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Time-frequency Schmidt (TFS) modes of ultrafast quantum states are naturally compatible with high-bit-rate
integrated quantum communication networks. Thus they offer an attractive alternative for the realization of
high-dimensional quantum optics. Here, we present a quantum pulse gate based on dispersion-engineered ultrafast
frequency conversion in a nonlinear optical waveguide, which is a key element for harnessing the potential of
TFS modes. We experimentally retrieve the modal spectral-temporal structure of our device and demonstrate a
single-mode operation fidelity of 80%, which is limited by experimental shortcomings. In addition, we retrieve
a conversion efficiency of 87.7% with a high signal-to-noise ratio of 8.8 when operating the quantum pulse gate
at the single-photon level.
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The advent of the field of quantum information and computation has changed our way of thinking about information.
The concept of mutually unbiased bases (MUBs) [1] lies at
the heart of quantum-information science applications like
quantum key distribution [2], quantum state tomography [3],
or entanglement detection [4]. Most of these applications
concentrate on two-dimensional systems, without exploiting
the full potential of quantum mechanics. Only recently
have people suggested utilizing higher-dimensional bases,
which are of fundamental interest for questions addressing
nonlocality [5,6]. In addition, they provide larger alphabets,
which promise increased security for quantum cryptography
[7,8]. A major requirement for any implementation of highdimensional coding is a device which grants access to different
basis states in order to perform measurements in different
MUBs.
To date, the most widely used approach to exploit high
dimensionality is to deploy the orbital angular momentum
(OAM) of photon pairs generated in parametric downconversion (PDC) [9–11]. Recent results demonstrated an
increased information capacity [12] and increased security
for quantum cryptography [13,14], as was predicted for highdimensional coding.
OAM states are appealing basis states, because they form
a natural basis for describing spatial entanglement in PDC
[15,16]. In addition, there exists an efficient mode sorter, which
facilitates the deterministic separation of many OAM states
using only linear optical elements [17]. On the downside, OAM
states are incompatible with integrated single-mode network
architectures, because they encode information in different
spatial field modes. This directly implies that OAM states
cannot be generated with waveguided PDC sources, which
feature high brightness and excellent compatibility with fiber
networks [18].
However, PDC provides an alternative resource for highdimensional information coding, namely, energy-time entanglement [19–21]. Here, the natural basis functions are
the so-called time-frequency Schmidt (TFS) modes [22].
Compared to OAM states, TFS modes offer three advantages for high-dimensional information coding: first, they are
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well-suited to integration, because they all live within the same
spatial field distribution; second, a sophisticated toolbox for
controlling the spectral-temporal structure of PDC exists [23],
and results on waveguided PDC have already demonstrated
the energy-efficient generation of single- and few-mode states
with tunable spectral-temporal correlations [18,24]; third,
waveguided PDC guarantees an intrinsic control over the
spatial degree of freedom, which is largely decoupled from
the spectrum [25].
The drawback of TFS modes is that their manipulation
cannot be accomplished with linear optical elements, and a
mode sorter has not been available. As an answer to this,
we have recently proposed a so-called quantum pulse gate
(QPG) that is capable of selecting a single TFS mode from a
high-dimensional input and convert it to a different frequency
[26,27]. Although theoretical studies suggest that the mode
selectivity of one single QPG is limited to around 87% [28,29],
recent work from Reddy et al. shows that this issue can be
overcome [30].
In this Rapid Communication, we present the experimental
implementation of a QPG: we demonstrate TFS single-mode
operation with a fidelity of up to 80%, and present a way of
retrieving the QPG TFS mode structure in the experiment.
Moreover, we measure a conversion efficiency of close to 90%
when operating the device at the quantum level.
The QPG is based on dispersion-engineered, ultrafast sumfrequency generation in a periodically poled lithium niobate
waveguide. Due to the careful tailoring of the device, the input
signal propagates through the waveguide at the same velocity
as the pump pulses. In this case, the QPG operation on an input
state |ψin is given by
|ψout = exp[ıθ ÂĈ † + H.c.] |ψin ,

(1)

where the operators Â and Ĉ † are TFS mode operators [22].
They describe the annihilation of a photon in an ultrafast pulse
with spectrum A(ω) and the simultaneous generation of a
photon in a pulse with spectrum C(ω), which is centered at a
different frequency.
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FIG. 1. (Color online) Illustration of a QPG. A single TFS mode
Â from a multimode input state is selected and converted to an output
mode Ĉ † at a different frequency. The remaining modes are simply
transmitted. For more information see the text.

