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Quantum information

Quantum bits can be O or 1 but also superpositions

bit: 0 or 1
qubit: «|0) + B|1)
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Atomic Levels

2 (D= V)

Photon Polarization



Familiar quantum features

« Uncertainty principle SV .

POSiTiOH Momen-rum

* No-cloning theorem
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.leads 1o ultimate cryptosystem

Attempting Single photons An eavesdropper
either strategy aresent inone must make
will'lead to of two measurements to

errors in the noncommuting learn about the

detected signal basis states state, b}” cannot
do so without

disturbance

Nor can the  (HUP)
eavesdropper

make identical

copies of the

state and make
measurements on
them (no-cloning)



More quantum features
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« Superposition c P
= A guantum system can be in
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Entanglement:

« Anpniurigletastaténot entangled)

V), =5 (0), @0}, +[1), ®[1),)

— ‘ ()O> n ‘11> “Bell state”

* Foundation for most quantum information
protocols



Optical photons as qubits

« Polarization « Spatial modes

Qo -

* Freq. encoding




Optical photons as qubits

The Good

*' Single-qubit
operations

« LLow decoherence *

* High speed

« Perfect carriers

of quantum
information

* Easy to lose a

photon

No natural
interactions/weak
nonlinearities
means 2-qubit

operations are
hard

The Ugly

* Linear optics

proposals for
scalable quantum
computing are
extremely
complicated

(~50-1000s of
ancillas/elements
per CNOT)



Entangled Photon Source

Parametric Down-conversion

"blue” photon two "red”
photons

Phase matching:




Type-1I1 Down-conversion

Entangled Pair

Confused

Correlated V-Photon



Recent source advancements

* High-power UV laser diodes (cheap,
easy to use -> UG labl!)

« Efficient single-mode coupling (long-
distance, low divergence, free-space)

* 4- 5-, and 6-photon entanglement

= Controllable entanglement - fundamental tests and
quantum computing



State of the art

NumisartiodepBoigininesasangled

DowncERIEPgling

measureme

e = S
S 6,5 B
N [0}
\H‘\ L \H‘\H‘ T T \HHH‘\ \‘\ \HHH‘ TT T TTT1TT

~
=
o
@
a2
%

=
o
o
o

Atomic Cascade ]
I T S SR AU

EntanglegRalePst
S
@ S







eilinger Group =
Ny &\

5 \“ "', -

Y 7 =

!
1’N 7 LY
3 & &
L ' 4

Not Pictured here:
FS1&2: Michael Taraba

FS2: Bibiane Blauensteiner, Alessandro Fedrizzi, Christian Kurtsiefer, A
Tobias Schmitt-Manderbach, Henning Weier, Harald Weinfurter : , !



Distributing Entanglement

* Photons are the ideal carriers

* Practical quantum communication needs
shared entanglement over long distances

* Challenges: High efficiency (no cloning)
and high background rejection (single
photons)
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Quantum correlations

« A "Bell'experiment”

7

o ‘B .
-1

Source Set (B B

* Local properiies (ex. A=+1, A'=-1 B=+1, B'=+1)
A(B+B)+A'(B-B) = :2
* CHSH-Bell inequality (req. 16 measurements)
S = |<AB+AB+A'B-A'B">| < 2
*« QM allows S=2/2 = 2.83



[Freespace i RESHINS

. Measuredss = 2.4 + 0.1 (largerinantzanadicaies
en’ranglean‘r)

« Two lInksIe00m a:
IOOma |

* ~10 coincidencesy:s
« SMF; SMF coupllng

« Time= sfable
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Polarization correlations
~ Science (2003)




The next step

* 500m to 7.8km (The atmosphere
straight up is 7.3km thick)

« No more cable

* Light passed over a city - likely real-
world scenario



o $~_F;r'om“56urce/




C 3
Sﬂo{uﬂﬂ’%&
102008 e 1 ‘
ﬁﬁﬂ]}.;@ g







Practicalities

« Absence of good single-photon sources
* Can use quantum randomness to select state:

Uy I/

: 'HH)+[VV)
C = — =|45,45) +|— 45,—45)
@ ﬁaanB\s})

* Triggered single photons, reduced "empty” pulses [0>
and double photons |2>

* Laser frequency monitoring unnecessary
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Freespace 2 Results

Millenium Tower (Bob)
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* Two links 7.8 km and 10-*km

* 25 ccps found over time tags/internet

* Single-mode fibre to spatial-filter coupling

* 14-0 Bell violation, all 16 meas. taken simultaneously

Optics Express (2005)



Remaining challenges
« Longer distances, Higher bit rates
* Active components to compensate atmosphere

* Long-distance quantum interference
(repeaters)

* Full' cryptography, different protocols

* Moving targets (satellites, airplanes)



IQC free-space experiment
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Photonic one-way quantum computation
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QC - Circuit vs. One-way model

Circuit Model
0y —-

One-way model
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Raussendorff & Briegel, PRL 86, 5188 (2001)
Optics: Neilsen; Browne/Rudolph




One-way quantum computing

* Cluster states can be represented by graphs

CPHASE Entanglement "bond”
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Processing encoded information

* How measurement can compute

>\ |+>
* @ EedatadicaRhidhivs(a)

/1 \ 2 Bfd)l® dfply b¥OI, (Kt fEf5) 1))

This is an example of Feed-forward

« Eqylivalent quantum circuit




More general computations

Number of encoded qubits

<

Number of operations

>

Readout
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Polarizing Beam-splitter

* Quantum “parity check"

V polarization
A‘A

y N
v H polarization v




The four-photon cluster

Quantum state tomography
Reconstructed density matrix

Fidelity = 63%




Clusters to circuits

« Horizontal bond:

1

1:B(a)
« Vertical bond:

1:B(a
. mE
2:B(B)




Clusters to circuits

5 . . mm _qubit tati
‘ N\UH‘Iple circuits

using asingle
cluster

« Different order of
measurements




Single & two-qubit operation

Single-qubit rotations ~ Two-qubit operations

Separable Entangled

F|d i 83'860/0 Fld = 93°/o Fld = 84°/o
Tangle= 0 Tangle = 0.65



Grover' Algori
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Conclusions and Euture directions

* First demonstration of one-way quantum
computation using cluster states

+ Experimental
= Larger cluster states = more complex circuits
= Feed-forward - two types - easy and hard

* Theoretical
= Different geometries and measurements
= Higher dimensions



Summary

¢« "Real” world

= First experiments demonstrating free-space-
entanglement distribution

Ideal wor'ld e T e S

« First demonstration of Clus’rer State Quan’rum
----------- Compu’rmg mcludmg the flr's’r algor'l’rhm
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Clusters/Grover's Algorithm

Input Blackbox Inversion

Probability

« 90% correct
computational output

* First algorithm in the
cluster model

Identification




Grover's algorithm

* Quantum parallelism

* GA initializes the qubits o equal
superposition of all possible inputs

O 5 i e S

e 100 111

Element



« Interference

* “Inversion about the mean” amplifies
the correct element and reduces the
others

* On a query to the black box (quantum
database/phonebook), the sign of the
amplitude of the special element is

flipped
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