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Research topic: Solid-state device quantum cybernetics 
Proposed research A01: Study of superconducting quantum cybernetics 
Project Leader: Jaw-Shen Tsai (Team Leader, RIKEN; Senior Researcher,  

NEC Nanoelectronics Laboratory) 
 

The Superconducting Quantum Cybernetics Research Group is conducting a series 

of studies on coherent manipulation of Josephson qubits. We have made significant 

advances in quantum optics research, in which a superconducting qubit is treated 

as a macroscopic artificial atom. We also have created a decoherence 

subspace for flux qubit, and achieved quantum non-demolition readout. 

These results are described in below.  

One of the subjects of our studies is hybrid quantum systems in which the electron 

states in a superconducting qubit are coherently coupled to photons in a resonator 

or transmission line, for example. We are conducting experiments by placing 

superconducting qubits as artificial atoms in a transmission line. Naturally 

occurring atoms in an open space can be detected by resonance scattering. This 

is a fundamental principle of quantum optics called fluorescence resonance. We 

observed that a single large artificial atom could cause similar scattering of 

incident electromagnetic fields. This behavior of the artificial atom 

quantitatively agreed with the prediction for a point scatterer in a 

one-dimensional open system in quantum optics. This phenomenon can be referred 

to as macroscopic quantum scattering. Almost complete reflection of the incident 

electromagnetic wave (annihilation of the transmitted electromagnetic wave) was 

observed under resonance conditions. This indicates the existence of a very strong 

interaction between the atom and the electromagnetic field, which is expected to 

be applied to the quantum optics of artificial atoms with good controllability 

and photonics. 

When a weak microwave was irradiated using the two levels of the artificial atom, 

elastic scattering was observed in which about 94% of the incident radiation was 

reflected. When a strong microwave was irradiated, inelastic scattering 

(fluorescence resonance) was observed and the Mollow triplet was clearly observed. 

These results have been published in Science [1]. [link] 

We also conducted experiments using the three levels of the artificial atom. 

When bias at the degenerate point where the|0> ⇔|2> transition was suppressed, 

electromagnetically induced transparency (EIT) was observed and the Autler-Townes 

doublet was clearly observed[2]. At bias points away from the degenerate point, 

the|0> ⇔|2> transition was not suppressed, population inversion by optical 

http://www.riken.jp/cybernetics/sub2-2.html�
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pumping was achieved, and stimulated emission and amplification of microwave 

radiation was observed[3]. These results were published in Physical Review 

Letters. 

We conducted research on qubits consisting of two magnetic flux qubits that share 

a part of their superconducting loop. We investigated the correlation effect with 

respect to low-frequency magnetic flux noise and found that decoherence was caused 

by local magnetic flux noise. We created a decoherence-free subspace that is robust 

against similar noise sources. 

We are conducting research on a distributed readout technique that allows 

quantum non-demolition readout of Josephson qubits. Josephson qubits are read out 

using the fact that when a quantum bit is placed in a tank circuit, the resonance 

frequency of the circuit has slightly different values for the 0-qubit state and 

1-qubit state. We achieved a quantum nondemolition readout using a nonlinear tank 

circuit based on the bifurcation phenomenon of a Josephson junction (readout 

efficiency: 90% for the 0-qubit state and 40% for the 1-qubit state). 

In the theoretical study of superconducting qubits, we conducted research on 

controllable mirrors using multiple qubits [4], controllable electromagnetically 

induced transparent devices, quantum simulators, quantum emulators for spin 

systems using a superconducting qubit system with topological protection, and the 

dynamical Casimir effect. 

