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Bits to qubits.
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Single photon codes.
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Typically usepolarisationencoding;
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Single photon states.

Single photon states?

Global modes of the EM eld,

E(x;t) = Ala(t)tg(x) + h:c]

Detection probability per unit time:

pu(t) = he¥(t)a(t))i = n(t)



Single photon states.

Continuum limit, one dimensional, optical frequencies:
Z,

at)= e atp—lz_ dig(l)e "t
1

a is the carrier frequency.
[a(' );d(P2)]= (11 !2)

n(t) = heY(t)a(t)i

(has units ofs 1)



Single photon states.

Z 1
j1i = (Ha')joi
1
Normalisation requires that
Z,4
drj (1j2=1

This state haszero average eld amplitudéut

n(t) = j (t)i?

where (t) is the Fourier transform of (! ).



Single photon states.

Example 1: cavity process.

f

assume cavity decay time, 1, is longest time scale.
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Single photon states.

Example 2: spontaneous down conversion
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Single photon states.

Single photon states:HOM interference
Rhode & Ralph PRA71, 032320 (2005)
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Coherent state codes.

Ralph, et al. (PRA68 2003)

bosonic moded; a@¥] = 1

a i= ji.
joi. = joi
jig = ji
detection by homodyne detection.
hijoi=e 2

Single qubit gatemust be measurement based.
Two qubit gates can be done with linear optics.



Coherent state codes.

Two qubit gate

Ugs = exp[i (ab’ + a’b)]

Assume 2 2 << 1 butthat is su ciently large that

Uss] i) ib expla i ia ip
a CPHASE gate.



Coherent state codes.

Single qubit gate
Hadamard gate:

jOi 1j Oip+jlip=j0i +j i

displacement (j) """""""""""""""""""""""""""""""""" N

Junknown> Tl .

BS distinguish plus/minus cat

|plus cat>

Cat state resource to do arbitrary single qubits gates.



Squeezed state codes.

D. Gottesman, A. Kitaev, J. Preskill, Phys. Rev. A (2001)



Squeezed state codes.

Flammia, Menicucci, P ster,One-Way Quantum Computing in the
Optical Frequency CombarXiv:0804.4468v1 [quant-ph]

Frequency encoded quantum information as squeezed states i

single temporal pulse.
A CV cluster state, generated by an OPO with multi-color pusp



Conditional nonlinearity:.

joi= 0j0ip+ qjlig+ 221! = 0jOis + 1jlig

3 T
(D7 N NI

r, = r3=cos(225°) r,= cos(6653)

2J2i1



Conditional gates for photonic codes.

Conditional csign gate.

> 131>

l




Conditional gates for photonic codes.

Gates by teleportation:Gottesman and Chuang, Nature, (29

CNOT(Y,. ¥,)

Apply CNOT gate to the entangled resource and teleport theega
onto the qubits.



Conditional gates for photonic codes.
Linear optics teleportation ?

Entangled resourcejt 1i = j0ij 1i + j1ij Qi

alo> + b|1>

s

1 .o
@
0

state preparation: |1>|0>+|0>|1>

Prob(k + | =1)= 3
If k+ 1 =1, outputis jOi + jli...success.



Cluster and graph states.

Raussendorf and Breigel, 2001.

I A lattice of entangled qubits.
I Conditional single qubit measurements.

CNOT results, x,y

measure

1. prepare each qubit in
state [+>=]0> +|1> uxy)

2. apply, an entangling unitary, S,
to qubits connected by edges



Cluster and graph states.

All qubits prepared irj+i.
Apply CPHASE between connected qubits:

xyil ( 1)%jxyi

acufm odel Hadam adfgaefonEQ 2fandfn eashEZ BbassE



Cluster and graph states.

general two-qubit gate.

measure first measure second

|+>Q HZyq1

Ha2

‘+>Q HZbl

HZ,

circuit model

Z rotate aroundZ axis by



Cluster and graph states.

Optical cluster states: Nielsen, PRL, (2003)

I UseCZ conditional gate andt3i teleportation to assemble
the cluster.

I Success probability is96 > 0:5.
I heralded failure simply detaches a qubit from the cluster.



Cluster and graph states.

Fault tolerance threshold.
Dawson, Haselgrove, Nielsen, (2005).

I photon loss prob< 3 10 3
I dephasing prob< 10 *



Cluster and graph states.

The Imperial College cluster cluster.

More e cient ways to grow a cluster:

I Resource e cient Linear Optical Quantum Computation,
Browne, Rudolph, Phys. Rev. Lett. (2005)

I Percolation, renormalization, and quantum computing with
non-deterministic gates, Kieling, Rudolph, Eisert. Phygev.
Lett. (2007).

I Loss tolerance in one-way quantum computation via
counterfactual error correction, Varnava, Browne, Rudolp
Phys. Rev. Lett., (2006)

E cient LOQC possible even given extremely ine cient singl
photon sources and detectors, and large amounts of loss.



Resource counts.

OQC Anti-Moore’s Law

Graph states (clusters and parity encoding techniques) have greatly
reduced the required resources and the loss-tolerance threshold for LOQC:

Resources (Bell
states, operations,
etc.) for a reliable
entangling gate

Acceptable loss
for a scalable
architecture
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(from Andrew White)



First attempts.

Pittman et al. PRA, 64, 062311 (2001).
Use entangled ancillas and polarisation dual rail encoding
Eg: CNOT gate.



First attempts.

O'Brien, et al. (Nature 2003)
Use SPDC two photon source for target and control
Internal-ancilla schemefRalph et al. PRA, 65 ,2001)

Successful operation = single photon coincidence betwesnget
out and control out.

