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DiVincenzo’s Criteria
Which systems can be used to implement QIP?

1) Well characterized qubits, scalable system1) Well characterized qubits, scalable system
2) Initialization into a well defined state.
1) Well characterized qubits, scalable system
2) Initialization into a well defined state.
3) Long decoherence times.

1) Well characterized qubits, scalable system
2) Initialization into a well defined state.
3) Long decoherence times.
4) Universal set of quantum gates.

1) Well characterized qubits, scalable system
2) Initialization into a well defined state.
3) Long decoherence times.
4) Universal set of quantum gates.
5) Qubit-selective readout.



Qubits
Generic qubit

1

0

E

ΨΨ0

ΨΨ1

E0

E1

E2

....

Choice
e.g.

∞ qubits (in principle)



Interactions for Gates
Quantum
register

N qubits

Initialization
0
0
0
0
0
0
0
0
0

Processor

U1 = eiH1τ1

Step 1

U2 = eiH2τ2

Step 2

UN = eiHNτN

Step N

. . . .

Readout

|0>

|1>

How is Hi generated? Hi = ωi
. I

Spins:

Hi = γ Bi
. I

Solids: ?????



Scalability
Does the architecture allow arbitrary size of quantum register?

Target size depends on problem

Scalability includes issues of
- Addressing
- Errors and decoherence



Superpositions
It must be possible to create superpositions of basis states

Possible:

|0> = electron left

|1> = electron right

|Ψ> = c0|0> + c1 |1>

Impossible:

|0> = empty

|1> = 1 electron



Initialization

0
0
0
0
0
0
0
0
0

Quantum
register

DiVincenzo’s rule 2:
Initialization into a well defined state.

for many algorithms,
system must start in ground state

n↑-n↓
n↑+n↓

≈ 1electrons:

Boltzmann factor @ 100 mK, 2T:

n↑-n↓
n↑+n↓

≈ 5.10-3nuclei:|0>

|1>



Initialization Speed
Not critical for computational qubits
Critical for ancilly qubits in error correction:

must be fast compared to dephasing
thermal relaxtion does not work !

|0>
|1>

Trapped ions: |e>

Laser

T1 ~ sec

T1 ~ 10-8sec



Decoherence Time

Time

T2

pure mixed

Must reach reliability threshold
for quantum register

|Ψ> = c0|0> + c1 |1>



φj

k

Ujk = eiφ(Zj+Zk-ZjZk)

H

Single-qubit gate

j

k

Two-qubit gate

Uj = ei (Xj+Zj)
π

2 2

Quantum Gates
DiVincenzo 4: Universal set of quantum gates.

z

π Gates must be selective!



Addressing Qubits

Position / µm

40Ca+ ions

Trapped ions : optical addressing

Resonance frequency

qubit i-1 i i+1
{frequency-selection

Resonant excitation with finite bandwidth:



Addressing Qubits

GaAs quantum dots (Purdue)
Squid (Delft)



2-Qubit Gates
φj

k

Ujk = eiφ(Zj+Zk-ZjZk)

coupling to fields
coupling between qubits

requires

Typical couplings

Exchange: HE = J I1 . I2

Required properties :

switchable
correct form



Gate ErrorsComputational step
in Hilbert space

Gate fidelity: F =
Tr{Uexp Uideal}
Tr{Uideal Uideal}

Should reach error correction threshold

†

†



Readout9.3

9.3.1 Principle and Strategies
9.3.2 Example: Deutsch-Jozsa algorithm
9.3.3 Effect of correlations
9.3.4 Repeated measurements

Readout

|0>

|1>



What is the Result ?
|Ψfin> = c0 |000 .. 0> + c1 |000 .. 1> + c2 |000 .. 10> + ...

2N terms

{
Desired results: True

17
. . .

? Readout

quantum

classical Complete information:
2N coefficients

- inefficient
- usually not necessary



QM Measurement

|Ψ0> = |0>

|Ψ1> = |1>

|Ψfin> =
a |0> + b |1>

Measurement

p0 = a2

p1 = b2

non-unitary!

1 qubit

Observables: Zi
Xi
αXi + βYi + γZi

Multi-qubit observables:

ZiZj , XiYj ...



