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Optical frequency conversion plays a key role in realizing large-scale quantum networks, including multi-qubit
discrete-variable quantum computers and quantum communication links where photons serve as the fundamental
qubits. However, achieving efficient conversion via nonlinear optical processes for specific target wavelengths re-
mains a significant challenge, as precise dispersion control is essential to satisfy phase-matching conditions across
specific frequency ranges. An intriguing approach to solve this challenge is leveraging the modal degree of freedom
in spatially multimoded waveguides and realizing intermodal nonlinear interaction. Following this approach, we
present the experimental demonstration of tunable, number-state-preserving frequency conversion of true single
photons emitted from a quantum dot. The conversion is achieved in a multimode fiber and exhibits a peak inter-
nal efficiency of 85% while retaining single photon purity of 99% during conversion. Qur results show that the
intermodal platform presents a promising and versatile approach for overcoming phase-matching limitations in
quantum frequency conversion, thus allowing the efficient interfacing of different optical quantum devices.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Many applications within quantum optics, including emerging
technology such as quantum computing [1,2], quantum com-
munication [3,4], and quantum cryptography [5], rely on the
interference of single-photon-level optical quantum states at var-
ious positions in a quantum network. For example, quantum
interference effects are exploited for the preparation of entan-
gled resource states in measurement-based quantum computing
[6,7]. However, these effects require that interfering photons be
identical. While single-photon sources based on semiconduc-
tor quantum dots (QD), the workhorse for pure quantum state
generation within quantum optics, routinely demonstrate pho-
ton indistinguishability exceeding 0.96 [8,9] for photons emitted
from the same source, the typical inhomogeneous broadening
of QDs is 10-50 nm. Additionally, for monolithic cavity-based
sources [9], fabrication imperfections cause uncontrolled varia-
tions in the cavity resonance frequency from device to device,
resulting in small frequency variations between photons emit-
ted from different devices. Overcoming the challenge of spectral
distinguishability between photons from different sources would
be a significant step towards realizing scalable quantum optics
protocols that utilize high-visibility multi-photon interference.

2837-6714/25/060001-07 Journal © 2025 Optica Publishing Group

Quantum frequency conversion (QFC) presents one avenue
towards achieving this, as it allows the fine-tuning of photons
from different devices into resonance, thus realizing mutual in-
distinguishability between different sources. Several schemes
are capable of QFC while preserving quantum properties (such
as non-classical number statistics). Small sub-nanometer wave-
length shifts can, for instance, be achieved by exploiting optome-
chanical effects [10] or electro-optical modulation [11], while
larger shifts are enabled by nonlinear parametric processes such
as sum/difference frequency generation (three-wave mixing,
TWM) [12-16] and Bragg scattering four-wave mixing (BS-
FWM) [17-21]. In these nonlinear parametric processes, strong
laser beams (called pumps) are used to mediate energy transfer
between much weaker optical fields by exploiting the nonlin-
ear response of a medium through which the light propagates.
TWM has notably been used to demonstrate the interfacing of
distinct single-photon emitters over 300 km of fiber by initially
converting their output to the low-loss telecom band [16]. How-
ever, the process requires the use of a specialized pump laser
source and is inherently limited to large frequency shifts. In
contrast, FWM is driven by two optical pumps, and this also
allows for precise wavelength tuning even down to the nanome-
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ter and sub-nanometer scale [20,22]. Moreover, the additional
pump offers further ways of tailoring the conversion process
to specific needs, such as tunability in the output frequency
and output spectro-temporal profile [23], which can be used in
optimizing the shape of a single-photon wave packet prior to
interaction with a line-shape-sensitive quantum computational
device such as a quantum memory. Finally, as FWM occurs nat-
urally in standard optical fibers (as opposed to TWM), it can be
integrated into existing low-loss transmission networks and can
benefit from long nonlinear interaction lengths. Recent work on
BS-FWM for fiber-based QFC has included efforts in progress-
ing design, fabrication and implementation for systems based on
photonic crystal fiber (PCF), as this platform offers highly non-
linear fibers with engineerable dispersion properties that can be
tailored to allow QFC at specific desired wavelengths [24-26].
Recently, the use of polarization mode dispersion to achieve
phase matching has also been demonstrated by employing cross-
polarized pumps in a birefringent fiber. This way, frequency
up- and down-conversion of broadband heralded single photons
between pairs of specific wavelengths was demonstrated with
near-unity efficiency, but with limited wavelength tunability

[27].