Psuccess= Pcoin = 1=9.



First attempts.

Vienna: S. Gasparoni et al., Phys. Rev. Letts. (2004).
entangled-ancilla and open to feed-forward.



Cluster and graph state methods.

Vienna: P. Walther, et al. Nature (2005).
four-qubit cluster states via polarization state of four ptons.



Cluster and graph state methods.

Hufei: C.-Y. Lu, et al. Nature Physics (2007).
Graph states via polarization state of six photons.



Quantum optical algorithms.

Grovers algorithm:
Vienna: P. Walther, et al. Nature (2005).
four-qubit cluster states via polarization state of four ptons.

proto-Shor algorithms:
I Brisbane: Lanyon, et al. PRL (2007).
I Hufei: Browne, et al. PRL (2007).



Quantum optical algorithms: repeaters and networks.

Create, store, and distribute entanglement among remotettera
nodes via photons.

Duan, Lukin, Cirac and Zoller(DLCZ), Nature (2001).
A non-deterministic protocol for distributing entangleme



Quantum optical algorithms: repeaters and networks.

—

memory  jointmeas ~ memory
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Quantum memories.

Polzik group Quantum memory and entanglement via Raman
scattering of light by an atomic ensemble



Repeaters and networks

Choi, Deng, Laurat , Kimble, (2007)
A deterministicprotocol for distributing entanglement.

single photon pulse contrbl pulse

j\ j\ verify
E— entanglement

storage retreival



Physical Simulations.

Area preserving maps.

I An area preserving map is a (nonlinear) map on phase-space
that leaves the symplectic form invariant:

(On;Pn) = F(On 1;Pn 1)



Physical Simulations.

Area preserving maps.
I An area preserving map is a (nonlinear) map on phase-space
that leaves the symplectic form invariant:
(an;Pn) = F(An 1;Pn 1)
I Describe periodically driven systemid(f + T) = H(t)) as a
Floquet map:
(dn;Pn) = (q(to + NT); p(to + nT))
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Physical Simulations.

Area preserving maps.

I An area preserving map is a (nonlinear) map on phase-space
that leaves the symplectic form invariant:
(an;Pn) = F(An 1;Pn 1)

I Describe periodically driven systemid(f + T) = H(t)) as a
Floquet map:
(dn;Pn) = (q(to + NT); p(to + nT))

I Exhibit dynamical bifurcations of xed points:
(Go; Po) = F(do; Po)

I Naturally suited to QC implementations.
eg. Grovers algorithm is an area preserving map.



Physical Simulations.

Quantum description: unitary Floquet operatof;, de nes a
unitary dynamical map:

J ne1l = 'EJ ni

Fixed points! Floquet eigenstatesFj oi = €' 9 oi



Physical Simulations: Jahn-Teller map

Hines et al. Phys. Rev. A (2004)



Physical Simulations: Jahn-Teller map
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I Hamiltonian ow model
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Physical Simulations: Jahn-Teller map

Hines et al. Phys. Rev. A (2004)
I Hamiltonian ow model
H=~aa+ % x+ ~g(a+ @) ;
Semiclassical bifurcation ag? = 5
I Unitary map model:

U=e i x=2+!ava e ig(at @) ;

Has a semiclassical bifurcation gt= P tan('=2)tan( =2)
...and many saddle node bifurcations.



Physical Simulations: Jahn-Teller map
Semiclassical dynamics.
Step 1: quantum Heisenberg map,
An+1 = UyI/A\\nU

Step 2: take average values of both sides and factorise all
moments, ega ,i = haih ;i
Step 3: Assign classical variables,

hai !
h il s
To get the classical map

(; isisne = MG 5sy55)nl



Physical Simulations: Jahn-Teller map



Physical Simulations: Jahn-Teller map.

U=e i x=2+!a¥a e ig(a+ @) :

I Adiabatically follow the “ground’ state ay =0, as g is
increased.
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Physical Simulations: Jahn-Teller map.

U=e i x=2+!a¥a e ig(a+ @) :

I Adiabatically follow the “ground’ state ay =0, as g is
increased.

I The state is maximally entangled at the bifurcation
I joi(joi + jai)'j ol ] Qoij Oi + jqoij di



Physical Simulations: Jahn-Teller map.

U=e i x=2+!a¥a e ig(a+ @) :

Adiabatically follow the “ground' state ay =0, as g is
increased.

The state is maximally entangled at the bifurcation
jOi(jOi + jLi)'j oi ] Qoij Oi + jqoij i
A cat state.



Jahn-Teller map with linear optics.

I How to do a conditional displacement) = e 9(a+@) z 9
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Jahn-Teller map with linear optics.

I How to do a conditional displacement) = e 9(a+@) z 9
I Consider weak coherent state a one photon state:

joijdioj OjLi + jLijli
I Now apply a conditional CPHASE gate:

jOij O + L] Ol jLijli j ij 1i

joigoi + i)ty ijoi +j ij Li



Jahn-Teller map with linear optics.

How to get larger displacements:

[a/n>

la>

[
L

[0> + |1>

la> (|0> + |1>) 0>]a> + [la>



Presentations.

Linear optics quantum computing, optical networks,
guantum information processing, quantum memory

I Andrew White(University of Queensland, Australia)
Optical quantum computing: science ction, horror story or
news?

Co ee break

I Eugene PolziKNiels Bohr Institute, Copenhagen)
Gaussian and non-Gaussian quantum interface with atomic
ensembles

I Julien Laurat(Laboratoire Kastler Brossel, Paris)
Quantum networking with atomic ensembles