Reliable Readout
Errors

A
na

ly
ze

r

Efficiency < 100%

Dark countsPossible solutions

QND readout

Read out copies



Example: Deutsch - Jozsa
Algorithm

|Ψ0> = ΣΣ |x,0>
x

|Ψfin> = ΣΣ |x,f(x)>
x

Goal: distinguish 2 cases:
- all f(x) are the same (= constant function)
- same number of f(x) = 0 and f(x) = 1 (=balanced function)



Final quantum state
|Ψ=> = (|0> - |1>) (|f(0)> - |f(0)>)
|Ψ≠> = (|0> + |1>) (|f(0)> - |f(0)>)

Example: Deutsch - Jozsa
Algorithm

|Ψ0> = ΣΣ |x,0>
x

|Ψfin> = ΣΣ |x,f(x)>
x

A
na

ly
ze

r

X1



Correlations
Problem: Distinguish the states

|Ψ1> = (|00> + |11>)1
2

|Ψ2> = (|00> + |01> + |10> + |11>)1
2

Z1 Z2

50:50

50:50

50:50

50:50

Solution : Look at correlations:

|Ψ1> : 2 qubits are 100% correlated

|Ψ2> : 2 qubits are 0% correlated

1-qubit observables:

Z1, Z2

2-qubit observable :

Z1Z2



Copy and Repeat
Copy operation :

(a|0> + b|1>)|0>
CNOT

a’|0>|0> + b’|1>|1>
Read ancilla

|0>|0> or |1>|1>
Reset ancilla

Repeat until result is clear



Alternative Schemes9.4

9.4.1 Linear Optics and Measurements
9.4.2 Quantum Cellular Automata
9.4.3 One-way Quantum Computer
9.4.4 Adiabatic Quantum Computer



Linear Optics Quantum Computer
S. Takeuchi, 'Experimental demonstration of a three-qubit quantum computation algorithm
using a single photon and linear optics', Phys. Rev. A 62, 032301 (2000).

Deutsch-Jozsa

Beam splitters

2 input qubits = 4 paths
1 “accumulator” qubit

= polarization

Oracle: voltage of EOMs



Linear Optics Quantum Computer
S. Takeuchi, 'Experimental demonstration of a three-qubit quantum computation algorithm
using a single photon and linear optics', Phys. Rev. A 62, 032301 (2000).

Setup for DJ



Linear Optics Quantum Computer
S. Takeuchi, 'Experimental demonstration of a three-qubit quantum computation algorithm
using a single photon and linear optics', Phys. Rev. A 62, 032301 (2000).

Setup for DJ
Results

Photon Detection Probability

O
ra

cl
e



Linear Optics Quantum Computer
The Problem:

Size of setup increases exponentially with # qubits

The Solution: Nature 409, 46 (2000).



Linear Optics + Measurements
Optical mode |n> qubit: Photon |0L> = |01>

|1L> = |10>

2 optical
modes

Conversion from
polarization-qubit to
spatially encoded
qubit



Experimental Linear Optics QC

J.L. O’Brien, G.J. Pryde, A.G.
White, T.C. Ralph, and D. Branning,
'Demonstration of an all-optical
quantum controlled-NOT gate',
Nature 426, 264 (2003).

Basic idea : couple qubits by measurements and feed-forward

Experimental difficulties

Gates are probabilistic

Must store photons



Experimental Linear Optics QC
J.L. O’Brien, G.J. Pryde, A.G. White, T.C. Ralph, and D. Branning, 'Demonstration of
an all-optical quantum controlled-NOT gate', Nature 426, 264 (2003).

Input : degenerate photon pairs



Experimental Linear Optics QC
J.L. O’Brien, G.J. Pryde, A.G. White, T.C. Ralph, and D. Branning, 'Demonstration of
an all-optical quantum controlled-NOT gate', Nature 426, 264 (2003).

Result

Theory (ideal) Experiment



Experimental Linear Optics QC

V
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d) e)
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d

e
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b c

d

e

1/3
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SHG PDC

Lanyon et al.
Experimental
demonstration of a
compiled version
of Shor’s algo-
rithm with quan-
tum entanglement
Phys. Rev. Lett.
99, 250505 (2007).

Order 2 Order 4



Quantum Cellular Automata
S.C. Benjamin, and N.F. Johnson, 'Cellular structures for computation in the quantum regime',
Phys. Rev. Lett. 60, 4334 (1999).

fixed
fixed

COPY

1-qubit half-adder

3-qubit full adder



Quantum Cellular Automata

3 physical qubits 2 physical qubits

S.C. Benjamin, and N.F. Johnson, 'Cellular structures for computa-
tion in the quantum regime', Phys. Rev. Lett. 60, 4334 (1999).



One-Way Quantum Computer

- Prepare "Cluster state"
- Perform measurements on individual qubits

1 2 3

4

target in target out

control

Example: CNOT

R. Raussendorf, and H.J. Briegel, 'A One-Way Quantum Computer',
Phys. Rev. Lett. 86, 5188 (2001).

R. Raussendorf, D.E. Browne, and H.J. Briegel, 'Measurement-based quan-
tum computation on cluster states', Phys. Rev. A 68, 022312 (2003).



Quantum Computing

Farhi et al., Science 292, 472 (2001).

Adiabatic Quantum Computing

adiabatic
transfer

accessbile ground state
ground state = solution



Adiabatic Factoring
trial factors

-100

0

100
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Evolution time

000 111110101100011010001

21 = ×× ?

Basis state

Amplitude of initial state

Theory Experiment
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