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Abstract We propose and characterize a quantum interface between telecommunication wavelengths (1311 nm)
and an Yb+-dipole transition (369.5 nm) based on a secondorder sum-frequency process in a PPKTP waveguide. An
external (internal) conversion efficiency above 5 % (10 %)
is shown using classical bright light.

1 Introduction
A quantum interface (QI) is a basic building block for
future quantum networks [1]. It allows to combine different
physical systems without changing their shared quantum
properties and may, e.g., be used to change the color of a
photonic quantum state while preserving its other quantum
properties in order to combine atomic quantum memories
and fiber communication channels.
In such a network, the wavelengths of optimal transmission in optical fibers, situated in the infrared spectral range
at telecommunication wavelengths, may differ significantly
from the wavelengths at which quantum information can be
generated, stored or processed locally. The latter frequently
lie in the ultraviolet (UV) and blue spectral range [2]. Thus,
to bridge this frequency gap between telecommunication
and UV wavelengths, a QI with high efficiency, compact
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design and network compatibility is highly desirable for
practical applications.
The most efficient process allowing to build such a QI
is known as quantum frequency conversion (QFC) [3].
Important initial work [4–6] has led to the realization of
quantum state preserving converters [7], showing the conversion of single photons in upconversion [8, 9] and downconversion [10, 11] direction, as well as presenting the conversion of entanglement [11, 12] and squeezing [13, 14].
All of those experiments performed conversion between
the green or red and the infrared spectral range. However,
photonic state manipulation strongly benefits from decoherence-free, high-energy transitions. Thus, trapped atoms
and ions, whose dipole transitions usually lie in the ultraviolet (UV) and blue spectral range, are considered to be
promising candidates for stationary qubit systems, allowing
for long-lived memories and high-quality quantum logic
gates. The implementation of quantum frequency conversion between telecommunication and UV wavelengths is
therefore an important step toward connecting dissimilar
systems and paves the way for combining the possibilities
of long-distance quantum communication with the high
fidelities achievable in atomic qubit systems.
Still, the conversion of photonic qubits between telecommunication wavelengths and the UV is quite intricate,
due to the special wavelength range and large frequency
gap. Even in the classical regime, the generation of UV
light by means of parametric three-wave mixing process is
challenging. It has so far been realized through second harmonic generation (SHG) [15, 16] and sum-frequency generation (SFG) [17–22]. While the SHG process is intrinsically not compatible with QFC, the realization of QFC via
SFG imposes more stringent requirements on the process
than classical wavelength conversion. More specifically,
a QFC interface based on a three-wave mixing process in
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a nonlinear medium requires the high nonlinear coupling
strength to be solemnly provided by the medium’s nonlinearity together with a strong non-depleted pump. The
pump wave therefore has to not only account for the energy
difference between the converter’s input and output wavelength, but also provide significant coupling strength to
convert the faint input state. The above SFG experiments
fail to meet that requirement, by either falling short of the
required coupling or by working with a depleted pump
wave. Hence, the underlying frequency conversion concepts cannot be readily applied to achieve QFC between
telecommunication wavelengths and the UV spectral range.
Integrated optics provides a promising platform to
implement a QI via QFC. Significant conversion efficiency
can be achieved by using a waveguide converter [23].
Although the required coupling strength can in principle
be achieved by placing the nonlinear medium into a cavity
[13, 14], the integrated optical approach allows for a robust
and miniaturized system architecture that can be operated
in single-pass configuration due to the high confinement
obtained in the waveguide.
But in the case of an interface between the UV and telecommunication wavelengths, the energy difference is
extremely large, spanning more than 2.4 eV (580 THz).
Bridging this huge gap requires either a multistage process,
as proposed in [24], or a strong pump in a waveguide with
small poling period. Many of the aforementioned quantum
converters between visible and infrared make use of quasiphasematching (QPM) in periodically poled lithium niobate
(PPLN) waveguides. However, those lithium niobate waveguides are highly susceptible to photorefractive damage
which limits their use in conjunction with strong continuous wave (CW) green pump light. Besides, to compensate
the large wavelength difference and obtain efficient conversion, the QPM period (using the d33 tensor element) in lithium niobate is very small (∼2.13 µm) and not compatible
to standard waveguide technologies. Thus, a new platform
is required to achieve efficient QFC from the infrared to the
UV spectral range in the quantum domain. Potassium titanyl phosphate (KTP) is a material with a high photorefractive damage resistance. It allows not only the fabrication of
short poling periods for QPM, but also the fabrication of
high-quality waveguides by rubidium ion exchange [25].
An efficient QFC between a telecommunication and a red
wavelength has been realized in rubidium-doped periodically poled KTP (Rb:PPKTP) waveguide [26].
Apart from the requirements concerning nonlinear coupling, the noise being added in a QFC device must not
destroy the converted quantum state. Sources of detrimental noise have been attributed to Raman scattering of the
strong pump and non-phasematched spontaneous parametric downconversion (SPDC) [27]. By using a pump wave
that is spectrally well separated from input and output, the
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effect of Raman scattering in KTP [28] can be neglected.
Noise added by SPDC may, however, be present. But as
shown in the case of a Rb:PPKTP waveguide converter
[26], this noise does not prevent interfacing to a quantum memory, highlighting the potential of a single-stage
Rb:PPKTP waveguide converter.
Among stationary qubit systems, a particularly interesting system for quantum information processing is a trapped
ytterbium ion (Yb+) with its S 1 → P 1 dipole transition in
2