An alternative yet likewise versatile approach to accessing
new wavelength regions for QFC is the multimode platform.
Rather than relying on dispersion engineering to target specific
wavelengths, this approach exploits intermodal nonlinear inter-
actions, thus leveraging the distinct dispersion properties inher-
ent in various spatial modes that form the transverse solutions
to Maxwell’s equations in optical waveguides above the single-
mode cut-off [28]. This approach extends dispersive degrees of
freedom with minimal additional engineering, requiring only
a shift in the single-mode cut-off to enable higher-order mode
propagation at target wavelengths. A key advantage of this inter-
modal approach is its straightforward implementation in simple
step-index fibers with sufficiently large core diameters and nu-
merical apertures (NA). Beyond offering an additional modal
degree of freedom, these multimode fibers come with all the
practical advantages of robust solid-core step-index silica fibers:
easy coupling and splicing as well as low bending- and trans-
mission loss [29]. Previously, we demonstrated the advantages
of this multimode fiber platform for frequency conversion in the
classical regime [22,30,31]. In this work, we extend its appli-
cation to the quantum regime, presenting the use of intermodal
processes for highly efficient, low-noise frequency conversion
of true single photons emitted by a QD. We show that the con-
version process is tunable within a 5 THz spectral window and
that it exhibits a peak internal conversion efficiency of 85%. This
marks a significant step toward realizing the full potential for
QFC of the fiber-based multimode platform, which offers sub-
stantial advantages by combining key features from 3 separate
components: (1) the tunability of four-wave mixing, (2) the flex-
ibility, robustness, and low transmission loss of optical fibers,
and (3) the added dimensionality of multimode light propaga-
tion, which ultimately enables unprecedented QFC bandwidths
spanning the emission range of multiple single-photon sources
[32], as we shall show in the following.

2. METHODS

2.1. Theory and Principle of the Intermodal Approach

To highlight the significant advantages of the multimode fiber
platform for QFC, it is essential to consider the fundamentals of

Research Article

BS-FWM. The theory of QFC via BS-FWM has been covered
in detail in previous papers [23,33-35], and additional details
specific to the application presented here are found in Supple-
ment 1. In brief, the semi-classical treatment of BS-FWM with
co-polarized fields in optical fibers considers the coupled evo-
lution of quantum signal and idler (s and i), under the influence
of (classical) co-propagating pumps (p and q). As sketched in
the transition diagram in Fig. 1(a), the BS-FWM process in-
volves the simultaneous annihilation of one p and s photon
and the creation of one q and i photon—effectively leading to
the coherent transfer of energy from s to i. While the gener-
ation of i is the intended outcome of the BS-FWM process,
it is here referred to as the idler, in keeping with established
nomenclature within the study of parametric nonlinear inter-
actions. In contrast to parametric amplification, the BS-FWM
process preserves the photon number in the quantum band [17]
and does not add additional noise photons. This means that
for a single photon input state, the BS-FWM process trans-
lates the non-classical number statistics of the input state, s, to
the output state, i. These properties make BS-FWM suitable
for QFC.

