds
sway.”

Richard P. Feynman (1985)

Disclaimer:

The opinions expressed in this document are those of the
Technology Experts Panel members and are subject to change.
They should not to be taken to indicate in any way an official
position of U.5. Government sponsors of this research.

December 1, 2002
Version 1.0

This document ig available elecironically at: hitpaligist lanl.gov



Quantum Computation Approach Summary Compiled by

6.1 Nuclear magnetic resonance approaches to quantum- David Cory
information processing and quantum computing

6.2 lon trap approaches to quantum-information processing and David Wineland

quantum computing

Neutral atom approaches to quantum-information processing
and quantum computing

Carlton Caves

. il ¢ 0 L - [ . . 0
Optical approaches to quantum-information processing and
quantum computing

Gerard Milburn and Paul Kwiat

5 Solid state approaches to quantum-information processing

and quantum computing

David Awschalom, Robert Clark,
David DiVincenzo, P. Chris
Hammel and, Birgitta Whaley

6.6

Superconducting approaches to quantum-information proc-
essing and quantum computing

Terry Orlando

6.7

“Unique” qubit approaches to quantum-information process-
ing and quantum computing

P. Chris Hammel and Seth Lloyd

6.8

Theory component of the quantum computing roadmap

Gary Doolen and Brigitta Whaley




Quantum Circuit

DiVincenzo, Qu-Ph/0002077
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Quantum Networking

Alice % ©% Bob

6. Interconvertibility between stationary and flying qubits.

7. Faithful transmission of flying qubits.

DiVincenzo, Qu-Ph/0002077
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High-Level Goals
of the Road Map for QC

By 2012, QC science test-beds with sufficient complexity
to explore architectural and algorithmic issues

e By 2007:

— Encode a single qubit into a
state of logical qubit

— Perform a repetitive error
correction of the logical
qubit

— Transfer the state of the
logical into the state of
another set of physical
qubits with high fidelity

e By 2012:

— Implement a concatenated
quantum error-correcting
code

e Fault-tolerant scalability

Creating deterministic, on-demand
quantum entanglement

Encoding quantum information into a
logical qubit

Extending the lifetime of quantum
information

Communicating quantum information

coherently from one part of a QC to
another

e —~ 50 physical qubits

multiple logical qubits through the full
range of operations required for F-T QC in
order to perform a simple instance of a
relevant quantum algorithm

a natural experimental QC benchmark that
a digital computer cannot simulate



The Mid-Level Quantum Com putatiun Roadmap: Prom iIse Criteria

The DiVincenzo Criteria
Quantum Computation QC Networkability

QC Approach
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ﬁ mis wviaksle AP ch is kmown

The column numbers correspond to the following OO criteria:

. A scalable physical system with well-characterised qubits.

2. The ability toinitialize the state of the qubits to a simple fiducial state.

3. Long (relative) decoherence times, much longer than the gate-operation time,
4. A universal set of quantum gates,

3. A qubit-specitic measurement capability.

. The ability to interoonwvert stationary and flying qubits.

I'hee abality b fanthiully ransmit flving qubils between specified locations.



2003—2007

Development Status Metric

QC Approach 1.1 21 | 22 | 23 30 | 32 | 32 | 4 |41 | 42 [ 43 | 44 | 45 | 46 | 4T | 48
NI PN A | A | A b | 2% | 2% A | O | A0 | A6 | 00 | A0 ) A0 | A
Trapped kan iy A0 | A | A i | e | 2 A | A% | O | M | S0A | A0h | 2% | DA
Neutral Atom Fia L0 | A | dih | | e A | A | S | 6 | Q0 | 06 | 06 | G
Optical F.ioN A0 | A | A F N 6 | Ak | 26 | A | O | A0k | D% | 26
Solid State
Gated quibits Fis:N 2% | % | M A | A | M Ak | Sh | 28 | M6 | 208 | 20h | O | 24
Optically measured QD qubits Fan A | A | 2 A% | k| Sk A | Ak | 0% | MA | A | 0k | O | 2
Doped or “Spin” qubits Fiiy i | 2 | 2 A | A | 2 A | Ak | S8 | 24 | A6 | L0k | 26 | 2A
superconducting .&. .m iy .ﬁ .ﬂ L .ﬂ; ﬂ S | O | O | S0 | A0h | D0k | O
M et wperimenital demonstration
_ﬁ |-||'||||||.'||||'| R Pl densonstration, bult furthes N T nental work is TRk
.ﬂ no experimental demonstratson

1. Creation of a qubit

1.1 Demonstrate preparation and readout of both qubit states.

2. Single-qubit operations

2.1 Demonstrate Rabi flops of a qubit.

2.2 Demonstrate decoherence times much longer than Rabi oscillation

period.

