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By 2015 a single electron can be confined in a traissor

Example: factorizing a 1024-digit number:

- Classical computer takes a period > universe lifetime
- Quantum computer couldfind the answer in 1sec....
(P.W. Shor 1994)



- They are easy to generate, manipulate, transmit andetect
- Have low interaction with the enviroment— |lowdecoherence
- Possible to encode the information in different dages
of freedom of the photons (polarization, momentum,
frequency....)

Why quantum computation with photons?

It has been demonstrated that a universal qguantumamputer
can be realized by photons and standard linear optal devices
(beam splitters, polarizers, waveplates.....) KLM, Nature 2001



Outline

- Basic elements
guantum bit, qguantum register, logic gates, entangleent...

- Cluster States of Photons
properties, One-Way Quantum Computation

- Spontaneous Parametric Down Conversion
the Roma source, tools for measurements with photons

- One-Way Quantum Computation with photons
single qubit rotations, C-NOT gate, Grover’s search algorithm

- Optical Quantum Computing in the near future
doing now, perspectives



Quantum bit (Qubit)

Coherent superposition of the orthogonal state$)> and [1>
Q> = a0>+ B|1> (jaf* + |B]F = 1)

1-(10) = |1))
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M/ —+— Example:

it BS - photon passing through a Mach-Zehnder
interferometer: |Q> = a|Path 1> + B|Path 2>
S - superposition of H and V polarization:

BS Path 2 Q> =a|H> + BIV>
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Quantum register (3-bit register)

Classical: can store exactly one of the eight different
numbers, 000, 001, 010, ..... , 111

Quantum: can store up to 8 numbers in a guantum
superposition — N qubits: up to 2¥ numbers at once

Classical Bit Quantum Bit Classical Register Quantum Register

000 001
010 011

101 T G
110 111




Logic gates (1)

Single qubit gate: linear operator in a 2dimension space
Complex 2x2 unitary matrix

U = e_igﬁ.6 ¢ =(X,Y,Z) ‘?.iﬁ’?'.n}_ U o "'*.i"lf’out}
NOT: X = g, Y=a Z=a,
0 1\Ya)\ (B O—ia_i—,B_—,B 1 O\a) (a
wolse) [ alal ) o SlaH

Any kind of qubit rotation in the Bloch sphere canbe realized
by combining in different ways the three Pauli matices

Hadamard gate:

=l 319



Logic gates (2)
Two qubit gates: unitary 4x4 matrices

N TT v\ o - V- \} — — ,1
CU=P0e L+ el YT ou)
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Quantum vs. classic

- Classical caseany kind of logic gate can be realized by suitable
combinations of the NAND gate.

- Quantum case:any N-qubit logic gate can be realized by -hubit gates
and one 2qubit gate, (GPHASE, C-NOT)

C-PHASE: 1 0O 0 O
O 1 0 O

CP=|0) (0| 1 (1) [
| >c< | 1[ +| >c< | (O-Z)t 001 O
O 0 0 -1




Logic gates (3)

C-NOT=U, =(o,),

1 0 0O Control Target Control Target
Cror = 0190 8 (1) 8 (1)
O 0 01 1 s 1 ;
O 010 , : : -
Cror(+ID)=Cro {é@ égj 1) =
_ ~ .
C-NOT can generate entanglement: 1 o]| 1o _‘0.0>+‘],1>
CNOT ﬁ 1 _ﬁ 0 = \/E
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Circuital model of a quantum computer
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* Parallelism

* Unitary evolution of [W> based on single and two qubit logic gates
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Linear Optics Quantum Computation:

based on single photon qubits, linear optics deviceasrfsingle qubit
rotations and two qubit gates (KLM, Nature ‘01)



Entanglement

|0>, Left: particle “a” carries the information

a
/ “0”, or vice versa.