2

the UV spectral region at 369.5 nm [2, 29]. It has been considered to be a good candidate to produce efficient light matter interaction [30] and entanglement of matter qubits [31].
In this paper, we report on the tailored design and the
classical characterization of a quantum interface that allows
for telecommunication-to-UV quantum frequency conversion, providing access to the Yb+ transition at 369.5 nm.
We present a detailed experimental analysis of the dispersion behavior and demonstrate first conversion efficiency
measurements in a setup, which is compatible with quantum applications. By comparing our results to theoretical
predictions, we can evaluate the quality of feasible performance parameters. Therefore, we provide the conceptual
and technical basis for a full quantum interface.

2 Concept
Our interface is based on a second-order (χ (2)) SFG process in a rubidium-doped PPKTP waveguide. A strong
green pump at a wavelength of 514.5 nm is used in order
to bridge the gap between the input state at 1311 nm and the
target wavelength of the Yb+ dipole transition at 369.5 nm
as shown in Fig. 1.
In order not to distribute the input state over several longitudinal modes, a CW single-mode pump laser is required,
allowing to convert arbitrary input states within the process
bandwidth. This pump fulfills the requirement of energy
conservation, ωin + ωpump = ωout, where ω denotes
the angular frequency of the optical fields at the respective

Fig. 1  Concept of direct quantum frequency upconversion by sumfrequency generation. A strong green pump is used to transduce a
quantum state at a telecommunication-band input mode to a UV output mode
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wavelengths. At the same time, its field amplitude Apump
scales the required coupling strength in the QFC-Hamiltonian [3]
†
Ĥ = iκApump âout
âin + h.c.,

(b)

(c)

(1)

where â is the photon annihilation operator of the input and
output mode and κ is a coupling constant, dependent on the
field overlap between the modes and their respective frequencies and propagation constants β.
Phasematching is attained by use of the quasi-phasematching (QPM) technique where a mismatch in the propagation constants �β is compensated by a periodic reversal
of the ferroelectric domains, i.e., a domain grating of periodicity Λ, according to

0 = �β = βout − βin − βpump −

(a)
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2π
.
Λ

(2)

In order to be able to use the highest second-order nonlinear tensor element d33, we employ a type-0-process, i.e., all
fields are polarized along the optical axis. The short wavelength of 369.5 nm present in this process leads to a high
mismatch of propagation constants and therefore a poling
period below 3 µm is required in KTP. KTP allows, due to
its anisotropic domain growth, such short periods.

3 Modeling
A prediction about the efficiency of the QFC in a
Rb:PPKTP waveguide is obtained by modeling the effective refractive index of the waveguide modes and their
respective field distributions. Although the material properties of KTP in the UV range are not comprehensively investigated in the literature, this approach allows us to provide a
reliable model for the desired conversion process.
The waveguide used in the presented work is produced by
AdvR Inc. by means of potassium–rubidium ion exchange of
z-cut, flux-grown KTP and subsequent periodic poling [25].
It has a length of 9.6 mm, the poling period is specified as
Λ = 2.535 µm, and the waveguide has a nominal width of
2 µm. The ion exchange creates an erfc-like Rb concentration profile [32] in depth and a box-like profile in lateral
direction. In order to model the waveguide properties, we
assume the Sellmeier equations of Kato and Takaoka [33] for
bulk KTP material and a refractive index profile according
to the model presented by Callahan et al. [34]. The refractive
index profile in depth direction is depicted in Fig. 2a.
The propagation constants and electric field distributions
at the respective wavelengths are calculated using a finiteelement solver (RSoft FemSIM). Assuming a penetration
depth of 6 µm [34, 35], we calculate the respective effective
indizes of the modes, as shown as vertical lines in Fig. 2a