Momentum conservation in the BS-FWM process requires
that k;, + Kk, = k; + kg, where k,, denotes the wave vector of each
field involved in the interaction. This condition, known as phase
matching, must be fulfilled to maximize the efficiency of the
conversion process. In this regard, the multimode platform of-
fers significant advantages over its single-mode counterpart, as
the additional modal degrees of freedom provide enhanced flexi-
bility. In a multimode waveguide, each mode is characterized by
a distinct spatial distribution of the electromagnetic field. Due
to their different field distributions, individual modes experi-
ence slightly different optical phase evolution as they propagate
through the waveguide structure, governed by their respective
wave vectors. In fiber optics, where light propagation occurs
along one axis, this behavior is characterized by a mode-specific
propagation constant, . This added dimensionality allows in-
termodal BS-FWM to be successfully phase matched by simply
choosing proper propagating modes for the various fields. In
contrast, the phase-matching requirement in single-mode sys-
tems is usually only satisfied by diligent engineering to tailor
the dispersion profile of the single allowed mode. Consequently,
the design and fabrication of additional waveguides is often re-
quired for each new wavelength region [36]. The advantage of
the intermodal approach is therefore evident: if the fundamental
mode of a multimode system does not permit phase matching
at the desired wavelength configurations, an alternative combi-
nation of modes may provide a viable solution, as exemplified
in the following. This work considers intermodal processes in
which the signal and idler, as well as the pumps p and g, oc-
cupy pairwise identical transverse modes. In this case, phase
matching is achieved when the inverse of the group velocity,
Bi= vgl, at the average frequency of the two pumps is iden-
tical to that at the average signal and idler frequency. On a
wavelength axis, as in Fig. 1, the wavelengths corresponding
to these average frequencies are referred to as central wave-
lengths. See more details in Supplement 1. As illustrated in
Fig. 1(b), this means that in a conventional multimode step-
index fiber, two readily available telecom pump lasers confined
to the narrow telecom band (~1570 nm) can support phase-
matched frequency conversion within a much wider spectral
band in the higher frequency range spanning from below 750 nm
to above 1050 nm—if the propagation mode of the pump lasers
is selected appropriately. Selecting spatial modes of increasingly
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Fig. 1. (a) A transition diagram with a virtual excited state representing the BS-FWM process. A pump, p, and a signal, s, photon is
annihilated/absorbed under the simultaneous creation/emission of another pump, q, and an idler, i, photon. (b) The relative inverse group
velocity, f3,, as a function of wavelength is shown for the shorter-wavelength region, referred to as the “quantum band,” and the longer-
wavelength region, denoted the “pump band.” The fiber in this example is a conventional step-index multimode fiber with a core radius of
25 pm and a numerical aperture (NA) of 0.22. In the quantum region, the relative inverse group velocity is plotted for the fundamental mode
(black line), whereas in the pump region, it is plotted for the fundamental mode and 10 higher-order linearly polarized (LP) modes (the upper
10 black lines). The horizontal colored dashed lines connect the two central wavelengths in the quantum and pump bands, respectively, where
intermodal phase matching is achieved for distinct BS-FWM processes. The phase-matched central wavelength for the pumps is 1570 nm
for all processes. However, by simply increasing the pump mode order, the phase-matched central wavelength in the quantum band becomes

progressively shorter—new spectral regions are accessed.

higher order for the telecom pumps leads to phase matching
at increasingly shorter wavelengths for the quantum fields. For
this purpose, a variety of methods already exist to efficiently
couple light into specific targeted modes, e.g., mode-coupling
gratings [37], photonic lanterns [38], binary phase plates [39],
and spatial light modulators [40]. The broad wavelength region
in Fig. 1(b) designated as the “quantum band” largely covers
the entire emission range of typical high-performing QD-based
single-photon sources (0.7-1.0 pm). In this example, only a sub-
set of the modes supported by the fiber is considered; however,
by accessing even higher mode orders, the wavelength range
can be extended well below 750 nm. This, in essence, high-
lights the design flexibility offered by the intermodal approach.
In principle, it offers a path towards realizing a monolithic plat-
form for interfacing state-of-the-art quantum light sources based
merely on commercially available telecom components and an
off-the-shelf step-index fiber. It is noted that the type of BS-
FWM process presented here, which couples the QD emission
range with the telecom range, is agnostic to which frequency
components are assigned to the pumps and which to the signal
and idler. Thus, the processes are also capable of QFC within
the telecom band as well as between the QD emission band and
the telecom band.

2.2. Experimental Configuration and Setup

To demonstrate the intermodal BS-FWM platform, a specific
intermodal process in a multimoded system is considered. The
multimoded system is realized in a simple silica step-index fiber
(see Fig. 2(a)) with a germanium-doped core of 19 pm in di-
ameter and a numerical aperture (NA) of 0.12 [41]. The fiber
guides the first two linearly polarized (LP) modes, namely LP,
and LPy, across the entire telecom band, and will henceforth
be referred to as the two-mode step-index fiber (TMSI). Fig-
ure 2(b) shows the inverse group velocity for the two LP modes,
demonstrating that the intermodal phase-matching condition is
satisfied for LP;; pumps at telecom wavelengths (specifically
the L-band, ~1.60 pm) and LPy; quantum fields in the near-
infrared band (~0.97 um). The frequency separation between
these two bands is referred to as the inter-band separation, which
in this case is approximately 120 THz. The short-wavelength

