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Manipulating frequency of photons for quantum information processing
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Photonic quantum state is a key resource for quantum information processing. Quantum frequency conversion
(QFC) process enable us to bridge gaps between frequency—dependent physical systems and devices. The QFC process
is also expected to work as a frequency—-domain BS. Thus, the QFC has a potential to be widely applied for
quantum information processing, such as quantum computation in the frequency degree of freedom and quantum
networking among diverse frequency—dependent matter quantum systems and devices. In this thesis, we show four
works aiming for a quantum computation in the frequency degree of freedom and a quantum communication between
matter quantum systems.

First-order and second-order interferences of electric fields are building blocks for realizing photonic
quantum computation. The first and second studies of this thesis experimentally show these interferences
between two different frequency modes by using frequency—domain BS. In the first study, we demonstrate the
phase-preserved partial frequency conversion and construct the Mach-Zehnder interferometer by using two QFC
devices as a frequency—domain BS. We observe the frequency—-domain first—order interference for coherent lights
at 795 nm and 1580 nm with a high visibility at 50% conversion efficiencies of the BSs. The experimental results
show that a visibility over 0.9 will be obtained at a single-photon level.

The Hong-Ou-Mandel (HOM) interference is a second-order interference based on an indistinguishability of
bosonic particles unlike the first—order interference. Such nonclassical properties of the HOM interference
plays essential role of two particle quantum operations. In the second study, we demonstrated the frequency-—
domain HOM interference between two photons with different colors. We injected the two photons with different
colors into the QFC device, and then measured the output photons from the device. We then observe an interference
visibility in nonclassical regime. The result shows that two distinct bosons, which are distinguished by their
frequencies, are destructive interfered by a property of identical bosonic particles after the QFC process

In order to interconnect various quantum matter systems through fiber—optic communications, a quantum system
correlated with telecom photons is important as an elementary node of quantum network. The requirements of
the telecom photons are the ability to manipulate a nonclassical state in quantum system and to be interfered
with photons from another node for linking quantum systems. In the third study, we prepare the quantum memory
by using cold Rubidium (Rb) atomic ensemble correlated with 780-nm photons. We then observe the preparation
of nonclassical excitation state in the quantum memory by detection of converted photon at telecom wavelength
of 1522 nm via QFC. In addition, we observe that the photon statistics of converted photons has the potential
to observe the HOM interference between the two telecom photons prepared by duplicating our systems.
Entanglement between various quantum systems is a vital resource required for future quantum net— working
In order to distribute the entanglement through an optical fiber, telecom photons entangled with quantum systems
will play essential role as a communications repeater, called quantum repeater. In the fourth study, we
demonstrate an entanglement preparation between the cold Rb atomic ensemble and tele— com photon by using
QFC process. We measure the fidelity of prepared states to one of the maximally entangled states. It shows

that the generated state is an entangled state with Rb atoms and telecom photons.
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