Fig. 2  Finite-element simulation of modes in Rb:KTP waveguide
including dispersive refractive index nbulk and dispersive refractive
index increase n. a Dispersive refractive index increase n along
the line x = 0 µm. Vertical lines indicate the respective effective
indizes for each of the modes. b Lines of equal electric field strength
of the fundamental modes in the rubidium-doped waveguide region
(shaded area). c Electric field of the respective fundamental modes
along the line x = 0 µm.

and thus a theoretical poling period of Λtheo. = 2.539 µm
using Eq. (2) and the relation between vacuum wavenumber k and propagation constant, β = k · neff . This is in good
agreement with the nominal poling period of the waveguide
used in the remainder of this study.
The electric field distributions of the fundamental
modes at the respective wavelengths are shown in Fig. 2b,
c. According to this simulation, we expect our waveguide to support only a single mode per polarization at
in = 1311 nm. Experimentally, however, we observe one
higher mode in both TM and TE polarization. The expected
number of guided modes in TM polarization is 9 and 29 at
the wavelength of pump = 514.5 nm and out = 369.5 nm,
respectively. Because of the waveguide’s asymmetry, a high
number of mode combinations will have a nonvanishing
overlap and can in principle contribute to the phasematching.
The fundamental mode combination is favorable because of
its rather high overlap to laser and fiber modes. The expected
coupling efficiency of the infrared mode shown in Fig. 2 to a
Gaussian-shaped mode evaluates to 91.2 %.
The conversion efficiency for a waveguide of length L
with negligible propagation loss in the regime of no pump
depletion is [36]

η = sin2



ηnor Ppump L ,

(3)

where Ppump is the pump power. It scales with the normalized efficiency

ηnor =

d 2 κ2
8π 2
1
· (pump)eff(in) (out) ·
c · ε0 n

out
in
neff neff
eff

(4)
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where c is the speed of light and ε0 the vacuum permittivity. Here, we assume an effective nonlinearity of
deff = 16.65 · π2 pm
V [37] and use the calculated effective
indices of refraction neff
 . The normalized overlap integral
evaluates to κ =
Ein Epump Eout dxdy = 135000 m−1,
where Ein, Epump and Eout are the three normalized mode
fields of input, pump and output, respectively, shown in
Fig. 2b, c. Thus, a pump power of 1460 mW is expected to
be needed for complete conversion. Traces of the expected
conversion efficiency are shown later in the paper in Fig. 5
where they are compared to measured data.
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are coupled out of the waveguide with a 40× microscope
objective.
A dichroic mirror reflects the UV light. Four successive
bandpass filters, centered at 370 nm, with a cumulative optical density above 22 at the pump wavelength are used to
filter out the remaining pump light. A Si photodiode-based
power meter with a sensitivity of 500 pW and a measurement uncertainty of ±5 % is used to monitor the converted
light. Additionally, a CCD camera, adjustably placed in the
beam, is used to record the near-field intensity of the generated light.
4.1 Modes and phasematching

4 Interface characterization
We characterize our interface using bright input light. The
optical setup is depicted in Fig. 3. The strong CW-pump
power at 514.5 nm is provided by a single longitudinal and
spacial mode argon ion laser (Coherent Innova 90-C). An
optical isolator, consisting of two polarizing beam splitters and a Faraday rotator, is used to prevent instabilities
due to backreflections from the waveguide endface into
the laser cavity. A combination of polarizing beam splitter
and half-wave plates is used to control the optical power
in the setup. Dichroic filters are needed to clean the beam
from residual radiation, especially in the UV, produced by
the laser’s plasma discharge tube. A telescope is employed
to manipulate the pump beam diameter and divergence for
optimal coupling to the fundamental waveguide mode. The
infrared input beam is produced by a fiber-coupled, tunable CW-external cavity diode laser (ECDL, Thorlabs Intun
TL1300-B). Its output is collimated by a 10-mm lens and
overlapped with the green pump on a dielectric beam combiner. Both beams are coupled to the waveguide by a 20×
microscope objective.
The waveguide chip resides on a six-axis adjustable
stage and is thermoelectrically temperature controlled to
±4 mK around room temperature. The generated UV light
together with the unconverted input light and the pump

