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Lightis a key information carrier, enabling worldwide, high-speed

data transmission through a telecommunication fibre network. This
information-carrying capacity can be extended to transmitting quantum
information (QI) by encodingitin single photons—flying qubits. However,
the various QI-processing platforms operate at vastly different timescales.

Ql-processing units in atomic media, operating within nanosecond to
microsecond timescales, and high-speed quantum communication,

at picosecond timescales, cannot be linked efficiently because of the
orders-of-magnitude mismatch in the timescales or, correspondingly,
spectral linewidths. Here we develop a large-aperture time lens using
wide-bandwidth electro-optic phase modulation to bridge this gap. We
demonstrate coherent, deterministic spectral bandwidth compression
of quantum light pulses by more than two orders of magnitude with high
efficiency. This will facilitate large-scale hybrid QI-processing by linking the
ultrafast and quasi-continuous-wave experimental platforms, which until
now, to alarge extent, have been developing independently.

Single photons are perfect candidates for transmitting quantum infor-
mation (QI) between different quantum systems'?. The timescales of
such quantum light pulses can vary substantially depending on the
platform employed. The single-photon pulse duration is linked to its
spectral bandwidth via the time-bandwidth product, which places a
lower limit on the spectral bandwidth required to supporta pulse of a
given duration’. Two classes of Ql-processing platform can be distin-
guished based on the timescale and spectral bandwidth as criteria®.

The first class comprises ultrafast systems, where the employed
photondurations are onthe order of single picoseconds, correspond-
ing to hundreds of gigahertz of spectral bandwidth’. These are based
mostly on optical nonlinearities such as three- or four-wave mixing,
with particular examples being the widely used spontaneous para-
metric downconversion (SPDC) photon-pair sources and nonlinear
optical gating®’. Furthermore, they can be implemented with a high
repetition rate. Thanks to the similar spectral bandwidths used in
classical telecommunication, they are also compatible with already
existing high-speed telecommunications fibre networks®.

The second class comprises slower systems with nanosecond-long
pulses and megahertz- to single gigahertz-wide spectra. It primarily

includes matter-based systems, such as single atoms”'° or their ensem-
bles" ™, It also incorporates colour centres in diamond", solid-state
Ql-processing platforms''® and optomechanics”. Such systems
provide quantum memories with long storage times'®?° and the
single-photon nonlinearities?* required to performoptical QI process-
ing, but they are inherently slow. For example, a system with 10-MHz
spectral bandwidth is fundamentally limited to operate with a repeti-
tion period of at most 100 ns.

Large-scale Ql processing is envisioned to take the advantages of
systems from both classes, creating a hybrid quantum network or a
quantum Internet**, One challenge involves efficiently connecting
the two classes of quantum systems to combine the Ql-processing
capabilities of the slow systems with the photon-generation and effi-
cientcommunication capabilities, as well as speed, of the fast systems.

One possible solution is staying within the slow regime, employ-
ing mostly matter-based platforms®?°. One could use known meth-
ods to generate spectrally narrow, temporally long photons'®?.
However, narrow spectra and long photon pulses limit the overall
Ql-processing network performance due to the low achievable repeti-
tionrates. Inparticular, suchmegahertz-wide optical pulse spectrado
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Fig.1| Conceptual scheme of large-scale spectral bandwidth conversion. The
optical pulse’s temporal profile manipulation (top) and its spectral manipulation
(bottom). It begins with a Fourier-limited, ultrafast optical pulse, whichis
chirpedinahighly dispersive chirped fibre Bragg grating (CFBG), increasing

its duration from single picoseconds to single nanoseconds. This chirp linearly
separates different spectral components of the optical pulse in time due to

an applied quadratic spectral phase ¢p(w). Time-dependent spectral shear is

[A]

then applied in the form of a quadratic modulo 2mt temporal phase via electro-
optic phase modulator (EOPM), shifting all the spectral components towards

the central wavelength, hence performing spectral compression. By using a
phase periodicity of 21, nanosecond-long temporal waveforms are achieved,
resultingin compression of the spectral width of optical pulses by many orders of
magnitude, to sub-gigahertz widths.

not take advantage of the entirety of the available optical bandwidth
of wavelength-division multiplexing (WDM).