The working principle of a QPG is illustrated in Fig. 1. An
input state comprising multiple TFS modes (left) is sent into a
QPG, which is adapted such that the highlighted TFS mode Â
is selected and converted into Ĉ † . The remaining TFS modes
of the input are transmitted. The magnified view shows the
underlying device. Ultrafast, shaped pump pulses (lower left),
which serve as a dial choosing the selected mode, are coupled
to a periodically poled nonlinear waveguide, together with
the input (center left). Inside the waveguide, pump and input
propagate at the same group velocity, and a converted output
is generated at the sum-frequency of input and pump. At the
output of the QPG, converted and transmitted TFS modes can
be separated using a dichroic mirror. Note that the shape of the
selected TFS mode Â is defined by the shape of the ultrafast
pump pulses of the QPG, whereas the converted mode Ĉ † is
given by the waveguide dispersion.
The QPG can be interpreted as a special quantummechanical beamsplitter, which operates on a single TFS mode
of an ultrafast quantum state. The reflectivity or conversion
efficiency of the QPG is given given by sin2 (θ ) [compare
Eq. (1)], where the coupling constant θ is a function of the
pump power and complete conversion is, in principle, possible.
The general idea to verify the QPG operation in the
experiment, is to perform a tomographic reconstruction of the
TFS mode characteristics of the QPG. In contrast to quantum
process tomography, where photon-number properties of
the process are evaluated [31], modal characteristics have
the advantage that they are a mutual concept of classical
and quantum light. Consequently they are accessible with
classical measurements only. This facilitates the complete
characterization of the TFS mode structure by evaluating the
impact of the QPG on a set of coherent probe states. We
point out that probing one QPG with a set of probe states is
tantamount to probing many different QPGs with one single
probe state.
Our coherent probe state exhibited a Gaussian TFS mode
Ĝ† , with an associated spectral distribution G(ω). In addition,

FIG. 2. (Color online) Experimental setup. PS, pulse shaper;
OPO, optical parametric oscillator; BPF, bandpass filter; ND, neutral
density filter; HWP, half-wave plate; DM, dichroic mirror; AL,
aspheric lens; WG, waveguide sample; MMF, multimode fiber;
APD, avalanche photodiode; CCD, single-photon sensitive CCD
spectrometer. For more information see the text.

we implemented different QPGs by shaping of the classical
pump pulses, thus changing the selected mode Â. Then, the
QPG only selects the fraction of the probe that overlaps with Â.
Consequently,
the converted output intensity is proportional to

Iout ∝ | dω G(ω)A∗ (ω)|. Note that although the measured
quantity is an intensity, our approach is inherently phase
sensitive, since the overlap integral contains the complexvalued TFS mode spectra. In this way, it is possible to map the
selected mode Â by monitoring Iout for different realizations
of the QPG. In contrast, the spectrum of the converted output
is given by C(ω) and thus grants direct access to the output
mode Ĉ † .
Our experimental setup is shown in Fig. 2. The probe
state was prepared with an optical parametric oscillator (APE
Compact OPO) that generated ultrafast pulses with a central
wavelength of 1535 nm. These were subsequently filtered
to a spectral bandwidth of 12 nm, corresponding to a pulse
duration of 287 fs, and attenuated to the single-photon level.
The second part of the setup, the actual QPG, consists of
a titanium sapphire oscillator (Coherent Chameleon Ultra
II) generating 865 nm pulses with a maximum bandwidth
of 7.9 nm, corresponding to a duration of 140 fs, which
served as bright pump for the QPG. The pulses were sent
through an acousto-optic pulse shaper (Fastlite Dazzler) to
realize different pulse shapes and subsequently coupled to the
waveguide sample. We deployed a homemade periodically
poled waveguide with a remarkably low poling period of
only 4.4 μm, which was temperature stabilized at T = 190◦ C
to provide quasi-phase-matching between the involved fields
and at the same time minimize detrimental photorefractive
effects. Behind the waveguide, the converted 553 nm light
was filtered and coupled into a multimode fiber, which was
fed into either a single-photon sensitive CCD spectrometer
(Andor iKon-M 934P-DD / Shamrock SR-303iA), or a silicon
avalanche photodiode (Perkin Elmer SPCM-AQRH-13) for
photon counting.
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In the following, we present our measurement results.
First, we characterize the QPG TFS mode structure, which
at the same time facilitates the identification of the ideal
QPG operation wavelength. Thereafter, we adapt the QPG
bandwidth to the probe state. Having found the ideal operation
point, we benchmark the QPG performance both in terms of
mode selection and conversion efficiency at the single-photon
level.
Our first measurements disclose the QPG TFS mode
structure. We utilize bright probe pulses with around 100
photons per pulse and realize different QPGs by shaping
the pump pulses into four different Hermite-Gaussian modes
with durations of 150 fs, which intentionally do not fit the
probe state duration. The Hermite-Gaussian functions form a
complete basis, in agreement with the Gaussian TFS mode
G(ω) of our probe state. For each QPG implementation, we
scanned the central pump wavelength between 855 and 872 nm
and recorded the converted output spectra with the CCD
spectrometer.
Some of these spectra are exemplarily shown in Fig. 3(a).
From top left to bottom right, the basic TFS shape of the
pump changes from a fundamental Gaussian to a thirdorder Hermite-Gaussian. From our theory we expect that
the output TFS mode Ĉ † of the QPG is only defined by
the phase-matching of the waveguide. This is verified by
the measured spectra, which are similar regardless of the
spectral-temporal pump shape. For applications this means