Right: particle “b” carries the information

\ “1” or vice versa.
>

0 | =1 (0
S 1

can not be expressed by the product of single qubitaaes|¥>, and |W>,

Neither of the two qubits carries a definite value:

as soon as one gubit is measured randomly, the othem@®will immediately
be found to carry the opposite valueindependently of the relative distance
(quantum nonlocality)



Quantum nonlocality

Singlet state:

)75 (H)V), =) H),)

Alice measures photora with
50% probability to detect:

-HorV (|0>or [1>):<> , §
- 45° or -45° ([+> or |->)/7 , &
-L or R: 'f) Q

Perfect correlations in any basis!



Cluster states in Quantum Information

Particular graph states associated to a n-dimensiohkattice

® I — I ®  Each dots correspond to the qubit:

I o

Py I Each link corresponds to a Control o, gate

> | Create a genuine multiqubit entanglement

[ | Robust entanglement against single qubit measurements

> | Fundamental resource for one-way quantum computation



4-qubit linear cluster states
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One-way guantum computation
(Briegel et al. PRL 01)

p | Initialization
- Preparation of the cluster state

p | Manipulation
- Algorithm: pattern of single qubit measurements
Qubit | measured in the bases:

1

\;2“0} + 7%|1))

|1 )j =
- Feed forward measurements
- Irreversibility (one-way)

» | Read out
- Feed forward corrections
- Not measured qubit: output



Building blocks of the logical operations

Single qubit gate: Two-qubit gate:

{lo4). |6-)} x1) @ 1
Ixout) = CZ|x1)|x2)

Ix2) © 2

Ix1)

s1 [Xout) |Xﬂut>
x2)




Logical operation: example

(J) Measurement

- bases

1@i+): 1@5-)}

(1) (4)




Entangled states with photons

Allows to generate photon pairs by the spontaneous
parametric down conversion (SPDC) process

Idler

Pump laser beam

.

}\p = 364nm

Signal

ML-crystal

Twin photons created over conical regions, at diffent
wavelengths, with polarization orthogonal to that éthe pump



SPDC features

» | Low probability (L 10-°)

» | Non-deterministic process

» | Energy matching:

1 1 1

» | Phase matching:
Ep — Ef oy Es

» | Degenerate emission:

AN =As=2Xp, B =6s, k| = |ks| = emission cone






The Roma source: polarization — momentum
hyperentanglement of 2 photons
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Barbieri et al. PRA 05

Cinelli etal. PRL 05 _
Barbieri et al. PRL 06 2 photons - 4 qubits



Polarization — momentum entanglement

, — Quantum
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Photon cluster states

4-photon cluster states (based on the simultaneous geation of 2 photon
pairs [Zeilinger et al., Nature (05, 07)]

1
ZH HaHpHCHg) + [ HaHVVg ) +|VaVoHeHa ) = [VaiVev )]

Problems:

- Generation/detection rate[11 Hz
- Limited purity of the state
- Need of post-selection

Alternative:

Generate cluster states starting from
2-photon hyperentangled states



From hyperentangled to cluster states

/ Ahce (&)
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Etﬂtﬂ_ i fB" B [ HW
BﬂbEB}
11
A [ XN CRNEERNEXNERIARIEN N 8]

hyp cluster d
%
b

‘'CP

- High generation rate (~1000 coincidences per sec detied)
- High purity of the states

: _ Vallone et al. PRL 07
- No post-selection required



Measurement tools

Polarization (p)
observables

HWP PBS
S4\'= 4\r * >
H+V->H
H-V=>V
QWPHWP PBS
SI =Y

Momentum (k)
observables



Single qubit rotation

H:% {Cfx —i—lffz)

Rz(a)=e"2°72  |o(1))
Re(8)=e 27X

+)

By choosinga and 3
any arbitrary single
gubit rotation can

be performed up to
Pauli errors (corrected
by feed-forward)

54) 32 =0
4
‘Xm> ‘X ; H‘|‘>-’-t>
|)(zn quH'