2.3 Demonstrate control of both degrees of freedom on the Bloch sphere.
3. Two-qubit operations

3.1 Implement coherent two-qubit quantum logic operations.

3.2 Produce and characterize the Bell entangled states.

3.3 Demonstrate decoherence times much longer than two-qubit gate

times.

4. Operations on 3-10 physical qubits

4.1 Produce a Greenberger, Horne, and Zeilinger (GHZ) entangled
state of three physical qubits.

4.2 Produce maximally-entangled states of four and more physical
qubits.

4.3 Quantum state and process tomography.
4.4 Demonstrate decoherence-free subspaces (DFSSs).

4.5 Demonstrate the transfer of quantum information (e.g.,
teleportation, entanglement

swapping, multiple SWAP operations etc.) between physical qubits.
4.6 Demonstrate quantum error-correcting codes.
4.7 Demonstrate simple quantum algorithms (e.g., Deutsch-Josza).

4.8 Demonstrate quantum logic operations with fault-tolerant precision.



2008~2012 Development Status Metric

2C Approach 3 a1 5.2 & 6.1 6.2 6.3 7 (A [ 7.3 74 1.5
NMIR 28 | 48 a8 | 48 | A ah | LA | o6 | 2 | 24
Trapped lon h | A Jh | S | A o . N S S
Meutral Atom ah | 28 b | A | A b | J6 | o6 | 4A | JA
Optical ¥ % ¥ % 2 2k i A Fir N L Fii N L
Solid State
Gated qubits ﬂ-. Iﬁ iﬁ. iy .;‘ A ﬁ .& Fri N ﬂﬂ.
Optically messured Q0 qubits 28 A8 Fir N A ¥/ N A Fi7 N ¥ii ¥ 28
Doped or “Spin” qubits Fii Y iy Y 2 Fii Y Firi % L i Fii Y i
Superconducting 2 Y Y 2 2 Fri N i N Fir b Fri N b
M utficent experimental demonstration
A8 - preliminary experimental demsonstration, but further experimental work is required
5. Operations on one logical qubit A - o epserinntal deonstration

5.1 Create a single logical qubit and “keep it alive” using repetitive error correction.

5.2 Demonstrate fault-tolerant quantum control of a single logical qubit.
6. Operations on two logical qubits

6.1 Implement two-logical-qubit operations.
6.2 Produce two-logical-qubit Bell states.

6.3 Demonstrate fault-tolerant two-logical-qubit operations.
7. Operations on 3-10 logical qubits

7.1 Produce a GHZ-state of three logical qubits.

7.2 Produce maximally-entangled states of four and more logical qubits.

7.3 Demonstrate the transfer of quantum information between logical qubits.

7.4 Demonstrate simple quantum algorithms (e.g., Deutsch-Josza) with logical qubits.

7.5 Demonstrate fault-tolerant implementation of simple quantum algorithms with logical qubits.



NMR

Nuclear Magnetic Resonance QC Research

Research Leader(s) Research Location

Cory & Havel MIT Nuclear Engineering
Gershenfeld & Chuang MIT Media Lab

Glaser Munich

Jones Oxford

L ee Korea

Kumar Bangalore, India

Knill Los Alamos

Laflamme Waterloo

Zeng China




NMR
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6 Interconvertibility between stationary and flying qubits.

6 7. Faithful transmission of flying qubits.




NMR

1. Creation of a qubit

2\ 1.1 Demonstrate preparation and readout of both qubit states.

2. Single-qubit operations
FA\N 2.1 Demonstrate Rabi flops of a qubit.
L\ 5> 2 pemonstrate decoherence times much longer than Rabi oscillation period.

L 2 3 pemonstrate control of both degrees of freedom on the Bloch sphere.

3. Two-qubit operations
X\ 3.1 Implement coherent two-qubit quantum logic operations.
24 3.2 Produce and characterize the Bell entangled states.

2\ 3.3 Demonstrate decoherence times much longer than two-qubit gate times.



NMR

4. Operations on 3—10 physical qubits

2\ 4.1 Produce a Greenberger, Horne, and Zeilinger (GHZ) entangled state of
three physical qubits.