A different approach relies on directly connecting ultrafast and
matter-based systems. However, this results in spectral filtering of
broadband photons®, which is inherently lossy, again reducing the
network performance. For example, reducing the single-photon band-
width by a factor of N is probabilistic with a success rate of approxi-
mately 1/N. This probability scales exponentially as (1/N)" with the
number M of suchinterfaces.

Acoherentinterface, enabling low-loss shaping of quantum light
pulsesintime and spectrum, is thus required to efficiently combine the
two classes of quantumdevices to forma quantum network operating
atahighrepetition rate?®*°. Such aninterface needs to redistribute the
energy across the single-photon pulse, simultaneously increasing its
duration and narrowing its spectrum. It needs to be realized using
phase-only operations, without resorting to filtering or amplifica-
tion, and with low insertion loss. It requires a combination of pulse
propagation in a dispersive medium combined with time-dependent
phase modulation.

The quantum interfaces based on phase-only operations demon-
strated so far allow for spectral manipulations only within the ultrafast
regime, that is, from multi-terahertz down to tens-of-gigahertz spec-
tral widths®, or only within the slow regime®>*. Previous works have
reported spectral bandwidth conversion obtained either by optical
three-wave mixing”** or cross-phase modulation®. Single-photon-level
light manipulation using the four-wave-mixing scheme has also been
demonstrated®**. However, the nonlinear approaches suffer from
high insertion losses and optical noise due to the limited conversion
efficiency and the use of a strong pump. The electro-optic approach
was the first to demonstrate efficient coherent spectral bandwidth
modification of single-photon’?® or photon-pair pulses®, thanks to
its deterministic nature. It hasinherent unit conversion efficiency with
a limiting factor of only technical losses and allows for easy central
wavelength tunability. Additionally, spectral-temporal manipulation
of single-photon pulses employing electro-optic phase modulation
canbeperformedinalow-loss, all-fibre platform without the need for
optical pumping, thus without adding optical noise to the quantum
signal®*. However, until now, high spectral modification factors, neces-
sary for linking the ultrafast and slow Ql-processing platforms, have
not been realized electro-optically due to the limited electro-optic
phase-modulation amplitude*®*.,

Inthis Article we presentaquantuminterface based on phase-only
operations, bridging the ultrafast and slow classes of Ql-processing
systems. We overcome the limit of electro-optic modulation ampli-
tude by exploiting the phase periodicity, in analogy to a Fresnel

lens*’. We replace a standard parabolic electro-optic waveform with
a phase-wrapped one. By combining it with off-the-shelf low-loss
dispersive elements and advanced wide-bandwidth electronics, we
demonstrate a quantum interface able to efficiently compress the
single-photon spectral bandwidth by orders of magnitude, from pico-
second to nanosecond timescales®.

Spectral bandwidth compression requires the manipulation of
both the temporal envelope and the spectrum of an optical pulse.
It consists of two stages (Fig. 1). First, a spectrally wideband optical
pulse is chirped in a dispersive medium. It increases the duration
of the pulse, while simultaneously linearly separating its different
spectral components in time. Chirping corresponds to the applica-
tion of a quadratic spectral phase ¢(w) = ®w?/2, where @ is the group
delay dispersion (GDD) and wis the angular frequency. Subsequently,
atime-dependent spectral shear is applied to the pulse such that all
spectral components are shifted towards a single central wavelength,
reshapingthe spectruminto anarrower one. Thisis achieved by apply-
ing a quadratic temporal phase ¢@(t) = K£?/2, where K is the chirping
factor and tis the retarded time. It can also be viewed as a spectral
shift changing linearly in time**. When the condition K= ®™is met,
different spectral components are shifted directly towards the centre
of the pulse spectrum. One obtains this by modulating the optical
pulses via electro-optic phase modulation driven by a voltage signal
quadratic in time. Such an operation is called a time lens due to its
mathematical analogy to a quadratic spatial phase introduced by a
regular lens***,

Chirping single-picosecond pulses to a nanosecond duration
requires a highly dispersive medium with the lowest possible loss. For
this reason, we use chirped fibre Bragg gratings (CFBGs) with disper-
sion of 5 or 10 ns nm™, commercially available at telecommunication
wavelengths with insertion losses below 3 dB.