II) |X,> = X7HR, (@')‘Xén>

ITI)  [Xour) = XHR. [(~1)*23] |[X')
— JX’SSZSE!_RI(HB)RE (ﬂ) |Xgn:}



Measurement setup: probabilistic QC

%A§
o e

- Measurements done by spatial mode matching on a conom 50:50 BS
- Qubit rotations performed by using eithermr or k as output qubit

Vallone et al. LPL 08
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Polarization output qubit

output state:

‘Xout)rrg —

Z°3 X** HR,(B)R. ()| xin)

Linear momentum output qubit

output state:
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120|R

2 (@) |Xin)

S,=5,=0:

Nout)rs = H Ry (B)R- ()| +)
‘Xout)’rs Z|Xout>
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‘Xout>7’3 = ZXbCout)

$,=%=0;
‘Xout> = ZHR. ( )H_>

‘Xoui’)ka — Z‘XOiif‘)kB
‘Xouf>k13 - X‘Xouth{la
|Xour> = XZ|X0M>



Experimental results with probabilistic QC

(@) (n) ;1
TN P b A B
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Te|—m/2( O 0.942 + 0.004 0.902 + 0.007 red
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Measurement setup: deterministic QC

Dﬂ' — o— 2
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Vallone et al. PRL 08



Experimental results with deterministic
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2-qubit gates

C-NOT gate




C-NOT gate

a v | Control output| F(sq =0) Fi(sy =1)
m/2| s1=0—|1). | 0.965 £0.004| 0.975 + 0.004
H s1=1— 1|0}, | 0.972 £0.004| 0.973 + 0.004
m/4] s1=0—|1). | 0.995 4+ 0.008| 0.902 £ 0.012
s1=1— |0}, | 0.946 £0.010| 0.945 + 0.009
O | a |Control output| F'(sy = s4 =0)| F(s1 =0,54 = 1)
/2| [0)e = |€)kgp 0.932 £+ 0.004 0.959 4 0.003
1 e = [Mkp 0.941 + 0.005 0.940 + 0.005
w4l [0)e = |€) kg 0.919 £+ 0.007 0.932 4 0.007
l)e = [Fkp 0.878 4+ 0.009 0.959 £ 0.006

TABLE 1I: Experimental fidelity (F) of C-NOT gate output

target qubit for different value of o and .



Grover’s search algorithm

Allows to identify the tagged item in a database witim 2 possible solutions

(encoded in M qubits).

Right solution found within v2M steps (classical: 2/2 )
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Vallone et al. PRA, in press



Conclusion and Perspectives
One-Way Quantum Computation with 2-photon 4-qubit clster states

» | Lowdecoherence

p | Highrepetition rates

» | High fidelity of the algorithms

Need to increase the computational power by using one qubits
Different strategies:

» | Use more degrees of freedom

» | Use more photons

» | Hybrid approach (more photons + more degreees of freem)



6-qubit cluster state (based on triple entanglemerdf two photons)

2-crystal geometry

A B

— Photon A — Photon B

LC6 N4



Integrated system of GRIN lenses with single modeotical fibers

Allows efficient coupling of SPDC radiation belongng to many
optical modes mmmmp  Multipath Entanglement

N -




Measurement setup

( Glan Taylor BBO

@ Collimator Ly 1ypel

y " Reflective prism Yo

ma  GRIN lens - —— Photon A
------- Photon B

Rossiet al. ar-Xiv: quant-ph 08






An important result: use of integrated optics
O’ Brien, Science ‘08

1/3 X

Completely integrated C-NOT gate
Future quantum circuit architectures
on chips are now possible



What we need more??

- More and more qubits to put in a cluster state (moe
photons, more degrees of freedom...)

- More efficient and compact sources of entangled plans (to
be integrated on waveguide chips)

- New optical tools to manipulate photons (i.e. qguanim
converters between different degrees of freedom)

- Efficient error corrections

but, In particular,

a REAL, deterministic, high repetition rate sourceof n-
photn Fock states

(in particular single photons Photon gun)

—
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