2\ 4.2 Produce maximally-entangled states of four and more physical qubits.
A\ 4.3 Quantum state and process tomography.
AN 4.4 Demonstrate decoherence-free subspaces (DFSs).

XX\ 4.5 Demonstrate the transfer of quantum information (e.g., teleportation,
entanglement

swapping, multiple SWAP operations etc.) between physical qubits.
&\ 4.6 Demonstrate quantum error-correcting codes.
L\ 4.7 Demonstrate simple quantum algorithms (e.g., Deutsch-Josza).

2\ 4.8 Demonstrate quantum logic operations with fault-tolerant precision.



5. Operations on one logical qubit N I\/I I 2

LA 5.1 Create a single logical qubit and “keep it alive” using repetitive error
correction.

2\ 5.2 Demonstrate fault-tolerant quantum control of a single logical qubit.

6. Operations on two logical qubits
2 6.1 Implement two-logical-qubit operations.
X\ 6.2 Produce two-logical-qubit Bell states.

2 6.3 Demonstrate fault-tolerant two-logical-qubit operations.

7. Operations on 3—10 logical qubits
28 7.1 Produce a GHZ-state of three logical qubits.
24 7.2 Produce maximally-entangled states of four and more logical qubits.
LA 7.3 Demonstrate the transfer of quantum information between logical qubits.

2\ 7.4 Demonstrate simple quantum algorithms (e.g., Deutsch-Josza) with
logical qubits.

24 7.5 Demonstrate fault-tolerant implementation of simple quantum algorithms
with logical qubits.



Muchear Magnete Retanance
ROALD MAP

TIME LIMES

Task
Characterize gubits
characterize the rose generators (and ther sowces)
measure the spectral density of noise generators
mreasune the fidelty of gubiy state preparation (sold state)
Single gubit operations

Two-qubit cperations
process toemographny (Bouids)
demarstrate sTate and prodess Domagrapiy | solela)
redsune the Ndelty of coherent two qubit logic operations (solds )
rresgsune the fidelty and correlation for preparing Bell states {salids)
measure the relanation superoperatar for 2 qubits (liguds)
reasure the camelatiors of noise gererators for multiple qubit (kguids and salids)
dermarstrate decoharance=lres subapace [sodids)
Operations an 3 ta 10 physical qubits
ayaluate the 'l-t'.llil'lﬂ of the fidadty of qubil State preparation (sohds)
measure the fidelity and correlation of producing a GHZ & W states (solids)
measune the fidelty of producing cat-states for four or more qubits
demorstrate noisekess subsystemn {solids)
maasung the fidelty of entanglement swapping
demorstate quaniuem &mor correition (Solids)
measwring the scaling of decoberence rates with increasing size of cat states (solids)
Dperations on ane logical qubit
measune the fidelty of logical qubit state preparation (solds)
infarmation Storage with Do levels af GUANTUM BfTef CoATRCTEN
e the fidelty of sngle logcal qubit operstsns
guanium information BLorage Bayond the natursl decay Lrme
Operatiors on twa logical qubits
measune the fidelty of two logical gubit aperations
rreasune the fidelty and correlation for preparing Bell states of taa lagical qubets
Operations on 3 to 10 legical qubits
rregsune the Tdelity and correlation for preparing a GHI state of three logical qubits
measune the fidelity for preparing the cat state far 4 or mare lagical qubits
measune the fidelty of entanglement swapping between logical gubits
demorstrate Deuvtsch-Jorsa with logical gubits
Instrumentation and General Mathods
preciss coharent contral with mceheranca in the intéarnal o axnemal Hamilaman
improved statistical measures for tomography
improved linearity af BF modulatars and system
aptics for control of hyperfine interaction

a0 2003 2004 A003 2006 2007 2008 2009 2010 2011 2E
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Optical QC

Optical QC Research

Research Leader(s)

Research Location

Bouwmeester, .

U. of California, Santa Barbara, USA

DeMartini, F.

Rome U., ltaly

Dowling, J.

JPL, California, USA

Franson, J. D.

John Hopkins, Marvland, USA

Gisin, M.

U. of Genewva, Switzerland

Howell, J. C.

U. of Rochester, New York, USA

Imamoglu, A.

U. of California, Santa Barbara, USA

Kwiat, P. G.

U. of Illinois, Urbana-Champaign, USA

Milburn, G. J. and Ralph, T. C.

U. of Queensland, Australia

MNakamura, J.

NEC, Tskuba, Japan

Rarity, J.