Fig. 3  Scheme of the experimental characterization setup. The following abbreviations are used; Iso. Isolator, var.att. variable attenuator, DF dichroic filter, DM dichroic mirror, tel. telescope, ND neutral
density filter, PM power meter
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The phasematching condition of the fundamental mode
combination is experimentally determined by iteratively
adjusting the coupling of both, pump and input beam, to
the respective fundamental waveguide mode and scanning the input wavelength while measuring the generated
UV power and observing the spacial mode shape. Eventually, this procedure will lead to an optimized SFG process
in the fundamental mode combination. The SFG power

(a)

(b)

(c)

Fig. 4  Phasematching characteristics. a Phasematching curve, i.e.,
UV output power as function of input wavelength at stable temperature and pump power. Inset Near-field intensity profile of generated
UV light in fundamental mode. b Converter’s temperature tunability, i.e., wavelength of perfect phasematching as function of externally controlled temperature. c Pump power induced phasematching
shift. Note that b and c share the same vertical scaling and therefore
embody the energy conservation of sum-frequency generation with a
fixed pump at 514.5 nm
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as a function of the input wavelength at a constant pump
power is depicted in Fig. 4a. The full width at half maximum (FWHM) of this phasematching curve is 0.20(1) nm ,
while the theoretically predicted phasematching bandwidth
is 0.185 nm . This results in an effective interaction length
of 8.9 mm. The appearance of a pronounced sidelobe at
shorter input wavelengths is consistent with the slightly
reduced effective interaction length, resulting from either
an inhomogeneous waveguide or poling period. A minor
flat contribution to the phasematching is observed over a
much broader spectral range which we attribute to residual
higher order mode’s SFG processes.
The near-field intensity profile of the generated UV light
is depicted in the inset of Fig. 4a. The measured intensity
FWHM is 0.94 µm in lateral and 0.77 µm in depth direction. This is in good agreement with the 1.10 and 0.82 µm
predicted by our FEM simulation.
The phasematching wavelength of the frequency conversion process is tunable with temperature. In order to model
this, we assume perfect phasematching at T = 20 ◦ C and
in = 1311 nm and calculate the phasematching condition according to the temperature dependent index for bulk
material [33]. The expected change in the phasematching
wavelength in at the input as a function of the temperature difference T is �in /�T = 0.28 nm/K. This behavior is plotted as a dashed line in Fig. 4b. Experimentally
we measure �in /�T = 0.29(1)nm/K, as depicted in the
same diagram for two different pump powers.
In general, we observe a strong dependence of the
phasematching wavelength on the pump power, which is
shown in Fig. 4c. The shift in phasematching wavelength
in behaves linearly with the external pump power Ppump
according to �in /�Ppump = 4.03(9) pm/mW. This shift
is the reason for the rather complicated identification of
the phasematching described above. However, once a
phasematching condition for a given pump power and temperature is determined experimentally, the converter’s full
tuning behavior is predictable by the two given values of
�in /�T and �in /�Ppump.
Combining those values, the pump power dependent
phasematching shift may be explained by a local heating of
the waveguide according to �T /�Ppump = 13.8(6) K/W
due to absorption of the green pump light.
4.2 Conversion efficiency
We define the conversion efficiency η as the number of converted photons exiting the nonlinear crystal Nout divided
by the number of input photons in front of it Nin,

η=

�N�out
out Pout
·
.
=
�N�in
in Pin

(5)
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In the case of no losses, this should equal the depletion
efficiency