 

[1] Science 327, 840( 2010) 

[2] Phys. Rev. Lett., 104, 193601, 2010 

[3] Phys. Rev. Lett., 104, 183603, 2010 

[4] Phys. Rev. A, in press 
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Figure 1.  An  artificial atom (flux qubit) was positioned in a transmission line 

(1D open space. Inset (red frame): As an example of macroscopic quantum scattering, 

result of inelastic scattering (resonance fluorescence) with clear observation 

of Mollow triplet was shown here. 
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Proposed research A02: Study of the control, measurement, and transfer  
of quantum information using a semiconductor nanoassembly 
Project Leader: Yasuhiro Tokura (Executive Manager, NTT Basic Research 

Laboratories) 

 
I. High-performance spin detection: It is 

technically difficult to detect a single 

electron spin due to the very weak interaction 

between the magnetic moment of the spin and the 

probe. A single-spin state can be read out with 

a charge meter by transferring the spin state 

to a charged state. Two techniques have been 

used to detect a single electron spin: (1) a 

technique based on the rule of tunneling energy 

selection at the Zeeman separation level in a 

strong magnetic field, and (2) a technique 

based on the breakdown of the Pauli-spin 

blockade. However, these techniques have 

problems in that they are demolition 

measurement techniques and detect only the rotation of a spin, not its direction. 

We have succeeded for the first time in nondemolition spin projection measurements 

with double quantum dots in a gradient magnetic field by an assembly of 

micromagnets and a charge meter using a microwave and a quantum point contact (QPC). 

[1] 

II. Quantum capacitance: We have developed a capacitance measurement technique 

applicable to a wide range of frequencies from low to very high frequencies (over 

10 GHz), using coupled semiconductor double dots. In the measurement of quantum 

capacitance, a high-frequency voltage was applied to QPCs created in and near 

double quantum dots independently from each other, and the change in QPC current 

induced by the movement of charges between the dots was lock-in detected. The 

detected current is proportional to the capacitance component of the dot. Using 

this technique, we have succeeded in the measurement of quantum capacitance 

induced by the movement of charges between tunnel-coupled double quantum dots. 

We aim to detect a correlated spin state in a double quantum dot in a two-electron 

system. [2] 

[1] Y.-S.Shin, et al., Phys. Rev. Lett. 104, 046802 (2010). [2] T. Ota et al., 

Appl. Phys. Lett. 96, 032104 (2010). 

Concept of a spin detection system 

using a gradient magnetic field. The 

magnitude of the Zeeman separation 

differs between the left and right 
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Research topic: Molecular spin quantum cybernetics 
Proposed research B01: Molecular spin quantum control 
Project Leader: Masahiro Kitagawa (Professor, Graduate School of Engineering Science,  

Osaka University 

 

In order to realize large-scale quantum computing, it is necessary to implement 

a quantum gate with high fidelity. When magnetic resonance pulses are used to 

control nuclear or electron spins in molecules, the pulses are distorted by the 

resonator or other circuits used for high-sensitivity detection and 

high-intensity irradiation, degrading the fidelity of the quantum gate. In this 

study, we have developed a method to generate a desired pulsed electromagnetic 

field waveform in the resonator by measuring the response of the system and 

compensating the distortion of the pulse in advance. Using this method, we have 

observed the Rabi oscillation corresponding to a one-qubit gate and shown for the 

first time that transient phase distortion can be eliminated as shown in Fig. 1. 

 

 

 

Fig. 1 Rabi oscillations without (left) and       Fig . 2 Qubit molecule (1) and  

      with (right) pulse compensation               host molecule (2) 

 

In a molecular spin system, a mixed qubit system in which both the electron spin 

and the nuclear spin serve as qubits can be produced by controlling the group 

theoretical symmetry and topological symmetry with molecule design. In this study, 

we have synthesized a system in which molecules 1 are embedded in the crystal of 

molecules 2 (see Fig. 2) as a model molecular system comprising a mixture of one 

electron spin and three nuclear spins. We have developed a technique for coherent 

spin control to evaluate the entanglement of a mixed qubit system and detected 

a complex phase relationship for the first time. 

