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¾ efficient Bell measurement with 
passive linear optics and unentangled 
ancillae, Ewert and van Loock

Arbitrarily complete Bell-state 
measurement using only linear 
optical elements, Grice
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From three-photon GHZ states to ballistic 
universal quantum computation, Gimeno-Segovia, 
Shadbolt, Browne and Rudolph
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BOSON SAMPLINGMEASUREMENT-BASED
QUANTUM COMPUTATION

CIRCUIT MODEL

FUSION-BASED QUANTUM COMPUTATION
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FUSION-BASED QUANTUM COMPUTATION

ENTANGLING MEASUREMENTS

RESOURCE STATES

Introduced by:

S. Bartolucci, P. Birchall, H. Bombin, H. Cable, C. Dawson, M. Gimeno-Segovia, E. Johnston,K. Kieling, N. 
Nickerson, M. Pant, et al. Fusion-based quantum computation. arXiv preprintarXiv:2101.09310, 2021
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FUSION: ENTANGLING MEASUREMENTS

50%50%

UNENTANGLINGENTANGLING

Original proposal of fusion gates:

E. Browne and T. Rudolph. Resource-efficient linear optical quantum computation. Physical Review Letters, 
95(1):010501, 2005
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FUSION: ENTANGLING MEASUREMENTS

Original proposal of fusion gates:

E. Browne and T. Rudolph. Resource-efficient linear optical quantum computation. Physical Review Letters, 
95(1):010501, 2005

STANDARD BELL-MEASUREMENT IN THE ROTATED BASIS

50% EFFICIENT
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EXAMPLE 1: Bell states in polarization modes encoding:
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EXAMPLE 1: Bell states in polarization modes encoding:

s.t.

How can we measure them?
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EXAMPLE 1: Bell states in polarization modes encoding:

   Experimental setup

Photon-number and 
-polarization 

resolving detectors50:50 BS

1in
1out

2in

PBS

PBS

2out
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EXAMPLE 1: Bell states in polarization modes encoding:

   Outputs:

50% efficient
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EXAMPLE 2: Bell states in dual-rail encoding:
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EXAMPLE 2: Bell states in dual-rail encoding:

   Dual-rail encoding:

Photon in the first
waveguide ⇒ Logical Zero

Photon in the second
waveguide ⇒ Logical One

where:
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EXAMPLE 2: Bell states in dual-rail encoding:

   Dual-rail encoding:

s.t.

How can we measure them?
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A

B

C

D

50 : 50 
BS

1out

2out

3out

4out

1s t PHOTON

2nd PHOTON

Photon-number 
resolving detectors
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EXAMPLE 2: Bell states in dual-rail encoding:

   Outputs:

50% efficient
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Reference:
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BOOSTING:

Ancillary photons in the state:

unentangled with the initial Bell-state

degeneracy in simple BSM can be broken by interfering

           with something having a very similar form 

Measure of Bell-states in polarization encoding
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Experimental setup:

Unknown
Bell-pair

Unknown
Bell-pair

Ancillary
couple

Ancillary
couple

50:50
BS

D4

D3

D2

D1

Di: photon-number and -polarization resolving detector
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The apparatus is symmetrical
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The apparatus is symmetrical

LABELS:

           = number of horizontally and vertically polarized photons at the outputs

      = total number of photons at detector i
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50% cases: same polarization
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is even for
is odd for

= clearly detectable!

is even for
is odd for

⇒  indistinguishability

50% cases:  half and half  
 

50% cases: same polarization
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Near-unit efficient Bell Measurement
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↓

MORE IMPROVEMENT
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Near-unit efficient Bell Measurement

MORE ANCILLARY PHOTONS
↓

MORE IMPROVEMENT

STRATEGY:

each input is mixed at a 50:50 BS with one photon of an 
entangled state;

the BS outputs are sent to identical arrangements of BSs;
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Near-unit efficient Bell Measurement

Input state:
UNKNOWN
BELL-STATE

N-1 ANCILLARY STATES, GHZ-TYPE:
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Near-unit efficient Bell Measurement

Input state:
UNKNOWN
BELL-STATE

N-1 ANCILLARY STATES, GHZ-TYPE:

Example:
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Near-unit efficient Bell Measurement

EVEN ODD
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Near-unit efficient Bell Measurement

EVEN ODD

is even for
is odd for

= clearly detectable!

= total number of photons on odd outputs
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Near-unit efficient Bell Measurement

EVEN ODD

The degeneracy rate is 
reduced by half for each 
additional ancillary state.
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Near-unit efficient Bell Measurement

THIS REMAINS THE ONLY TERM WITH DEGENERACY 
AND IT HAPPENS WITH A PROBABILITY OF 1/2N

⇒ BSM success rate approaches unity as 2N     ∞
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Near-unit efficient Bell Measurement

But...
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Near-unit efficient Bell Measurement

The number of entangled photons 
required makes it impractical to reach 

even 95% ( ~30 photons) 

GENERATING LARGE ENTANGLED 
STATES IS EXPENSIVE

But...
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Near-unit efficient Bell Measurement

Each stage:
total number of photons doubles;
total number of outputs doubles.

The number of entangled photons 
required makes it impractical to reach 

even 95% ( ~30 photons) 

GENERATING LARGE ENTANGLED 
STATES IS EXPENSIVE

REQUIREMENT OF BIG
STABLE EXPERIMENTAL APPARATUS

But...
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Reference:
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BOOSTING:

Ancillary photons in the state:

Easily obtainable by sending two single photons through a BS (HOM effect).