The duration of the quadratic temporal phase has to match
the output nanosecond duration of the optical pulse. The standard
approach of using a single-tone radiofrequency (RF; sine) signal driv-
ing an electro-optic phase modulator (EOPM) limits the achievable
compression factor. Thisis because of the low modulation frequency,
required to cover the whole nanosecond-long output optical pulse.
Combined with the limit on the maximal phase-modulation amplitude,
dueto the breakdown voltage of the electro-optic modulator, this limits
theachievable spectralshifts, yielding alow compression factor®**54041,
Here we tackle this challenge by using a modulation scheme with an
arbitrary temporal phase, taking advantage of the phase periodicity*,
that is, using a quadratic temporal phase modulo 2m factor. Such an
approach, inspired by the spatial Fresnel lens*?, allows us to achieve a
very long parabolic phase with steep slopes while limiting the necessary
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Fig.2| Experimental set-up and Fresnel waveforms. a, The analytical form of
the Fresnel waveform, V() = ?mod2m. b, A measured oscilloscope (63-GHz
electronic bandwidth) trace of the generated Fresnel waveform, corresponding
todispersion of 10 ns nm™. This was precompensated (Methods), transmitted
through the entire RF system, and measured at the RF output of the EOPM.

¢, Schematic of the experimental set-up. The optical pulses originating in an
Er-doped femtosecond oscillator and amplifier are divided into three paths by a
set of beamsplitters. In the first, they are directly detected via a photodiode
followed by a set of RF filters to generate a clock signal for RF system
synchronization. In the second path, optical pulses are spectrally shaped (SF,)
and passed through a home-built pulse-picker using an electro-optic amplitude
modulator (EOAM) to decrease the repetition rate. They are then chirpedina
CFBG placed between two polarization controllers (PC, ,), spectrally compressed

Spectrally resolved
coincidence detection

Tunable
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Heralding

— —
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inan EOPM driven by an amplified (PA) RF signal from an AWG and measured by a
high-resolution optical spectrum analyser. Single-photon measurements utilize
the third path, where optical pulses are frequency-doubled (via second harmonic
generation, SHG) to generate photon pairsin a type-lIl SPDC process. The photon
pairsare splitinafibre polarization beamsplitter (FPBS), where one of them—the
herald—is sent directly to a superconducting nanowire single-photon detector
(SNSPD) and time-tagged (in a time-to-digital converter, TDC) for coincidence
counting. The signal photon undergoes the same spectral compression as the
classical optical pulses, but is detected by another SNSPD after passing through a
high-finesse Fabry-Pérot filter stabilized by a thermoelectric cooler (TEC). The
filter is swept by a piezo element driven by a programmable power supply to
retrieve information on the single-photon spectra. Additionally, the filter
emulates anarrowband absorber, such as an atomic system.

modulation amplitude tojust 21, whichis accessible for commercially
available EOPMs. We note that related techniques have been used
to generate ultrashort optical pulses from a continuous-wave (c.w.)
laser***¢, but without focusing on the efficiency, which is crucial for
quantum applications.

The generation of Fresnel-like waveforms requires using advanced
wide-bandwidth, RF electronics. In particular, one needs a high-speed
arbitrary waveform generator due to the waveform complexity. In con-
trastto the standard electro-optic timelens, where asingle-frequency
signal is used, a Fresnel waveform contains a wide range of frequen-
cies, with the highest frequency components originating from the
wrapping points (Fig. 2a). Additionally, the instantaneous frequency
of a quadratic function—its slope—increases linearly in both direc-
tions from the waveform’s centre, with its maximal value limited by
the RF system’s electronic bandwidth, f;,,. This induces a limitation
on the waveform duration and on the maximal achievable spectral
shift at the edges of the waveform**. As a consequence, it restricts
the maximal spectral width of the input optical pulses to Af = 2fy.
Our selection of RF equipment with ~35-GHz RF bandwidth limits the
maximal spectral shift to 35 GHz, which yields a 0.56-nm-wide (70 GHz)
spectralinput window at telecom wavelengths. The non-flat frequency
responses of all the RF electronics introduce distortions of the gener-
ated waveform, which contribute to the aberrations of the time lens. We
used frequency-response precompensation (Methods) to counteract
these. An example oscilloscope (63-GHz electronic bandwidth) trace
is shown in Fig. 2b, measured at the output of the whole RF system,
showninFig.2c.

