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Presentation Notes
Quantum computing is a potential game changer in HPC  because it is in principle able to solve some difficult problems beyond reach of  classical computers whatever their progress. 
Big IT players  perform in-house research and/or  collaborate with academic labs.  In Europe, National initiatives and a Flagship have been initiated.
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The Quantronics group and close colleagues (2015).   Look at Quantronics and Nanoelectronics CEA websites for identifying  persons.
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Superconducting Josephson quantum bit circuits

CEA Saclay

1. Quantum behavior of Josephson junctions demonstrated in the 1980s
2.  Since 1999 qubits with increasing coherence times.
3. Potentially scalable


Presenter
Presentation Notes
The first superconducting qubit was demonstrated by NEC in 1999. A functional SC qubit was operated by CEA in 2002, and more advanced circuits were later developed in a hand of labs worldwide.
 The potential scalability of these microfabricated devices has attracted a sizeabe interest.
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=7 quantum electrical component : the Josephson junction
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Top: SC qubits are based on  Josephson junctions. A Josephson junction  has one degree of freedom formed by the SC phase difference across it which is conjugated to the number of Cooper pairs passed.
The Josephson Hamiltonian takes its usual form, but  the phase is a quantum operator.

Bottom: The simplest quantum circuit on can make is the Cooper pair box sketched in the left. The name of the circuit stems from the quantization of the charge on the island charge  the junction and the gate capacitor that occurs in some regimes. The Hamiltonian of the full Cooper pair box  circuit depends on the reduced gate charge Ng. 
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“The Cooper Pair Box, 1999-2011 : from charge to phase

first electrical qubit : Cooper pair box (v.)

Nakamura, Pashkin &Tsai (NEC, 1999) Y _I A
F ANAN
(2e)° vﬁ‘?. . ,

E.<E __2e |_g_ 0
J Cc —
2C

o1

C 200 46(_) 600
: Cqy J X100 Pulse durationAt (ps)
45
_ Ramsey sequence
First operational qubit : quantronium, E T, =500 ns T,=2us
single-shot readout, protected % N |
against dephasing g
Vion et al., (Quantronics, 2002) :.n
£
2 S
E.~E :@ E
J C ) it it i N 1 1 1 1 1
2C, 00 01 02 03 04 05 06

time between pulses At (Us)

The modern version of the Cooper pair box: circuit QED X100
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Presentation Notes
Here are the main steps of the developement of  Cooper pair box circuits.
The modern version is the circuit QED design with a Cooper pair deep in the phase regime insensitive to the charge noise that plagues  single electron or single Cooper pair electronics.
The coherence time now reaches a few tens of microseconds. 
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The basics of circuit QED
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The basic circuit QED design consists of a Cooper pair box coupled to a microwave resonator. The qubit iself is formed by the two lowest energy states of the box. The Hamiltonian of the system takes the form of the celebrated Jaynes-Cummings Hamiltonian in the dispersive regime, i.e. when the qubit frequency is far from the resonator frequency.   The cavity frequency controlled by the qubit state gives access to qubit readout using microwave reflectometry methods.
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£ Running quantum algorithms on elementary processors
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Elementary instances of quantum algorithms were demonstrated. The Grover search algorithm on four objects provides a benchmark case since a single try is enough to find the solution.
The object to search is one of the four Oracle operators  O on the bottom-right   that ear-mark the four possible states of the two-qubit  processor.
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All details can be found in Andreas Dewes’PhD thesis available on Quantronics website.
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The success rate of the searches is about 60%, definitively less than 100% but well above the success probability of the classical query-and-chech classical search strategy.
This demonstrates quantum speed-up, but on a very elementary instance of a quantum algorithm.
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Scalability challenges
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Making larger processors faces daunting scalability challenges. The most difficult one is Quantum Error Correction because
 the classical solution based on redundancy is hindered by the impossibility to copy a quantum register. 
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® The overall lanscape of SC quantum processors,
the scalability challenge
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Here is an overall landscape of superconducting quantum bit circuits: state of the art and  strategies developed.   Note that the D-Wave route is quite different: it consists in making an annealing machine assisted by quantum tunneling. Its computing power is still a matter of debate, but this machine is already able to solve non trivial problems. 
Note that overcoming classical computers on any problem (even a silly one)   has not been reached.
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Q C by finding the ground state of a complex Hamiltonian
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The quantum annealing strategy a bit more detailed: QuComp is performed by finding the ground state of an Ising spin-glass starting from a trivial Hamiltonian of spins in a large   field along X axis.
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The Spins: bismuth donors in silicon