region of the quantum band is of specific interest as it overlaps
the typical emission range of InAs-based QD sources [42,43].
As also shown in Fig. 2(b), the fundamental mode is not suit-
able as the pump mode, since wavelength conversion is then
phase matched only above 1.0 pm—outside the target quantum
band. A diagram of the process is sketched in Fig. 2(c), which
shows the spatial mode distribution of the pumps (LP;;) and
quantum components (LPg;) inside the TMSI, respectively. In
accordance with energy conservation (see Fig. 1(a)), the size of
the frequency shift (from input v, to output v;) is dictated by the
detuning (Av). As this is the common detuning between fields
in the quantum and pump bands, respectively, it will be referred
to as the intra-band detuning. Thus, the intermodal LPy;/LP;
BS-FWM process allows phase-matched frequency tuning of a
broad class of quantum light sources mediated by spectrally far-
detuned pumps with wavelengths in the telecom range. Other
than allowing the use of readily available telecom lasers to drive
the process, the substantial spectral isolation of the quantum
fields from the classical band makes it trivial to suppress the
noise in the spectral vicinity of the pumps which otherwise dom-
inates the classical band (see Fig. 3(a)). This noise arises from
effects such as amplified spontaneous emission in the pump
amplifiers, spurious nonlinear interaction, and spontaneous Ra-
man scattering. The latter would be especially detrimental to
QFC were it not for the fact that the quantum fields are situated
120 THz into the anti-Stokes band of the pumps, where Raman
scattering is negligible [35].

Figure 3 shows a sketch of the system used for the conversion
of single photons via intermodal BS-FWM. Two pump waves
are carved into 0.5 ps pulses using an acousto-optic modulator
and amplified in a sequence of erbium-doped fiber amplifiers.
The pulse carving increases the pump peak power at the cost
of a reduced temporal overlap with the signal light, which con-
stitutes a continuous stream of single photons emitted from
an InAs QD under continuous-wave (CW) quasi-resonant ex-
citation, or alternatively, continuous laser light emitted from a
classical laser tuned to the QD emission wavelength. Note that
since the phase-matching approach employed in this work relies
on (inverse) group-velocity matching between the signal/idler
and the two pumps, the walk-off between the components is
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Fig. 2. (a) End-facet image of the two-mode step-index fiber (TMSI) used for the frequency conversion experiments. The refractive index
contrast, An, is indicated for a wavelength of 632 nm. (b) The inverse group velocity of the first two guided linearly polarized (LP-) modes in
the TMSI relative to the inverse group velocity of the fundamental mode (LP,); ) at the zero-dispersion wavelength. The horizontal dashed lines
indicate group velocity matching at the average frequency (center wavelength) in the quantum and pump spectral bands, respectively. Only
the process involving the LP;, mode is phase matched inside the desired quantum band. (c) Diagram of the (intermodal) BS-FWM process
used in the experiments with simulated field distributions for the different modes. Energy is exchanged between two pumps of frequency v,
and v,, while a single photon is (up-)converted from frequency v, to v;.
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Fig. 3. (a) Anexample output pump spectrum for an intra-band detuning of 0.7 THz showing appreciable modulation instability in the pump
band. The spectrum is normalized to the pump peak. (b) Mode conversion efficiency of the long-period grating (LPG) along with the intensity
distribution of the two modes imaged at the fiber facet (the arrow indicates the conversion direction of the LPG). (¢) Experimental setup for
intermodal QFC: AOM, acousto-optic modulator; BD, beam dump; ECL, external cavity laser; EDFA, erbium-doped fiber amplifier; LPG,
long-period grating; MC, monochromator; OSA, optical spectrum analyzer (for classical analysis); PC, polarization controller; QD, quantum
dot; SPF, short-pass filter; SNSPD, superconducting nanowire single-photon detector; SPEC highly sensitive spectrometer (for quantum
analysis); TMSI, two-mode step-index fiber; TT, time-tagger; WDM, wavelength-division multiplexer; 50/50 3 dB fiber coupler.