First, we directly show the spectral compression by employingclas-
sical light pulses, using the set-up shown schematically in Fig. 2c. The
optical pulses fromthe erbium-doped fibre oscillator and amplifier were
spectrallyfiltered (SF,), pulse-picked and then chirpedina CFBG module.
Atemporal phasein the form of a Fresnel waveform was then applied in
the EOPM. Finally, the laser pulses were detected with a high-resolution
(5 MHz) optical spectrum analyser. The applied phase waveforms were
generated withanarbitrary waveform-generator (AWG) and synchronized
to the optical pulses by its internal phase-lock loop (PLL; Methods).

Figure 3a presents the input and compressed spectra when a
chirping module with a dispersion of 10 ns nm™ and a 20-MHz pulse
repetition rate was used. The inset shows the same spectrum within
anarrower wavelength range, where each point originates from an
individual longitudinal mode of the laser (Methods). The spectra are
normalized to the maximalintensity of theinput spectrum. Both spec-
tra are measured at the output of the whole system, whose power
transmission was 31.9%. We show 154-fold (without losses) or 49-fold
(including losses) enhanced maximal intensity, with a full-width at
half-maximum (FWHM) of 1.37 £ 0.05 pm (169 + 7 MHz), measured
by fitting a Gaussian profile to the compressed spectral peak. This
yields an efficiency of 40%, measured as a fraction of the light intensity
within the compressed peak. The non-unit value of efficiency results
from the imperfections of the generated Fresnel waveform—its aber-
rations, which cause shifting of some spectral components in the
wrong direction. This effect contributes to the low spectral peaks
outside the compressed window in Fig. 3a. We discuss the time-lens
aberrationsin more detail in Supplementary Section 3. The measured
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Fig.3|Spectral compression of coherent laser pulses. a, Spectra of input
(orange), compressed (blue) and simulated (green) coherent laser pulses using
a CFBG module with dispersion of 10 ns nm™, normalized to the maximum

of the input spectrum. The bottom panels present the same spectra for low
values of normalized intensity (also in b). The inset shows the same spectrum
inthe narrower range of 6 pm, where each point originates from an individual
longitudinal mode (Methods), which samples the spectral envelope. Toincrease
the number of measurement points, the laser light was pulse-picked to reduce
the repetition rate to 20 MHz, hence increasing the density of longitudinal
modes. The spectral compression factor of 408 and maximal spectral intensity
enhancement by a factor of 154 results in a compression efficiency of 40%
(ref.43). The plot does not include the 31.9% transmission of the set-up due to
technical losses. b, Increasing the dispersion to 15 ns nm™yields even higher
enhancement of the maximal intensity. Here we have disabled the pulse-picking,
resulting in the generation of quasi-c.w. light, with the output pulse duration
approaching the pulse repetition period. The light blue lines show the raw
measured spectrum, with distinct longitudinal modes of the optical pulses. Due
to the width of the spectral envelope close to the repetition rate, which is equal to
thelongitudinal modes separation, only a single longitudinal mode dominates,
confirming the quasi-c.w. regime.

spectrashow good agreement with simulations (Methods), shownwith
agreenline.

