Scalable quantum computation in cavity QED systems
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In the last years, numerous physical systems have been proposed as possible candidates for the physical implementation of a quantum computer. The desirable conditions which have to be satisfied are a reliable and easy way to prepare and detect the quantum states of the qubits, the possibility to engineer highly entangled states, the scalability to large number of qubits and a minimal decoherence. Up to now, experimental implementations have involved only the linear ion trap scheme [1] and NMR quantum computing [2]. However, in the ion trap case, only the controlled-not (C-NOT) gate between two internal states and the vibrational level of a single ion has been realized [3], and the extension to two or more ions has not yet realized experimentally. Moreover liquid-state NMR is not scalable to more than about ten qubits. This explains why the  research of new physical implementations of a quantum computer is so active. Here, following the suggestions of Ref. [4], we propose to use the Fock's states |0> and |1>  of a high-Q cavity mode as the two logical states of a qubit. 

A quantum register of N qubits is therefore a collection of N identical cavities in which the chosen electromagnetic mode is either empty or it contains a single photon. The register transformations, i.e. the implementation of quantum gates, are achieved sending off-resonant two-level atoms through the cavities and making them mutually interacting by means of suitable classical fields [5]. With this respect, the present proposal is similar to that of Refs. [6]; the important difference is that, in these papers, the logical qubits are represented by two circular Rydberg levels of the atoms. In our proposal, the role of atoms and cavity modes are exchanged. In this way, the present scheme becomes scalable in principle. In practice, its scalability will be limited up to tens of qubits by the spontaneous emission from the Rydberg levels, but the present proposal has the advantage that the needed technology is essentially already available to realize some proof-of-principle demonstrations of quantum computation with few qubits. The scheme could be implemented in a generic cavity QED scheme. One can consider the case of microwave cavities and circular Rydberg atoms, for which entanglement manipulation has been already demonstrated [7]. Alternatively, the same scheme could be adapted to the optical frequency domain, by using high-Q optical cavities, as for example the whispering gallery modes of silica microspheres [8], in which one can have a miniaturization of the scheme and, therefore, a faster gate operation. In the microwave case the scalability is limited by the spontaneous emission from the circular Rydberg levels (≈ 30 ms) and by the fact that all the apparatus has to be cooled at cryogenic temperatures to avoid the thermal radiation. In the optical case cooling is no more needed and also the limitations due to the spontaneous emission could be avoided in principle by using atomic “Lambda” transitions and adiabatic passage through a dark state. However in the microwave case, the proposed quantum gates could be implemented using available technology, and therefore proof of principle demonstrations of quantum computation with, say, ten qubits could be achievable. Instead, even if whispering gallery modes in microspheres with Q≈109 has been already realized [8], entanglement manipulation in this case have not been experimentally demonstrated yet. 

From a general point of view, the scheme proposed here is analogous to the linear ion trap scheme, except that now the high-Q cavities play the role of the ions, and the atoms, and not the collective center-of-mass motion, play the role of the quantum bus. At first sight, it may seem unpractical to reverse the role of atoms and photons as we have done here, since the common wisdom is that atoms and ions are suitable for storing informations while photons are best suited to transfer quantum information between different sites. However, the practical implementation of quantum algorithms on linear ion traps is presently limited by the heating of the center-of mass motion [9]. On the contrary, in the case of photonic qubits discussed here, once the limitations due to the spontaneous emission are eliminated, the scheme is then only limited by the decoherence due to the finite Q of the cavities, which could reach however values of the order of 1010 allowing therefore a sufficient number of gate operations. Moreover, in view of the fact that photons are in any case the best tools for quantum information transport, it may be nonetheless useful to have schemes able to process and temporarily store quantum information using photons.
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