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Abstract

We demonstrated a new scheme for wavelength conversion of a single-photon wave packet for use in
quantum information communication technologies. The scheme enables us to deterministically change
the color and shape of a single-photon wave packet in a lossless manner. The scheme is directly appli-
cable to single photons traveling in an optical fiber network and will be a key technology in developing
a photonic wavelength interface for quantum networking.

Keywords: quantum communications, single photons, nonlinear optics

1. Introduction

Wavelength (frequency, color) is an important
physical parameter of light, and wavelength conver-
sion is essential in current photonics technologies.
Applications of wavelength conversion range from
simple devices such as laser pointers to the fields of
communications, precision measurement, and bio-
medical sciences.

Wavelength conversion of single photons is crucial
for quantum communication, which holds promise
for applications such as quantum cryptography and
quantum teleportation. For example, the telecommu-
nications wavelength is the wavelength that is suit-
able for long-distance transmission of photons in
optical fiber networks. However, many physical sys-
tems such as atoms are sensitive to light with wave-
lengths in the visible band. In addition, even within
the same wavelength band, the wavelengths and spec-
tral shape of photons generally differ from each other
depending on the physical properties of the photon
sources or on the wavelength channel used for the
transmission. Hence, the ability to harness the wave-
length of photons, ideally in a lossless manner for
scalability, is required in order to distribute quantum
information between distant sites via interactions
between light and matter or between different light
sources.

2. Methods of single-photon
wavelength conversion

The wavelength conversion of intense optical puls-
es induced by themselves (i.e., self-induced) in an
optical fiber is shown in Fig. 1. The optical pulses,
whose initial center wavelength was 1 pym in this
example, acquired new wavelength components via
nonlinear optical effects (self-phase modulation,
four-wave mixing, stimulated Raman scattering,
etc.), which can be easily induced by intense optical
fields. However, the intensity of a single-photon wave
packet is more than 10 orders of magnitude lower
than that of ordinary laser pulses.

The first experimental demonstration of wave-
length conversion was conducted in 1992. Since then,
wavelength conversion of nonclassical light has been
widely investigated using nonlinear three- or four-
wave mixing (Fig. 2(a)), where photon wavelengths
can be converted with mediation provided by the
energy of other input pump fields [1]. While the
intense pump required for a highly efficient conver-
sion tends to simultaneously create noise photons, the
demand for scalable quantum networking provides
strong motivation for researching the simultaneous
realization of lossless and noiseless conversion.

Another nonlinear optical interaction that enables
frequency conversion is cross-phase modulation
(XPM) (Fig. 2(b)), which is a third-order nonlinear
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Fig. 1. Self-induced wavelength conversion of intense optical pulses with a center wavelength of 1 um in an optical fiber. The
input power was increased from (a) to (c). The output field was diffracted onto the screen by an external grating (not

shown).
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Fig. 2. Nonlinear optical effects for single-photon wavelength conversion.

optical effect that enables the phase of an optical
(signal) field to be controlled by another (control)
field. XPM provides a function for the wavelength
conversion via dynamic phase alteration of an optical
field in the following way. The presence of a control
pulse with an intensity profile P(¢) leads to an inten-
sity-dependent variation in the refractive index varia-
tion of the material, which is experienced by the sig-
nal field as a phase shift ¢(7) = 2yP(¢)L, where yis the
nonlinearity strength of a medium and L is the device
length. This gives rise to the instantaneous frequency
shift
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of the signal photons. Hence, we can add a wave-
length shift, which is proportional to the time deriva-
tive of the control field intensity, to the single pho-
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tons.

Unlike frequency-mixing based schemes, wave-
length conversion can be accomplished without any
photon loss because the XPM process deterministi-
cally occurs regardless of the control field intensity.
For example, if we consider standard nonlinear opti-
cal fiber (y = 0.01 /W/mm, L = 10 m) and standard
picosecond optical pulses (dP/dt = 600 W/1 ps), we
can obtain Av(f) = 19 THz, which corresponds to a
wavelength shift over 150 nm.

The quantum field to be converted now has a con-
siderably lower intensity than that of the control
pulses. Accordingly, a large frequency separation is
needed between the two interacting fields in order to
eliminate potential noise caused by the nonlinear
spectral broadening of the control pulse. Moreover,
the two interacting fields must propagate at the same
pace; otherwise, @(f) will become constant over the



Feature Articles

Photonic crystal fiber

/
7’

/
Control pulse /
4

Single (Signal) photon wave packet

(@)

24

Control Signal

Group delay (5 ps/m/div)
1

T T T T T
0.8 1.0 1.2 1.4 1.6

Wavelength (um)

(b)

Fig. 3. (a) Schematic of the experimental method. (b) The measured group-delay spectrum of the photonic crystal fiber.

entire wave packet and cancel the frequency shift.

To fulfil the criterion, we used a photonic crystal
fiber (PCF) as a Kerr medium with the dispersion
property shown in Fig. 3. It exhibits two widely sepa-
rated wavelengths with the same group velocity,
thanks to the dispersion property, which is managed
by arranging the air-hole claddings that surround the
silica core.

3. Experimental results [2]

We converted the wavelength of heralded single
photons created via type-II spontaneous parametric
down-conversion (SPDC) in a periodically poled
potassium titanyl phosphate crystal. The center wave-
length of the control field Ac was chosen to be 756
nm, which satisfies ve(Ac) ~ ve (24c), where vy is the
group velocity of the PCF (Fig. 3(b)). In this way,
both the XPM control pulses and SPDC excitation
pulses can be fed from a pulsed laser source. The
peak power of the control pulses coupled to the PCF
was approximately 350 W.

The dependence on signal delay of the signal pho-
ton spectra heralded by the detection of idler photons
is shown in Fig. 4(a). The heralded spectrum was
markedly modified as the delay time varied. For
instance, at the negative delay, where the signal pho-
tons are mainly synchronous at the falling edge of the
control pulses in the PCF, the spectrum was entirely
red shifted because dP/dt > 0. In contrast, the spec-
trum was blue shifted at the positive delay.

Numerical simulation of the frequency modulation
was performed based on coupled nonlinear Schroding-

er equations including XPM, self-phase modulation,
and dispersion. The simulation result (not shown)
well described the characteristics of the spectral
shifts seen in the experimental data. The maximum
wavelength shift was 3.2 nm (0.4 THz), which was
limited by the length and the group velocity disper-
sion (GVD) of the PCF used. Further dispersion
engineering of PCFs will be useful for reducing the
GVD, which will lead to a larger wavelength shift.

The sum of the photon counts for each delay time is
plotted in Fig. 4(b). The total coincidence count
remains constant regardless of the delay, demonstrat-
ing that the conversion occurred without an observ-
able photon loss. Hence, we have successfully
achieved lossless wavelength conversion of single
photons.

We applied the scheme to further control the quan-
tum correlation of pairs of photons. The demonstra-
tions included modulation of nonclassical frequency
correlation, interference, and entanglement between
distant photons [2]. These results demonstrate our
scheme’s applicability to a wide range of quantum
information science and technologies, including
computation and metrology.

4. Outlook

We are attempting to further improve the band-
width and controllability of wavelength conversion.
This can be achieved by further engineering the dis-
persion property of the photonic crystal fiber or engi-
neering the temporal shape of the control pulses. The
scheme, achievable in an optical fiber, is compatible
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Fig. 4. Experimental results. (a) Delay dependence of the marginal distribution of heralded single (signal) photons. (b) Total

photon counts as a function of the delay time.

with the equipment in optical communications net-
works. With this feature, we aim to develop a photon
wavelength interface for flexible quantum network-

ing.
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