SA/SPEC

inherently minimized and remains below 0.1% of the pump the single photons are combined with the pump pulses using
pulse duration in our experiments. The single photon source a fiber-based wavelength-division multiplexer before coupling
used here consists of an InAs quantum dot (QD) embedded in a into the TMSI. The pump peak power is estimated to be 6.75 W
~180-nm-thick GaAs membrane, which incorporates a built-in per pump at the input of the TMSI. With an efficiency of more
p-i-n diode, maintained at a temperature of 4 K. A bias voltage is than 97% (as seen in Fig. 3(b)), a thermally induced long-period
used to stabilize the quantum dot charge state and suppress noise. fiber grating [37] converts the spatial mode of the pump pulses
The QD is positioned within a photonic crystal waveguide, en- with wavelengths ~1.6 um to the first higher-order LP mode,
abling efficient photon routing. A 3D sketch of the photonic LP,,, inside the TMSI shown in Fig. 2(a). In the 930-m-long
waveguide structure is included in Supplement 2. The excitation TMSI, frequency conversion of the signal (either single pho-
wavelength is tuned slightly below the QD emission wavelength tons or coherent laser light) takes place. Both the input photons
(971.25 nm) for quasi-resonant/p-shell excitation. The beam of and the converted output photons propagate in the fundamental
the excitation laser impinges on the QD perpendicularly to the fiber mode, LP;, which ensures phase matching for the desired
sample plane. The resulting single photons emitted in-plane process as per Fig. 2(b). After the conversion inside the TMSI,
from the QD are guided through the photonic crystal waveg- pump light is filtered away, and the remaining light in the quan-
uide to a shallow-etched grating coupler, which directs them out tum band is passed to either an optical spectrum analyzer for
of the chip and ultimately into an optical fiber. From this fiber, measurements in the classical regime or to a highly sensitive
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few-photon-level spectrometer for measurements in the quantum
regime. Finally, when characterizing photon number statistics, a
monochromator is used to spectrally select either the signal or
the idler photons and direct them to a beam splitter with out-
put ports going to two superconducting nanowire single-photon
detectors arranged in a Hanbury Brown and Twiss configura-
tion for coincidence counting using a time tagger. Supplement
2 and Supplement 3 describe the setup and its components in
detail. The wavelengths of the pumps driving the conversion
process can be continuously and individually tuned across the
entire bandwidth of the telecom L-band (1570-1610 nm). Con-
sequently, the wavelength of the frequency converted idler is
likewise continuously tunable within the range 965-980 nm.

3. RESULTS

3.1. Tunable Up- and Down-Conversion within Quantum
Band

The typical figure-of-merit used to quantify the performance of
a QFC process is the conversion efficiency, which is defined as
the probability of successfully converting each signal photon.
Since the signal and idler experience identical optical loss in the
setup, this probability can be determined solely from the spectral
composition of the output. The per-pump-pulse or peak inter-
nal conversion efficiency of the subset of signal photons that
temporally overlap with the pumps is given by:

_ 1L
Tpeak = BE T4 7 (1)

where DC is the duty cycle of the pump pulse carving, and 7 is
the magnitude of the idler part relative to the signal part in the
photon flux spectrum measured at the output. See Supplement 4
for details on the method used for extracting the conversion
efficiency.

Figure 4(a) shows the spectra of single photons emitted by
the QD. The solid black line shows the emission spectrum when
the BS-FWM pumps are turned off. The recorded photon flux is
normalized to the main peak situated at 971.25 nm, which is the
peak targeted for the frequency conversion process. To check the
stability of the QD emission spectrum, a total of 40 measure-
ments, each with a 30-second integration time, were performed
of this spectrum (i.e., without BS-FWM pumps) throughout
the duration of the project. The shaded gray area marks the
standard deviation of these measurements and shows that the
spectral features of the QD emission (specifically, the location of
side peaks) remain fixed when the BS-FWM pumps are turned
off. When the BS-FWM pumps are turned on, however, a new
side peak appears in the measured spectrum corresponding to
frequency-converted single photons. We note also that no spuri-
ous side peaks are observed (above the background noise floor)
in the measured output. This indicates that competing BS-FWM
processes are efficiently suppressed in this system by at least
gt;13 dB. We attribute this to the long fiber length and lack of
phase matching for these competing BS-FWM processes, which
arises from the nonzero local group velocity dispersion [44].