ηdepl. = 1 −

�N�depl.
Pin,depl.
=1−
�N�in
Pin

(6)

where Pin,depl. is the optical power of the input field at the
end of the nonlinear interaction length.
The measurement of the conversion efficiency is performed as follows. We keep the waveguide chip at a constant temperature of T = 20.6 ◦ C, attenuate the input light
to Pin ∼
= 20 µW and vary the pump power between 0 and
400 mW. Higher powers of ≥550 mW have shown to cause
significant damage to the crystal. For each pump power in
use, we adapt the input wavelength to the phasematching
according to the pump power dependent relation described
above. The system is then given enough time to equilibrate in order to avoid hysteretic behavior. The optical
power around 369.5 nm is recorded using a power meter.
The optical power remains stable on a scale between the
power meter’s bandwidth (∼ 10 Hz) and half an hour. Each
data point is recorded as the average power over 5 seconds, and the fluctuations of the optical signal are much
smaller than the power meter’s measurement uncertainty.
At a pump power of Ppump = 200 mW and an input power
of Pin = 22.1 µW in front of the incoupling objective, we
measure a UV power of Pout = 980 nW. Accounting for
the transmission of the incoupling objective (69.6 %), the
outcoupling (51.7 %) and the transmission of the filters and
optical components up to the detection (62.7 %), an external conversion efficiency of ηext. = 5.5 % is obtained. We
call this measure ‘external’, because we explicitly account
for neither the coupling efficiency to the fundamental
mode, nor the waveguide absorption and scattering losses,
as both cannot be quantified accurately. The external conversion efficiency is plotted as circles in Fig. 5, where we
also account for the imperfect transmission of the incoupling objective (89.5 %) at the pump wavelength.
In the ideal case of perfect mode matching and negligible losses, the conversion efficiency, as well as the depletion, should follow the dash-dotted curve in Fig. 5 which
is the theoretically predicted conversion efficiency for the
Rb:PPKTP waveguide considered in Sect. 3 using Eq. (3).
The more realistic case is calculated by solving the
nonlinear coupled amplitude equations, including losses,
for perfect phasematching (see, e.g., [36]). This case
is shown as the thin curves in Fig. 5 (literature losses).
We include losses of αpump = 0.7 dB/cm at the pump,
αin = 0.2 dB/cm at the input, and αout = 4.34 dB/cm at the
output wavelength. Here, we estimate the pump loss from
the values reported in reference [25] and the input loss from
the lowest loss we measured in Rb:KTP waveguides at that
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(a)

(b)

Fig. 5  Efficiency of the sum-frequency process, experimental values compared to theoretical predictions. b is a zoom into a for clarification. A lossless process (dash-dotted line) would show identical
conversion and depletion efficiency. In the case of losses, depletion
(dashed lines) and conversion (solid lines) efficiency differ. Measured (triangles) and theoretically predicted (dashed lines) depletion
efficiency are in good agreement. The measured external conversion
efficiency (circles) reaches 5.5 %. The estimated internal conversion
efficiency (diamonds) also shows a good agreement with theoretical
predictions for internal pump powers up to 150 mW. For higher pump
powers, clear deviation from the model is observed

wavelength. The exact values of both are negligible compared to the high loss at the output wavelength assumed
here. The latter relies on the fact that 370 nm already lies
close to the band edge for z-polarized light in KTP [38].
Because the loss for y-polarized light is much lower at
that wavelength, the relative transmission between TM- and
TE-polarized laser light can provide an estimate for the
expected waveguide losses at 370 nm. This relative transmission is measured to be 33.6 % (αmathrmout = 6.3 dB/cm ).
We call this model experimentally estimated and depict it
using thick lines in Fig. 5.
In all cases, we would expect a monotonically increasing
conversion efficiency up to at least 25 % within the available
pump power range. In contrast, the measured conversion
efficiency saturates and decreases for pump powers above
300 mW. For a better comparison to the model, we estimate
the internal conversion efficiency, i.e., the conversion efficiency between input and output light inside the respective
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waveguide mode. This is shown as diamond shaped dots
in Fig. 5. At a pump power of Ppump = 200 mW in front
of the incoupling, we estimate an internal conversion efficiency of ηint = 10.5 % by assuming fresnel losses at the
uncoated input facet and modematching of 50.7 %.
Naturally, the expected depletion and conversion efficiency differ substantially, when assuming a lossy system.
The depletion would reach up to 40 % in the considered
case. This is verified experimentally by adjusting the system to optimal conversion and chopping the pump light
with frequencies of 20, 100 and 500 Hz. The modulation
of the transmitted input light is recorded with a fast photodiode. This provides a direct measure of the depletion
efficiency according to Eq. (6). The depletion efficiency
is plotted as triangles in Fig. 5. It does not depend on the
chopping frequency. Fluctuation of the data points due to
amplified noise in the photocurrent and data evaluation
uncertainties are accounted for in the shown error bars.
Within those error bars, the measured and theoretically predicted depletion values are in good agreement.
Even in the pump power range in which we observe a
reduced conversion efficiency, the depletion follows the
expected behavior. A possible mechanism leading to a
divergence of depletion and conversion is the so-called
green-induced infrared absorption (GRIIRA) [39], frequently observed in KTP. We quantify this effect to account
for at most 6.6 % depletion by tuning the input wavelength
away from the phasematching condition and repeating the
above measurement.
Our converter therefore behaves according to the model
given by the nonlinear coupled amplitude equations up to
a maximum external pump power of 200 mW. At higher
pump powers, a clear deviation from this model is observed
which needs to be subject to further investigation.