Bi*
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Impurity spins in solids are quantum systems with superior coherence. We show here bismuth spins  in silicon that have a large zero field splitting.
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Such spins provide electro-nuclear transitions with  coherence times that are very long, and extremely long  in the best conditions.
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Coupling spins to a low mode volume resonator
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Preliminary ESR experiments are carried out by placing  first a  nanofabricated resonator on top of  bismuth  spins implanted  in silicon.
This  high-Q resonator is a lumped element LC resonator that consists of a straight  line wire inductance shunted by a inter-digitated finger capacitance. 
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Detecting spins at the quantum limit
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This high-quality factor superconducting 2D resonator is measured in a cavity using a near-quantum-limited amplifier, namely a Josephson parametric amplifier  (JPA). 
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B
Josephson Parametric Amplifier (non degenerate mode)
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Brief description of the Josephson parametric amplifie rused in our experiments.  Our device is frequency   tunable, but its bandwidth is small.
New wideband devices were recently operated. 
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JPA in degenerate mode
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In the so-called degenerate mode, a Josephson paramp pumped at exactly twice the signal frequency and with a controlled phase can amplify a signal without adding noise. 
In the non-degenerate regime that we use in the present work, it adds half a photon in each mode, which typically provides more one order of magnitude performance compared to HEMT amplifiers.
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Quantum limited ESR spectrometer
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Bottom stage of the cryo-free dilution refrigerator with an ESR spectrometer.
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Quantum limited ESR spectrometer
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More detailed picture. The JPA is a Josephson Parametric Amplifier.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), No. 41, July 2017.
This keynote presentation Th-KEY-01 was given at ISEC 2017.

Hahn-echo Detected ESR Spectroscopy
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For characterizing the sensitivity, we perform a Hahn echo experiment by applying a Pi pulse some time after a Pi/2 pulse.
Spins are found at different frequencies, which is well explained by the  stress in the material due to the aluminum deposited on top of the substrate.
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Spectrometer single-shot sensitivity
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The experiments yield a single-shot echo sensitivity of about 1700 spins.
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Rabi oscillations : g calibration
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The echo amplitude varies as expected with the refocusing pulse amplitude. This calibrates the spin-resonator coupling constant.


Quadrature amplitude (arb.u.)
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Increasing sensitivity with narrower wire
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Recent unpublished results using a resonator with a narrower wire have reached a 65 spins/Sqrt (Hz)  sensitivity. 
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Controlling relaxation: by spontaneous emission
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Given the long natural spin relaxation time, controlling relaxation is crucial for making experiments. The large spin-cavity coupling achieved allows to shorten T1 on demand  by placing spins in resonance with the cavity: this is the celebrated Purcell effect. 
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Spin relaxation control by o-tuning
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Relaxation measurements as a function of spin frequency close to the resonator frequency.  The Purcell formula accounts  well for the experimental data.
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The nuclear spin route : next elements
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The essential operations  on the route toward a quantum processor based on nuclear spins.
Top right: qubit readout; bottom: entangling operation based on a Hong-Ou-Mandel scheme. 
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QIP research based on spins
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Left: Further improving ESR sensitivity:  Single spin detection and control is an important step toward making qubits based on spins. 
Right:  Spin ensembles can also be used to implement a quantum memory. A proof of principle was obtained in preliminary experiments.
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SC challengers : spin qubits in proximitized InAs wires ?
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Other qubit concepts based on SC proximitized semiconducting  InAs nanowires. The spin-orbit coupling in these wires lifts the degeneracy between Andreev states as shown on the left. 
 This is the basis for another type of spin qubit in a proximity superconductor that we also consider.
Note that the now famous but elusive Majorana qubits  are closely related to Andreev physics.
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