To investigate the tunability of the conversion process, ex-
periments were carried out for multiple different settings of
the intra-band frequency detuning, Av. Each colored peak in
Fig. 4(a) thus shows the spectrum of converted photons for
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a specific intra-band detuning. Figure 4(b) shows the corre-
sponding conversion efficiency calculated using Eq. (1) with the
colored data points matching each colored peak in Fig. 4(a). The
black line shows a classical sweep of the conversion spectrum
with a continuously tunable diode laser supplying the input sig-
nal instead of the QD. The dashed line shows a classical sweep
of the redshifted part of the output spectrum after further op-
timization of the power distribution between the two pumps.
This optimization was not performed for measurements in the
quantum regime, leading to a slight spectral asymmetry. A de-
tailed experimental analysis of the power scaling of the process
is found in Supplement 5.

Both quantum and classical measurements in Fig. 4(b) ex-
hibit a reduction in efficiency (7pcq) With increasing absolute
intra-band frequency detuning. This is despite the degree of lin-
ear phase mismatch being minimized during experiments by
diligently adjusting both pump wavelengths when varying the
detuning. For an ideal fiber, the freedom to tune both pumps
guarantees that phase matching can be maintained for the central
wavelengths across the entire spectrum shown in Fig. 4. How-
ever, the phase-matching bandwidth of the process does narrow
for increasing intra-band detuning. Separate experiments show
that it contracts from ~10 GHz (FWHM) at a detuning of |5 v| =
0.6 THz to ~3 GHz at |§v| = 2.4 THz. Thus, for broadband sig-
nals, some reduction in efficiency is expected due to spectral
clipping when the phase-matching bandwidth becomes narrower
than the input linewidth. Even so, the fact that we observe the
same decrease in efficiency for measurements in both the quan-
tum regime (with typical QD emission linewidth ~1 GHz) and
the classical regime (with input laser linewidth < 10 kHz) shows
that the observed efficiency decay is not a direct expression of a
narrowing phase-matching bandwidth, as the reduction is seen
to apply identically for inputs with vastly different linewidths.
Instead, we expect that the efficiency decrease for both quan-
tum and classical measurements can primarily be attributed to
various fiber-imperfections, e.g., core radius fluctuations [45],
which lead to effects such as residual varying birefringence, ro-
tation of the birefringence axis, random linear mode coupling,
and randomly fluctuating effective refractive index for the dif-
ferent modes along the propagation axis [46—48]. These effects
cannot be wholly compensated for by adjusting the pump wave-
lengths. For a given pump power, this imposes a practical limit
on the intra-band conversion span. These adverse effects can be
mitigated by increasing the nonlinear interaction strength, thus
allowing the use of a shorter fiber. This can be achieved, for ex-
ample, by using highly nonlinear fibers [49] or by employing
higher pump powers. As stated previously, the phase-matching
bandwidth at|8v| = 2.4 THzis ~3 GHz (FWHM), which is close
to the typical QD linewidth. Consequently, as the intra-band de-
tuning is increased even further, the phase-matching bandwidth
will eventually become a limiting factor for the conversion of
the QD single photons. In this regard, increasing the interaction
strength and using shorter fibers also helps, as it expands the
phase-matching bandwidth, which is inversely proportional to
the interaction length.

3.2. Single-Photon Purity

To quantify the single-photon purity of the converted output,
the second-order correlation function, g(z)(r), was measured
by performing coincidence counting in the Hanbury Brown
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Fig. 4. (a) Output QD spectra measured by a highly sensitive spectrometer. The black line shows the QD spectrum based on the average of
40 measurements taken with the BS-FWM pumps turned off, and the shaded gray area indicates the standard deviation. Each colored peak
shows the mean of five measurements of the spectra of converted photons taken with the BS-FWM pumps turned on, with central wavelength
determined by the intra-band frequency detuning, as per Fig. 2(c). (b) The corresponding peak conversion efficiencies based on Eq. (1). The
colored dots show the measured peak efficiency of converting the input single photons from the main QD peak to the wavelengths indicated
by the corresponding colored peaks in (a). The standard deviation of the measurements is indicated by the vertical bars. The black line shows
the conversion efficiency, 7., for measurements in the classical regime (i.e., with a CW laser acting as signal input), whereas the dashed
line is the same classical measurement performed after further optimization of the optical power distribution between the pumps.

