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The emerging quantum information technology has developed 
similar requirements as classical information processing: while 
the computation is done at electronic (gigahertz) frequencies, 
the transfer of information utilizes optical fibers. Superconduct-
ing qubits operating at gigahertz frequencies are promising 
candidates for scalable quantum processors [1], while the opti-
cal domain offers access to a large set of very well developed 
quantum optical tools, such as highly efficient single-photon 
detectors and long-lived quantum memories. In addition, mi-
crowave signals carrying quantum information cannot be trans-
ferred at room temperature due to thermally induced decoher-
ence. On the contrary, optical channels do not have this draw-
back. Therefore, for large scale quantum networks, it is vital to 
develop a noiseless and efficient conversion channel between 
these vastly different frequency domains. 

Efficient direct electro-optic modulation has been discussed by 
Tsang [2] as an promising alternative to opto-mechanical ap-
proaches [3] to achieve quantum state transfer between the 
microwave and the optical domain. Hereby, the microwave 
modulates the refractive index of a nonlinear crystal resulting 
in phase modulation of the optical light. This typically creates 
sidebands symmetrically positioned around the optical pump 
frequency: sum frequency generation (SFG) and difference 
frequency generation (DFG). SFG combines a microwave and 
an optical photon to create a blue-shifted photon (anti-Stokes), 
while DFG creates a red-shifted optical photon (Stokes) as well as a microwave photon. 

In our experiment we coupled a high quality optical whispering gallery mode (WGM) resonator to a microwave 
cavity [4] resulting in a highly efficient electro-optic modulator. By carefully designing the geometry, we managed 
to match the spectral distance of adjacent optical modes with the frequency of the microwave resonator. This 
configuration converts a microwave input field into the optical sidebands with a quantum efficiency of 0.2%. To 
get a noiseless and hence quantum coherent conversion, the red-detuned sideband has to be suppressed since 
it entails a fundamental amount of amplifier noise. We achieved this suppression by exploiting avoided crossings 
in the optical spectrum which modify the spectral positions of some modes allowing us to tune the system into 
single sideband operation. Our cavity design is compatible with cavity QED systems and can operate in cryogen-
ic environments almost as it is. By doing so, we expect a further significant improvement of the conversion pro-
cess approaching unity photon number conversion efficiency. 

1. R. J. Schoelkopf and S. M. Girvin, “Wiring up quantum systems,” Nature 451(7179), 664–669 (2008). 
2. M. Tsang, “Cavity quantum electro-optics. II. Input-output relations between traveling optical and microwave fields,” Phys-

ical Review A 84(4), 43845 (2011). 
3. R. W. Andrews et al., “Bidirectional and efficient conversion between microwave and optical light,” Nat Phys 10(4), 321–

326 (2014). 
4. A. Rueda et al., “Efficient microwave to optical photon conversion: an electro-optical realization,” Optica 3(6), 597 (2016). 
 

Figure A three dimensional microwave cavity is 
coupled to a crystalline whispering gallery mode 
resonator. Strong nonlinear interaction mediates 
efficient and coherent conversion of the microwave 
field into a blue shifted optical sideband. This 
constitutes a first step towards a bi-directional 
transducer between super-conducting quantum 
circuits and optical quantum networks. (Note that 
this is a photo montage between the actual 3d 
copper cavity and the artistic representation of a 
WGM.) 