5 Conclusion and outlook
In conclusion, we have implemented a telecommunicationto-UV frequency converter, compatible with the requirements of QFC. It is based on a second-order nonlinear
sum-frequency process in a periodically poled Rb:PPKTP
waveguide. Using a fixed single-mode pump at 514.5 nm ,
the device is tunable by temperature and/or pump power
and therefore allows to interface the telecommunications
O-band and the Yb+ transition at 369.5 nm with an external
(internal) efficiency of ηext = 5.5 % (ηint = 10.5 %). The
internal efficiency is limited by the material absorption at
the output wavelength, the mode overlap between the very
distinct wavelengths of pump, input and output field and
the short interaction length of ≤ 1 cm, combined with a saturation of the conversion efficiency above 200 mW pump
power. For lower pump powers, the nonlinear coupled
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amplitude equations of the three-wave mixing process are
shown to provide a good model for the device efficiency.
The external efficiency is limited by coupling losses.
Proper antireflection coatings and a specifically designed
achromatic coupling lens would significantly improve the
coupling into the desired waveguide mode.
In future implementations, the use of a pulsed pump
might be beneficial for two reasons. First, it reduces average
power while maintaining peak power needed for conversion.
This would reduce the shift of phasematching observed in
this paper and possibly reduce optical damage. Second, a
pulsed pump would allow for temporal filtering in a later
stage of the experiment and thereby has the potential to
reduce possible noise counts at the converter’s output.
In order for our converter to be an eligible QFC device, it
needs to retain its conversion efficiency on the single photon level and its noise characteristics need to be carefully
investigated. While the strong green pump in our converter
is placed spectrally far away from input and output, reducing the effect of added noise by Raman scattering to a minimum, its short wavelength opens the possibility for generation of SPDC photons into the input mode. After having
provided the classical characteristics of our telecommunication-to-UV frequency converter in this paper, our next
step thus needs to be its quantum noise characterization.
Despite the moderate conversion efficiency, we expect
our device to be highly useful for quantum information tasks
involving direct access to trapped ion systems. Especially,
it allows to interface and thus integrate trapped ions at UV
wavelengths into optical fiber network architectures. Note,
e.g., that compared to a direct transmission of UV light in
a fiber where losses around 0.1 dB/m appear as a reasonable number [40], the use of a 5 % (−13 dB) efficient converter may be beneficial already for distances above 130 m.
Moreover, our conversion opens the possibility to generate
non-classical states of light at UV wavelengths by using
cascaded spontaneous parametric downconversion together
with SFG. Those quantum states are needed for studying the
coupling between genuine quantum light and isolated single-particle excitations with UV transitions energies.
Acknowledgments We thank Harald Herrmann for helpful discussions and also the reviewers for useful comments, contributing to
improve the manuscript. We acknowledge financial support provided
by the German Bundesministerium für Bildung und Forschung within
the QuOReP and Q.com-Q framework.

References
1. H.J. Kimble, The quantum internet. Nature 453, 1023–1030
(2008)
2. S. Olmschenk, D. Hayes, D.N. Matsukevich, P. Maunz, D.L.
Moehring, C. Monroe, Quantum logic between distant trapped
ions. Int. J. Quantum Inf. 8, 337 (2010)