and Twiss setup [50] (see Fig. 3). The same characterization
was performed on the photon flux emitted directly from the
QD, which serves as a reference. The reference measurement
of the second-order correlation function, seen in Fig. 5(a), dis-
plays clear anti-bunching for near-zero correlation times with
2@ (0) « 0.5, which confirms that the QD is a single-photon
emitter obeying sub-Poissonian number statistics. For nonzero
correlation times on a scale of ~100 ns, weak bunching is ob-
served as evidenced by a g® (7)gt; 1.0. This bunching is a
signature of minor blinking of the QD [51], possibly exacerbated
due to the slightly non-resonant excitation scheme implemented.
Importantly, the weak blinking and associated photon bunching
bear no influence on the single-photon purity, which is evaluated
based on the statistics at zero correlation time. To capture both
anti-bunching and bunching effects, the reference measurement
data is fitted to a double exponential of the form:

g2 (z) = 1 — eI/ + BeI7l/ T, 2

with 74 (tp) being the characteristic timescale on which the
anti-bunching (bunching) is observed. The value of gg? (0) and
the covariance matrix of the fitting parameters provide the esti-
mate and uncertainty of the value of the second-order correlation
function at zero time delay for the input photons. Based on this,
gi(nz) (0) =0.010 + 0.005. Figure 5(c) shows the same characteri-
zation of the second-order correlation function for the frequency
converted output photons. For this specific measurement, an
intra-band detuning of 0.67 THz was obtained. A clear dip at
zero time delay is observed, and by fitting the data according to
Eq. (2), it is found that g2} (0) = 0.01*9:93. Comparing g2, (0)
and gi(?(O), the results indicate minimal addition of spurious
noise photons in the converted output, highlighting the noise-
less and state-preserving property of frequency conversion via
BS-FWM [17], which also applies for the intermodal variant.
Assuming that potential background noise added by the QFC
system is uncorrelated with the stream of single photons, and
assuming the single photons are emitted from an ideal single-
photon emitter (with g(z) (0) = 0), the level of background noise

ideal

can be estimated based on the measured g(2) [52]. With our esti-
mator, g(()lzlz (0) = 0.01, the fraction of noise photons in the output
is ~0.5% (same as the input). An upper limit of 3.4% noise pho-
ton pollution after conversion is found based on the upper bound
estimate of g2} (0) < 0.06. The low level of noise photon pollu-
tion detected at room temperature in the converted output shows
the benefit of the appreciable spectral separation between the

quantum band and the noisy pump band.

4. DISCUSSION

The results demonstrate frequency tuning of true single pho-
tons emitted from a specific InAs QD. However, the under-
lying phase-matching condition can, in principle, be satisfied
for any source emitting photons at any wavelength within the
quantum band illustrated in Fig. 2(b). This has been verified
experimentally through efficient frequency conversion of clas-
sical signals centered at 969 nm and 973 nm [22], 973.6 nm
[31], and 982.1 nm [30], all using the same intermodal con-
figuration as in this work. Efficient conversion across a range
of input wavelengths is therefore readily achievable with this
process. The primary challenge, as illustrated in Fig. 4(b), is
not tuning the accepted input wavelength itself, but rather in-
creasing the spectral separation between the input and output
wavelengths within the quantum band. Overcoming this lim-
itation is crucial, as it currently restricts the ability to bring
spectrally distinct quantum emitters into resonance. As a result,
the technique is confined mainly to devices with similar design
parameters and consequently, similar emission wavelengths.
Nevertheless, within these constraints, the method remains valu-
able for mitigating spectral distinguishability issues arising from
inhomogeneous broadening among devices belonging to the
same platform. While increased intra-band frequency detuning
leads to a decrease in conversion efficiency, the efficiency is
not similarly sensitive to the inter-band frequency separation.
Consequently, we expect that conversion across 120 THz from
the short-wavelength quantum band to the longer-wavelength
telecom band can be performed with the same high peak effi-
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Fig. 5. Measurements of the second-order correlation function, g (). (a) Reference measurement of the quantum dot that was used as
the signal. Bypassing the QFC setup, the recorded rate of single photons during the reference measurement was ~300 kcps. (b) Reference
measurement zoomed in around zero coincidence time. The fit to Eq. (2) (red dashed lines) yields a low g‘? (0) of 0.010 + 0.005 corresponding
to a single-photon purity of 99%. (c) Same measurement for the idler (the converted photons), resulting in a g (0) of 0.01*3-33. Due to the
losses incurred in the QFC setup (~9.5 dB), the recorded absolute rate of converted single photons for this measurement was ~1.5 keps.