FIG. 3. (Color online) Measurement results for the reconstruction of the QPG TFS modes. In (a), we plot chosen recorded output
spectra for the indicated pump wavelengths, whereas in (b) we
show the converted output intensity Iout as a function of the pump
wavelength λp . Note that error bars in (b) are smaller than the symbols.
For more information see the text.

that formerly orthogonal TFS modes can be interfered after
the QPG operation.
From the measured spectra we retrieve a spectral bandwidth
of λout ≈ 0.14 nm, corresponding to a pulse duration of
3.2 ps, which demonstrates a bandwidth compression about
a factor of 11. This factor, which is of interest for applications
aiming for interfacing flying and stationary qubits with vastly
different bandwidths, can be increased when deploying longer
waveguides.
In Fig. 3(b), we plot the output intensities Iout as a function
of the pump wavelength λp . The intensities were calculated
from the spectra by integrating over the grey-shaded area
in Fig. 3(a). From top left to bottom right, the spectraltemporal pump shape again changes from a fundamental
Gaussian
 to a third-order Hermite-Gaussian. We recall that
Iout ∝ | dω G(ω)A∗ (ω)|, and find that the measured curves
nicely reproduce the pump shape, indicated by the dashed
black lines in the respective diagrams. Deviations occur only
in the regions of sharp features, which we can attribute to the
limited resolution of the pulse shaper of roughly 0.7 nm. This
measurement demonstrates that the input mode Â is defined by
the shape of the ultrafast pump pulses, as was expected from
theory (see also the Supplemental material [32]).
We also identify an ideal central pump wavelength at
λp = 865.6 nm, where the conversion for the Gaussian is
highest, and similarly the conversion for the first-order mode
exhibits a minimum. Next, we demonstrate the second step
towards optimization of Â with respect to the probe state.
We fix the central pump wavelength at the optimal value
of λp = 865.6 nm and change the spectral pump bandwidth
λp . Again, we record the output intensity for the different
spectral-temporal pump shapes from Fig. 3.
Our measurement results are shown in Fig. 4, where we
plot the normalized output intensity Iout against the pump
bandwidth, where normalization was required to account
for the imperfections of the pulse shaper. As expected
for Hermite-Gaussian modes, the conversion efficiency for
the odd-order pump modes drops to a minimum after the
resolution limit of the pulse shaper is overcome, and does not
increase again. In contrast, the conversion efficiency for the
second-order pump mode decreases to a minimum and then
starts to increase again, when further increasing λp . From

FIG. 4. (Color online) Measurement results for the adaption of
the QPG TFS modes to an unknown input. For more details see the
text.
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FIG. 5. (Color online) Performance benchmarks of our QPG.
From the spectral suppression in (a), we obtain a mode-selectivity of
80%, whereas the efficiency measurement in (b) reveals an internal
conversion efficiency of 87.7%. In both plots, error bars are smaller
than the symbols. For more information see the text.

the measurements, we deduce from this minimum an ideal
pump bandwidth of λp ≈ 4.0 nm, corresponding to a pump
duration of around 275 fs. This is in excellent agreement with
the duration of the probe pulses of 287 fs, as we would have
expected.
Now, we benchmark the performance of the QPG. To this
end, we fix the pump parameters at the optimized values
of λp = 865.6 nm and λp = 4.0 nm. Then, we switch the
pump mode from Gaussian to first-order Hermite-Gaussian
and record the converted output spectra. These are shown in
Fig. 5(a). The blue dotted spectrum corresponds to a Gaussian
pump, whereas the red squared spectrum was taken with a
Hermite-Gaussian pump, respectively. When subtracting the
flat spectral background caused by the spectrometer noise,
marked as a grey area, we obtain a depletion or mode selectivity
[29] of 80%, which, in this experiment, is limited by the finite
resolution of the pulse shaper.
Finally, we investigate the noise performance and conversion efficiency of the QPG when operated at the single-photon
level. Therefore, we attenuate the probe states to a mean
photon number of n ≈ 0.15 photons/pulse and record the
converted output counts with the APD. In Fig. 5(b), we plot
the recorded counts versus the pump pulse energy. We retrieve
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