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Increasing the complexity of linear optics quantum logic circuits

Increasing the number of photons
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Increasing the complexity of linear optics quantum logic circuits

Utilization of inherently stable interferometers
and exploitation of several degrees of freedom of single photons
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Quantum Fredkin gate

Controlled-SWAP gate
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Quantum Fredkin gate

Controlled-SWAP gate Decomposition into Toffoli and CNOT gates
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Previous implementations of liner optical quantum Fredkin gate

Requires entanglement in the auxiliary spatial degrees of freedom.
Average fourfold coincidence rate of 2.2 per minute at the output of the gate.

R.B. Patel, J. Ho, F. Ferreyrol, T.C. Ralph and G.J. Pryde, Science Advances 2, e1501531 (2016).



Previous implementations of liner optical quantum Fredkin gate

Requires encoding the control qubit into entangled two-photon state.
Low success probability of 1/162 implied low count rate of 10~ Hz.

T. Ono, R. Okamoto, M. Tanida, H. F. Hofmann, and S. Takeuchi, Sci. Rep. 7, 45353 (2017).
J. Fiurasek, Phys. Rev. A 78, 032317 (2008).



Our approach to linear-optical quantum Fredkin gate

Hybrid encoding of three qubits into quantum states of two photons
Control qubit is encoded into polarization of signal photon
Target qubits are encoded into polarization and path of the idler photon

Two-photon coincidences are measured at the device output



Our approach to linear-optical quantum Fredkin gate

Quantum Toffoli gate is implemented by two-photon interference at a partially polarizing BS
Two-qubit CNOT gates are implemented deterministically using half-wave plates
Polarization and path qubits are twice swapped in our scheme

The interferometer formed by calcite beam displacers is inherently stable



Our approach to linear-optical quantum Fredkin gate

Features of our implementation:

* High coincidence rate — 300 two-photon coincidences per second at the gate output

* Inherently stable setup

* Peculiar qubit encoding

* Not fully scalable (number of components scales exponentially when several qubits are encoded
into a single photon)



Three-qubit linear optical quantum Toffoli gate

M. Mi¢uda, M. Sedl3k, I. Straka, M. Mikova, M. Dusek, M. Jezek, and J. Fiurdsek, Phys. Rev. Lett. 111, 160407 (2013).



Four-qubit linear optical quantum CCCZ gate

R. Starek, M. Micuda, M. Mikova, I. Straka, M. Dusek, M. JeZzek, and J. Fiurasek, Sci. Rep. 6, 33475 (2016).



Linear optical quantum Fredkin gate




Measured truth table

The truth table was measured in the computational basis.



Full quantum process tomography of quantum Fredkin gate

F =0.901+0.001

* The Fredkin gate was probed by all 63=218 combinations of product states H,V,D,A,R,L.
* Each output state was characterized by measurements in 33=27 product bases formed by

combinations of single-qubit bases H/V, D/A, R/L.



Quantum symmetrization and anti-symmetrization
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Quantum symmetrization and anti-symmetrization
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Projection of the control qubit on state 0 heralds symmetrization of the target qubits:
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Quantum symmetrization and anti-symmetrization
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(anti)-symmetrization by two-photon
interference on balanced BS

Projection of the control qubit on state 0 heralds symmetrization of the target qubits:
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Optimal quantum cloning by symmetrization

Input state:
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Optimal quantum cloning by symmetrization
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Single- and two-copy fidelities:

red —single-copy fidelities and purities
green — global fidelities and purities
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Purification of single-qubit states

Input mixed state
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Purification by symmetrization of
two copies of the state
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Direct estimation of purity and overlap of quantum states

Input state of target qubits:

pr,Qdr,
Probability of symmetrization and anti-symmetrization:

Direct estimation of overlap of density matrices:
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Direct estimation of purity and overlap of quantum states

Overlap and purity are estimated from measurements on the control qubit.
Output target qubits are accessible and other measurements can be performed on them.
Non-demolition character of purity estimation: the reduced single-qubit density matrices of the

output target states remain equal to the input states.



Single-qubit quantum fingerprinting

Comparison of states of the two target qubits:
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Probability of projection onto anti-symmetric subspace:
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Single-qubit quantum fingerprinting

Comparison of states of the two target qubits:

LV ()

Probability of projection onto anti-symmetric subspace:
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Single-qubit quantum fingerprinting:

* Encode two classical bits into single-qubit states forming vortices of regular tetrahedron on
Poincare sphere.

* Compare the two-bit strings by comparing the single-qubit fingerprints.

* Non-zero probability of detection of any difference in the compared pairs of bits.
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Conclusions

Linear optical quantum Fredkin gate based on hybrid qubit encoding was demonstrated
High coincidence rate enables comprehensive gate characterization

Numerous application of circuit that enables (anti)-symmetrization of the target states
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