 

 

 

 

http://www.riken.jp/cybernetics/sub2-4.html�
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Research topic: Atomic and ionic system quantum cybernetics 
Proposed research C01: Quantum control using cold atoms 
Project Leader: Yoshiro Takahashi (Professor, Atomic Physics, Kyoto University 
                Graduate School of Science) 

 

Our objectives in this study are to perform quantum computing, quantum 

simulation, and quantum measurement using a system with laser-cooled neutral atoms 

loaded into an optical lattice, and to develop control techniques for quantum 

systems, such as quantum feedback, using a nuclear-spin ensemble. This year, we 

started full-scale research to achieve these objectives. 

First, as a step toward realizing quantum computing, we have succeeded in 

producing a Bose-Einstein condensate (BEC) in a thin glass cell using a newly 

developed vacuum chamber. The BEC was produced by moving atoms from the metal 

chamber to the thin glass cell with optical tweezers. In addition, we have 

developed a high-sensitivity fluorescence detection system that opens up the 

possibility of detecting a single atom, as well as a stable light source for the 

system. In the study of quantum simulation, we have achieved the Mott insulator 

state and the band insulator state by loading the Bose condensate of Yb atoms into 

an optical lattice. We prepared an attractively and repulsively interacting 

Bose-Fermi mixed system and experimentally investigated in detail the differences 

in the behavior of an atomic system due to differences in interaction, using 

atom-wave interferometry and photoassociation spectroscopy. As a result, we have 

succeeded in elucidating the behavior of the atomic system to a large extent. We 

have also achieved the mixing of fermion isotopes and succeeded in observing 

suppression of the movement of the spin ensemble by the strong attractive 

interaction among the isotopes. In addition, we have accomplished light-utilizing, 

high-speed, decoherence-free manipulation of the spin squeezed state generated 

by quantum nondemolition measurement. As a step toward achieving high-speed 

quantum feedback, we have prepared a system to convert spin projection 

measurements by field-programmable gate arrays (FPGAs) to the width of controlled 

optical pulses. 
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Proposed research C02: Quantum information processing using an ion     
trap system 
Project Leader: Shinji Urabe (Professor, Osaka University Graduate School of  

   Engineering Science) 
 

In the area of quantum information processing by an open ion-trap system, we 

are developing a planar trap and conducting research on quantum state control using 

the rapid adiabatic-passage technique. We have developed a planar trap that forms 

a small and deep potential. In developing the new trap, we modified the method 

of fabrication to reduce the trap size, eliminate the slit between the electrodes, 

and increase the precision of the side and end surfaces of the electrode so that 

the trap is of a shape suitable for integration. Planar traps have the drawback 

of shallower potential depths compared with conventional traps. However, a 

simulation of the optimization of the electrode arrangement has shown that a planar 

trap can have a potential six times deeper than conventional designs. We fabricated 

and installed this trap and succeeded in capturing calcium ions, measured the 

secular frequency and movement of the ions by DC voltage application, and corrected 

the micro-motion of the ions using RF-photon correlation on the two horizontal 

axes. 

The rapid adiabatic-passage technique allows robust quantum state control that 

is resistant to changes in experimental parameters, such as the width and intensity 

of laser pulses, compared with the technique using Rabi pulses. This year, we 

conducted experiments to produce a Dicke state using two Ca ions. The initial state 

with one phonon excitation is generated by first cooling the center-of-mass-motion 

mode to the ground state and then exciting the blue sideband of one of the ions 

individually addressed by the laser. A Dicke state can be generated by irradiating 

equal-amplitude, rapid adiabatic-passage laser pulses in the red sideband to the 

two ions. The quantum state generated is analyzed by obtaining a parity signal 

using Ramsey interferometry. In our experiments, a Ramsey interference signal of 

twice the normal period was observed and the Dicke state of the two ions was found 

to be generated. 