Page 7 of 8

13

3. P. Kumar, Quantum frequency conversion. Opt. Lett. 15, 1476–
1478 (1990)
4. J. Huang, P. Kumar, Observation of quantum frequency conversion. Phys. Rev. Lett. 68, 2153–2156 (1992)
5. A.P. Vandevender, P.G. Kwiat, High efficiency single photon
detection via frequency up-conversion. J. Mod. Opt. 51, 1433–
1445 (2004)
6. M.A. Albota, F.N.C. Wong, Efficient single-photon counting
at 1.55µm by means of frequency upconversion. Opt. Lett. 29,
1449–1451 (2004)
7. M.G. Raymer, K. Srinivasan, Manipulating the color and shape
of single photons. Phys. Today 65, 32 (2012)
8. M.T. Rakher, L. Ma, O. Slattery, X. Tang, K. Srinivasan, Quantum transduction of telecommunications-band single photons
from a quantum dot by frequency upconversion. Nat. Photonics
4, 786–791 (2010)
9. S. Ates, I. Agha, A. Gulinatti, I. Rech, M.T. Rakher, A. Badolato,
K. Srinivasan, Two-photon interference using background-free
quantum frequency conversion of single photons emitted by an
InAs quantum dot. Phys. Rev. Lett. 109, 147405 (2012)
10. S. Zaske, A. Lenhard, C.A. Keßler, J. Kettler, C. Hepp, C. Arend,
R. Albrecht, W.-M. Schulz, M. Jetter, P. Michler, C. Becher,
Visible-to-telecom quantum frequency conversion of light from
a single quantum emitter. Phys. Rev. Lett. 109, 147404 (2012)
11. R. Ikuta, Y. Kusaka, T. Kitano, H. Kato, T. Yamamoto, M.
Koashi, N. Imoto, Wide-band quantum interface for visible-totelecommunication wavelength conversion. Nat. Commun. 2,
1544 (2011)
12. S. Tanzilli, W. Tittel, M. Halder, O. Alibart, P. Baldi, N. Gisin, H.
Zbinden, A photonic quantum information interface. Nature 437,
116–120 (2005)
13. C.E. Vollmer, C. Baune, A. Samblowski, T. Eberle, V. Händchen,
J. Fiurášek, R. Schnabel, Quantum up-conversion of squeezed
vacuum states from 1550 to 532 nm. Phys. Rev. Lett. 112,
073602 (2014)
14. D. Kong, Z. Li, S. Wang, X. Wang, Y. Li, Quantum frequency
down-conversion of bright amplitude-squeezed states. Opt.
Express 22, 24192–24201 (2014)
15. S. Wang, V. Pasiskevicius, F. Laurell, H. Karlsson, Ultraviolet generation by first-order frequency doubling in periodically
poled KTiOPO 4. Opt. Lett. 23, 1883–1885 (1998)
16. P. Qing, X. Yang, Long pulse, high energy output at 365 nm from
an frequency-doubled Alexandrite laser. Opt. Commun. 200,
309–314 (2001)
17. D.B. Oh, Diode-laser-based sum-frequency generation of tunable wavelength-modulated UV light for OH radical detection.
Opt. Lett. 20, 100–102 (1995)
18. L. Corner, J. Gibb, G. Hancock, A. Hutchinson, V. Kasyutich, R.
Peverall, G. Ritchie, Sum frequency generation at 309nm using a
violet and a near-IR DFB diode laser for detection of OH. Appl.
Phys. B 74, 441–444 (2002)
19. D.J. Berkeland, F.C. Cruz, J.C. Bergquist, Sum-frequency generation of continuous-wave light at 194 nm. Appl. Opt. 36, 4159–
4162 (1997)
20. N. Umemura, M. Ando, K. Suzuki, E. Takaoka, K. Kato, Z.-G.
Hu, M. Yoshimura, Y. Mori, T. Sasaki, 200-mw-average power
ultraviolet generation at 0.193 µm in K 2 Al 2 B 2 O 7. Appl.
Opt. 42, 2716–2719 (2003)
21. H. Kumagai, K. Midorikawa, T. Iwane, M. Obara, Efficient
sum-frequency generation of continuous-wave single-frequency
coherent light at 252 nm with dual wavelength enhancement.
Opt. Lett. 28, 1969–1971 (2003)
22. J. Franzke, Sum frequency generation at 365 nm by two diode
lasers applied to the detection of mercury. Spectrochim. Acta
Part B Atom. Spectrosc. 53, 1595–1599 (1998)