U. of Bristol, UK

Sergienko, A. V.

Boston U., Massachusetts, USA

Shih, ¥. H.

UMBC, Maryland, USA

Steinberg, A.

U. of Toronto, Canada

Takeuchi, S.

Hokkaido U., Japan

Walmsley, 1.

U. of Oxford, UK

Weinfurter, H.

U. of Munich, Germany

White, A. G.

U. of Queensland, Brisbane Australia

Yamamoto, Y.

Stanford U., California, USA

Zeilinger, A.

U. of Vienna, Austria

A European collaboration (RAMBOQ)™

John Rarity (coordinator), U. of Bristol

* This collaboration has been funded in the current round of the FET QIPC scheme of the European Commission,




Optical QC
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6. Interconvertibility between stationary and flying qubits.
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Optical QC

1. Creation of a qubit

2 1.1 Demonstrate preparation and readout of both qubit states.

2. Single-qubit operations
FA\N 2.1 Demonstrate Rabi flops of a qubit.
L\ 5> 2 pemonstrate decoherence times much longer than Rabi oscillation period.

L 2 3 pemonstrate control of both degrees of freedom on the Bloch sphere.

3. Two-qubit operations
-ﬂS.l Implement coherent two-qubit quantum logic operations.
24 3.2 Produce and characterize the Bell entangled states.

2\ 3.3 Demonstrate decoherence times much longer than two-qubit gate times.



Optical QC

4. Operations on 3—10 physical qubits

2\ 4.1 Produce a Greenberger, Horne, and Zeilinger (GHZ) entangled state of
three physical qubits.

24 4.2 Produce maximally-entangled states of four and more physical qubits.
28 43 Quantum state and process tomography.
28\ 4.4 Demonstrate decoherence-free subspaces (DFSs).

XX\ 4.5 Demonstrate the transfer of quantum information (e.g., teleportation,
entanglement

swapping, multiple SWAP operations etc.) between physical qubits.
24 4.6 Demonstrate quantum error-correcting codes.
2\ 4.7 Demonstrate simple quantum algorithms (e.g., Deutsch-Josza).

24 4.8 Demonstrate quantum logic operations with fault-tolerant precision.



5. Operations on one logical qubit O ptl Cal QC

LA 5.1 Create a single logical qubit and “keep it alive” using repetitive error
correction.

24 5.2 Demonstrate fault-tolerant quantum control of a single logical qubit.

6. Operations on two logical qubits
2 6.1 Implement two-logical-qubit operations.
2\ 6.2 Produce two-logical-qubit Bell states.

2 6.3 Demonstrate fault-tolerant two-logical-qubit operations.

7. Operations on 3—10 logical qubits
28 7.1 Produce a GHZ-state of three logical qubits.
24 7.2 Produce maximally-entangled states of four and more logical qubits.
LA 7.3 Demonstrate the transfer of quantum information between logical qubits.

28\ 7.4 Demonstrate simple quantum algorithms (e.g., Deutsch-Josza) with
logical qubits.

24 7.5 Demonstrate fault-tolerant implementation of simple quantum algorithms
with logical qubits.



LINEAR OPTICS QUANTUM COMPUTING
ROAD MAP

TIME LIMES.

TASHK

Sowces
Condittoned SPS from SPDC
Solid-state SPSs
Entangled photon-pair source optimization
Miltphoton entanglement sources benchmarked

Measuramant and contral
cptimization of conventional avalance-based detectors
nowvel single photon detectors
fast electro-optic control
automated multi-mode tomography

Basic LOQC
resource assessment for 4 gubits (Th.)
measures of mult-mode entanglement (Th)
C-MOT with SPDC and postselection
loss detection code for 2 qubits
teleported C-MOT in coincidence basis
fiber HOM with SPS
C-MNOTwithout postselection
Eell violation for two qubits without postselection
implemeantation of four gubit test processing
demonstration of guantum memory

Stage two: towards integration

development of integrated 10 qubit device

development of hybrid opto-electronic gquantum processing

Optical QC

2002 2003 2004 2005 2006 2007 2008 2009 2010 20117 2012
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Quantum Cryptography:

A to B

- 100 km using fiber (Toshiba UK, 2003)\/
- 23.4 km on ai?'/é Satellite comm?

AEE->B
AtoR1toR2to ...to B
A, B, C, D, ... on the network

Quantum Imaging

Quantum Metrology

And whatelse?



Who would give up
the huge Hilbert Space,
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and the novelty of
quantum measurements?
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