ciency (~85%) as exhibited in Fig. 4(b), if the frequencies of one
of the pumps and the output single photon are interchanged. In
this configuration, usually called distant Bragg scattering [23],
the practical challenge becomes achieving sufficient isolation
of the single photons from the noise in the spectral proximity
of the pumps. This, again, motivates increasing the intra-band
separation, because it then serves to separate the classical and
quantum fields. Telecom-to-visible QFC via BS-FWM in such
a configuration was recently demonstrated in a microresonator
on a silicon nitride chip [21]. In the intermodal case outlined
in this work, the span of intra-band detunings across which
high-efficiency conversion can be achieved may be broadened
by increasing the nonlinear interaction strength, for instance, by
raising the available peak power beyond the 6.75 W per pump
used here. This can either be done by an increase in the pump
power, or by departing from the quasi-CW pumping scheme in
favor of pulsed pumps with higher peak power. With increased
pump power, the QFC process requires a shorter nonlinear in-
teraction length. If the fiber is also shortened appropriately (to
avoid back conversion), this in turn both expands the phase-
matching bandwidth and reduces the impact of longitudinal non-
uniformity. The latter is the effect suspected of limiting the span
of intra-band detunings achieved in the present work, whereas
the former is expected to become a limitation as even larger
intra-band detunings are considered. Additionally, broadband
pumps enable phase-matched interaction across a broader range
of frequency components. For these reasons, pulsed pumps can
better facilitate the conversion of photons with wider spectral
linewidth as recently demonstrated in [27]. Employing pulsed
pumps also offers the possibility to do spectro-temporal re-
shaping of the single-photon wavepackets. Indeed, suppose the
classical pump pulse envelopes can be arbitrarily defined (such
as with optical arbitrary waveform generation, OAWG [53]),
in that case, it is possible to map any arbitrary input photon
wavefunction to any arbitrary output photon wavefunction via
BS-FWM [23]. In this fashion, the single photons may be tem-
porally stretched, compressed, or entirely reshaped during the
process. Note that this kind of spectral-temporal wavefunction

reshaping (applicable both in the time and frequency domains)
does not imply spectral filtering of the input photon and can
theoretically be done while maintaining high photon conversion
probability. The outlined intermodal BS-FWM platform is espe-
cially well-suited for this as it relies solely on pumps operating
at telecom wavelengths, for which temporal pulse shaping is
already a highly mature technology.

5. CONCLUSION

In this work, we have demonstrated quantum frequency con-
version of single photons using a flexible intermodal BS-FWM
platform. The process is driven by two pumps in the telecom
band, with the nonlinear medium being a multimode step-index
fiber. The conversion was demonstrated to be tunable over a

5 THz range, achieving a high peak conversion efficiency of

85% across approximately 1 THz. This conversion span is suf-
ficient to reliably bridge the spectral variations caused by in-
homogeneous broadening in quantum light sources. Due to the
120 THz spectral separation between the high-power pumps and
the input/output single photons, no significant contribution to
the photon statistics due to added noise photons was detected
in the quantum band during the conversion process, despite
room temperature conditions, as evidenced by the low output
£?(0) value of 0.01*0:93. This shows the advantage of the
large spectral span enabled by the intermodal BS-FWM pro-
cess. Achieving the same tunability bandwidth and efficiency as
demonstrated here is highly challenging via optomechanical or
electrooptic effects, and is entirely prohibited in non-cascaded
TWM. Therefore, the process of BS-FWM is a prominent can-
didate for enabling the interfacing of multiple quantum light
sources operating at distinct wavelengths. In particular, the inter-
modal variant of BS-FWM provides a cost-effective and easily
implementable approach to unlocking phase matching within
new spectral regions for quantum signals, and the results of our
investigation into the intermodal platform thus pave the way
for scalable quantum architecture relying on versatile and ef-
ficient QFC. Going forward, the regime of more broadband,
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high-repetition-rate pulsed pumps, coupled with a pulsed QD
excitation scheme, should be further investigated. In addition
to enabling wave-function shaping experiments, this approach
would allow optimizing the temporal overlap between single
photons and pump pulses. As a result, the absolute rate of con-
verted output photons might be increased sufficiently to allow for
feasible two-photon interference measurements. Furthermore,
with the implementation of a sufficiently powerful pump laser
operating within the short-wavelength band, the intermodal plat-
form could be extended to support frequency conversion of
single photons from the short-wavelength quantum band to the
telecom band.
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