Next, we increased the dispersion to 15 ns nm™ by joining two
CFBG modules (5and10 ns nm™). We also increased the repetition rate
to 80 MHz by disabling the pulse-picker. By using an appropriately
modified Fresnel waveform, we obtained an even higher enhancement
of over 220 (without loss) and an efficiency of 38% (Fig. 3b). However,
duetotheuse of two separate CFBG modules, introducing anincreased
total loss of 16%, including the EOPM, the enhancement with system
transmission taken into account was 35.2. Here we also show the gen-
eration of quasi-c.w. light. The FWHM of the compressed spectra is
1.00+0.02 pm (123 +2 MHz), whichis very close to the repetition rate
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Fig. 4 |Fresnel time-lens aperture. By artificially limiting the Fresnel-waveform
duration, that s, the time-lens aperture, as shown in the top panel, we measure
thelossless enhancement for three different dispersions: 5 (blue), 10 (orange)
and 15 ns nm (green). The limitation is given by the maximal instantaneous
frequency of the parabola, which also yields the maximal spectral shift. The
enhancementincreases linearly up to the RF bandwidth f;,, shown with ared dot-
dashed line. The presented enhancement values were determined by sweeping
the RF signal amplitude (in 91 steps) while measuring the spectral compression
enhancement. This dependence was fitted with a Gaussian. Its maximumyielded
the reported enhancement (see Methods for more details). The error bars are
based on the standard error of this Gaussian fit. Solid lines show simulation
results for each value of dispersion. The inset shows the maximal enhancement as
afunction of the GDD, obtained as the mean enhancement for cutoff frequencies
above the system RF bandwidth + standard deviation. The dashed line in the inset
isalinear fit. The output spectral bandwidths for these measurements are shown
inSupplementary Fig. 1.

of 80 MHz. This means that one longitudinal mode dominates under
the spectral envelope, as shown in Fig. 3b, where the blue, dashed
line shows the fitted Gaussian envelope, and the raw measured spec-
trum, with clearly visible laser longitudinal modes (comb), is shown
by the light blue line (Methods). The measured temporal profiles
of the output pulses are presented in Supplementary Section 2 and
Supplementary Fig. 2.

To confirm the contribution of the phase-wrapped part of the
Fresnel waveform to the spectral compression, we measured the
enhancement when artificially limiting the duration of the waveform.
Because theinstantaneous frequency of the signal, proportional toits
slope, increases linearly for the quadratic function, we limited the
waveform up to the point where it meets the cutoff frequency fiax,
which we changed in the range of 5-52 GHz (Fig. 4). We show a nearly
linearly increasing enhancement with the cutoff frequency up to the
bandwidth of the RF system of 35 GHz, after whichwe reach a plateau.
This clearly shows that the Fresnel-like waveforms take advantage of
the entire available RF bandwidth. This experimental dataset can be
further used to show the dependence of the output spectral bandwidth
onthe cutoff frequency, whichwe presentin Supplementary Fig.1and
discussin Supplementary Section 1.

To directly verify our approach to large-scale spectral compres-
sion of quantum light pulses for applications in quantum networks, we
prepared pure single photons via a heralded SPDC process® pumped
with frequency-doubled laser pulses originating from the same laser
as above (Fig. 2c and Methods). The single photons were then propa-
gated through the same 10 ns nm™ CFBG and EOPM as for the case of
classical light. Finally, they were detected with a superconducting
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Fig. 5| Spectral manipulation of single-photon wavepackets. Coincidence
counts of heralded photons passing through a narrowband filter with
compression (blue dots) and without compression (orange squares). To avoid
introducing arbitrary parameters, the reference signal was measured for photons
going through the same set-up, but without applying temporal phase (Methods),
while the transmission of 31.9% of the set-up was measured separately. The
coincidence rate was measured for 1 min per bin for the compressed signal

and 5 min per bin for the reference signal. The filter was detuned to measure

the spectral shape of the spectrum with the results fitted with a Voigt profile

(see main text). The bottom panel presents the same data for low values of
coincidence counts.

nanowire single-photon detector after passing through a high-finesse
tunable Fabry-Pérot interference filter with 420-MHz FWHM spec-
tral bandwidth (Methods), simulating a narrowband absorber like
an atomic system. Then, coincidences of the signal and idler pho-
tons were found with a time-to-digital converter. In Fig. 5 we show the
measured 51-fold-increased heralded single-photon flux of the com-
pressed single-photon spectra (blue) in comparison to the input
(orange) inthe case of alossless system. Taking into account the tech-
nical transmission of the CFBG and EOPM of 31.9% resultsinan overall
enhancementof16. Thisprovesthatsuchasystemcanbeusedtoenhance
the absorption orinterference rates of bandwidth-incompatible pho-
ton pulses. The 16-fold enhancement would be further improved
using a spectrally narrower absorber; here, the absorption line
was larger than the single-photon spectral width, thus limiting the
obtained enhancement.