13

13

Page 8 of 8

23. R.V. Roussev, C. Langrock, J.R. Kurz, M.M. Fejer, Periodically
poled lithium niobate waveguide sum-frequency generator for
efficient single-photon detection at communication wavelengths.
Opt. Lett. 29, 1518–1520 (2004)
24. R. Clark, T. Kim, J. Kim, Double-stage frequency down-conversion system for distribution of ion-photon entanglement over
long distances, in 2011 IEEE Photonics Society Summer Topical
Meeting Series, (IEEE, 2011)
25. M. Pysher, R. Bloomer, C.M. Kaleva, T.D. Roberts, P. Battle, O.
Pfister, Broadband amplitude squeezing in a periodically poled
KTiOPO 4 waveguide. Opt. Lett. 34, 256–258 (2009)
26. N. Maring, K. Kutluer, J. Cohen, M. Cristiani, M. Mazzera, P.M.
Ledingham, H. de Riedmatten, Storage of up-converted telecom
photons in a doped crystal. New J. Phys. 16, 113021 (2014)
27. J.S. Pelc, L. Ma, C.R. Phillips, Q. Zhang, C. Langrock, O. Slattery, X. Tang, M.M. Fejer, Long-wavelength-pumped upconversion single-photon detector at 1550 nm: performance and noise
analysis. Opt. Express 19, 21445–21456 (2011)
28. G.E. Kugel, F. Brehat, B. Wyncke, M.D. Fontana, G. Marnier,
C. Carabatos-Nedelec, J. Mangin, The vibrational spectrum of a
KTiOPO4 single crystal studied by raman and infrared reflectivity spectroscopy. J. Phys. C Solid State Phys. 21, 5565 (1988)
29. D.L. Moehring, P. Maunz, S. Olmschenk, K.C. Younge, D.N.
Matsukevich, L.-M. Duan, C. Monroe, Entanglement of singleatom quantum bits at a distance. Nature 449, 68–71 (2007)
30. R. Maiwald, A. Golla, M. Fischer, M. Bader, S. Heugel, B.
Chalopin, M. Sondermann, G. Leuchs, Collecting more than
half the fluorescence photons from a single ion. Phys. Rev. A 86,
043431 (2012)
31. N. Trautmann, J.Z. Bernád, M. Sondermann, G. Alber, L.L.
Sánchez-Soto, G. Leuchs, Generation of entangled matter qubits

13

H. Rütz et al.

32.
33.
34.
35.

36.
37.

38.
39.
40.

in two opposing parabolic mirrors. Phys. Rev. A 90, 063814
(2014)
J.D. Bierlein, A. Ferretti, L.H. Brixner, W.Y. Hsu, Fabrication
and characterization of optical waveguides in KTiOPO 4. Appl.
Phys. Lett. 50, 1216–1218 (1987)
K. Kato, E. Takaoka, Sellmeier and thermo-optic dispersion formulas for KTP. Appl. Opt. 41, 5040–5044 (2002)
P.T. Callahan, K. Safak, P. Battle, T.D. Roberts, F.X. Kärtner,
Fiber-coupled balanced optical cross-correlator using PPKTP
waveguides. Opt. Express 22, 9749–9758 (2014)
K.A. Fedorova, G.S. Sokolovskii, P.R. Battle, D.A. Livshits,
E.U. Rafailov, 574–647 nm wavelength tuning by second-harmonic generation from diode-pumped PPKTP waveguides. Opt.
Lett. 40, 835–838 (2015)
R. Roussev, Optical-frequency mixers in periodically poled
lithium niobate: Materials, modeling and characterization, Ph.D.
thesis, Stanford University (2006)
A.H. Reshak, I.V. Kityk, S. Auluck, Investigation of the linear
and nonlinear optical susceptibilities of KTiOPO 4 single crystals: Theory and experiment. J. Phys. Chem. B 114, 16705–
16712 (2010)
G. Hansson, H. Karlsson, S. Wang, F. Laurell, Transmission
measurements in KTP and isomorphic compounds. Appl. Opt.
39, 5058–5069 (2000)
S. Wang, V. Pasiskevicius, F. Laurell, Dynamics of green lightinduced infrared absorption in KTiOPO 4 and periodically poled
KTiOPO 4. J. Appl. Phys. 96, 2023–2028 (2004)
Y. Colombe, D.H. Slichter, A.C. Wilson, D. Leibfried, D.J.
Wineland, Single-mode optical fiber for high-power, low-loss uv
transmission. Opt. Express 22, 19783–19793 (2014)