 

 

 

 

 

 

 

http://www.riken.jp/cybernetics/sub2-6.html�
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Research topic: Optical system quantum cybernetics 
Proposed research D01: Realization of quantum cybernetics using photonic 
quantum circuits 
Project Leader: Shigeki Takeuchi (Professor, Institute for Electronic Science,  

Hokkaido University) 

Photons have excellent controllability and are easily interfaced with 

naturally occurring atoms and molecules as well as artificial atoms. So far, 

the largest quantum circuit combining linear optical devices and projection 

measurement has been realized. Our planning team aims to build a quantum-control 

combined test bed based on the concept of quantum cybernetics and achieve optimal 

quantum information control, particularly decoherent control. We also aim to 

achieve quantum state control between dissimilar quanta and to develop optical 

devices with built-in quantum control. 

  This year, we conducted research on technologies that provide the basis for 

linear optical quantum circuits and are particularly important as keys to this 

project. The results obtained are described below. 

  * Realization of a photon source having the world’s top-level two-photon 

coherence of 93±5%: Two-photon coherence is a phenomenon in which two photons 

incident on a semitransparent mirror appear simultaneously from either side of 

the mirror due to interference between the processes of the photons entering 

the mirror. It is a critical factor in determining the performance of a linear 

optical quantum circuit. We theoretically studied the two-photon coherence of 

photons produced by parametric down-conversion. We made some improvements and 

modifications based on the study results and realized a photon source having 

the world’s top-level two-photon coherence of 93±5%. 

  * Analysis of error factors in a linear optical quantum gate: Error factors 

in a linear optical quantum gate include two-photon coherence, as well as the 

transmittance and reflectance of the device and a polarization-dependent phase 

difference. We theoretically analyzed the contributions of these error factors 

using a process matrix. The analysis showed that the polarization dependence 

(primary and secondary) varies with the factor, particularly in regions where 

the amount of error is small, and, in some cases, the contribution of the 

synergistic and cancellation effects of the errors reaches 10% of the total 

amount of error. 

From next year, we will work on the design and development of light quantum 

circuits for quantum control based on these results. 

http://www.riken.jp/cybernetics/sub2-7.html�
http://www.riken.jp/cybernetics/sub2-7.html�
http://www.riken.jp/cybernetics/sub2-7.html�
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Proposed research D02: Light-based multi-qubit quantum control 
Project Leader: Masato Koashi (Associate Professor, Osaka University School of  
                Engineering Science) 

 

Quantum entanglement, in which multiple particles exhibit genuinely quantum 

correlations, can have many qualitatively different structures as the number of 

particles increases to three, four, or more. The cluster state, one of such 

structures, is attracting attention as a resource to facilitate quantum computing. 

We generated a cluster state of four photons and performed quantum gate operations, 

which provide the basis for computation. We characterized the input-output 

relation of the quantum gates using quantum process tomography and demonstrated 

that the operations were performed with high fidelity. 

In another structure of quantum entanglement called the W state, each particle 

has equal correlation with all other particles. Because of this, the W state has 

a web-like structure in which all combinations of particle pairs are connected 

to each other, as if hand in hand. If one wants to extend the W states by adding 

particles, interaction with all existing particles might appear to be necessary. 

But the extension is possible by interaction with only one existing particle, by 

making clever use of the properties of quantum mechanics. We are conducting 

experiments to demonstrate our proposed method of extending the W state of photons. 

In order to apply the characteristics of quantum mechanics to various 

communication problems, it is important to generate quantum entanglement between 

two quantum memories located far away from each other using light as the medium. 

However, the loss in the optical fiber increases as the distance gets larger. 

Improvements are being sought to increase the efficiency and fidelity of the 

generated quantum entanglement by minimizing the effect of this loss. We have 

identified fundamental limitations caused by the optical loss in the schemes based 

on off-resonant interaction between coherent light and a quantum memory consisting 

of a two-level system, and proposed a method of entanglement generation that 

reaches the theoretical limits of efficiency and fidelity. [Phys. Rev. A 80, 

060303(R) (2009); Phys. Rev. A (2010), in press] 

 

http://www.riken.jp/cybernetics/sub-2-8.html�
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