Main advantage of this scheme over Grice’s:
Deterministic single-photon sources are employed as opposed to a 

probabilistically generated Bell pair. 

Measure of Bell-states in dual-rail encoding
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Experimental setup:
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Experimental setup:
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SLIDE 12
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SYMMETRIC

This symmetry allows to take into account only half apparatus.
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SINGLET:

Is the only state that sends one 
photon in each side of the apparatus.
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SINGLET:

⇒ Always unambiguously discriminated from other Bell states,
which instead send 0 or 2.

3 + 1 photons

Is the only state that sends one 
photon in each side of the apparatus.
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ODD EVEN

clearly detectable!

TRIPLET:

photons equally 
distributed on even and 

odd modes

50% cases:   

photons all in modes 
with the same parity

50% cases:
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ODD EVEN

TRIPLET:

photons equally 
distributed on even and 

odd modes

50% cases:   

photons all in modes 
with the same parity

50% cases:

(example: below part of the apparatus)  
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IN CONCLUSION:
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Surpassing the 75% limit

Through a method similar to Grice’s general scheme, they showed that, from a theoretical 
point of view:

This result holds only for highly entangled ancillary states:   

which cannot be obtained from single-photon states using passive linear optics.



¾ EFFICIENT BELL-MEASUREMENT (2) 

35

Surpassing the 75% limit with unentangled ancillae 
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Surpassing the 75% limit with unentangled ancillae 

SETUP FOR j = 2

Entangled ancillae:

obtained by sending single photons
           through two BSs

replaced with



They found:

Although the gain success probability surely is not worth the experimental cost, this 
shows that no conceptual limit has been found yet!

¾ EFFICIENT BELL-MEASUREMENT (2)
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With analytical and numerical investigation, they found strong hints that the success 
probability does NOT increase by adding more        

Surpassing the 75% limit with unentangled ancillae 
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Reference:
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PERCOLATION PHENOMENON
Prototype phase transition on graphs that, through to a randomized process

Lose bonds and/or sites Create bonds and/or sites

1  p−   p

USEFUL NOTIONS
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PERCOLATION PHENOMENON

For p>pc

there exists at least one spanning path from one side of the lattice to the other. 

Prototype phase transition on graphs that, through to a randomized process

Lose bonds and/or sites Create bonds and/or sites

1  p−   p

PERCOLATION THRESHOLD PC

USEFUL NOTIONS
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In the context of Fusion-Based Quantum Computation:
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It defines a cluster state, whose bonds/sites are effectively 
removed due to failure of probabilistic entangling gates together 

with photon loss.

In the context of Fusion-Based Quantum Computation:

PERCOLATION GRAPH
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It defines a cluster state, whose bonds/sites are effectively 
removed due to failure of probabilistic entangling gates together 

with photon loss.

In the context of Fusion-Based Quantum Computation:

It marks a phase transition in the computational power of the 
resource state generated, which distinguishes the states that can be 
used for universal quantum computation from those which cannot.

PERCOLATION GRAPH

PERCOLATION THRESHOLD



BOOSTED TYPE-II FUSION 

41

New percolation approach
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New percolation approach
3-photon cluster states are fused together to form a lattice

Boosted gates:             Same success and failure outcomes as the original Type-II;
                                   Higher success probability.

[13] Arbitrarily complete Bell-state measurement using only linear optical elements, Grice
[14] ¾ efficient Bell measurement with passive linear optics and unentangled ancillae, Ewert and van Loock
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New percolation approach
3-photon GHZ cluster states are fused together to form a lattice

Boosted gates:             Same success and failure outcomes as the original Type-II;
                                   Higher success probability.

Diamond lattice as undelying graph:            Lowest vertex degree of all 3D lattices;
                                                              Good percolation properties.

Creation of microclusters:            Two boosted fusions;
                                                 5-star created for both successful outcomes;
                                                 Failure will still create connection.

Fusion of 5-qubit microcluster to form the final lattice.
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MONTECARLO SIMULATIONS TO ASSESS PERCOLATION 
PROPERTIES OF THE LATTICE

Sequential building instead of deleting nodes;

Diagonal bonds result from failures;

Lattices can be inferred by a simple              
classical algorithm.
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Simulations on a bulk of cluster of L= 15, 20, 25. Each cluster contain L³ sites 
and has been generated from 3 · L³ GHZ states.

=  percolation probability, with:
=  fusion success probability
=  linear dimension of lattice
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Simulations on a bulk of cluster of L= 15, 20, 25. Each cluster contain L³ sites 
and has been generated from 3 · L³ GHZ states.

=  percolation probability, with:
=  fusion success probability
=  linear dimension of lattice

PERCOLATION
THRESHOLD



BOOSTED TYPE-II FUSION 

44

 ⇒ UNIVERSAL FOR 
QUANTUM COMPUTATION!
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 ⇒ UNIVERSAL FOR 
QUANTUM COMPUTATION!

⇒ TOLERANCE TO PHOTON LOSS:

● Boosted fusion gates can detect 
losses

● This scheme works with a presence 
of photon loss up to 1.6%



Thanks for 
the    

Attention!

Thanks for 
the    

Attention!
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