Tofind the upper bound of the enhancement for an absorber with
linewidth much smaller than the single-photon spectral width, we
measured the single-photon spectral shape by detuning the Fabry-
Pérot interference filter. This was then fitted with the Voigt profile,
shown by the blue dashed line in Fig. 5. Such a profile is a convolution
of the single-photon spectrum’s Gaussian shape and the interference
filter’s Lorentzian shape with a fixed width measured independently.
Deconvolving the Gaussian width from the fit yields a single-photon
spectral width of 1.51+ 0.43 pm (186 + 53 MHz) and enhancement
(without technical losses) of 188.2, which agrees well with the results
for classical light shown in Fig. 3a. Including the 31.9% transmission of
the system, we expect enhancement of the absorbed single-photon
flux by a factor of up to 60 for absorber linewidths smaller than the
compressed single-photon spectral width.

We have demonstrated that wideband arbitrary electro-optic
temporal phase modulation enables the spectral compression of clas-
sicaland quantum light pulses by over two orders of magnitude, from
tens of gigahertz to hundreds of megahertz, reaching the regime of
matter-based Ql-processing platforms. To this end we have developed
a Fresnel time lens, which takes advantage of phase periodicity and
all of the available RF system bandwidth. We applied this method to

reduce the spectral bandwidths of heralded single photonsdowntoa
single picometre, while enhancing maximum of their spectral intensity
distribution. Additionally, delaying the RF waveformwith respect tothe
single-photon pulses allows fine-tuning of the output spectrum central
wavelength**, By simulating a narrowband absorber with anarrowband
filter we measured a16-fold increase of photon flux through the filter
as compared to a direct connection. We expect to further increase
this value to 60 for absorbers with spectral linewidths narrower than
the compressed pulse spectrum. Such a low-loss, all-fibre and easily
reconfigurable electro-optic quantum interface will allow us toincrease
the absorptionand/or multi-photoninterference ratesin future hybrid
quantum networks, where both ultrafast and atomic-based systems
will be used. Not only will this enable efficient network operation, but
itmay facilitate the efficient establishment of long-distance entangle-
ment between quantum network nodes.

The development of high-speed RF devices with commercially
available bandwidths of 70 GHz, as well as lower-loss CFBGs will allow
us to further boost the performance of such electro-optic quantum
interfaces. Increasing the available RF bandwidth will, in particular,
increase the Fresnel time-lens temporal aperture while reducing aber-
rations caused by the non-ideal phase wrappings. Moreover, our device
shows high potential to be used in an on-chip configuration, where
bandwidths over 100 GHz with low V,;have beenreportedinathin-film
lithium niobate platform**°, Finally, using a phase-wrapped (Fresnel)
temporal phase modulation is a substantial step towards arbitrary shap-
ing of quantum light in the spectro-temporal degree of freedom’*"*2,
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Methods

RF waveforms generation

Thewaveformswere calculated with the following parameters: chirping
rate of the timelens K, spectral aperture Af (main text) and asampling
rate (SR) of the AWG 0f 92.16 GS s ™. The duration of the entire waveform
was limited to At = 2mAf/K. The waveforms were then divided by the
complex frequency response of the RF system (measured separately)
in the frequency domain within the range of the RF bandwidth of the
system. The resulting waveform in the time domain was generated in
the AWG (Keysight M8196A, 35-GHz RF bandwidth), amplified with a
high-bandwidth power amplifier (RFLambda, 0.2-35 GHz, 2 W). This
droveanelectro-optic phase modulator (EOSpace, V@i, =3 V,2.4-dB
insertionloss). Every change in the waveform parameters changed its
minimal and maximal values. Therefore, for each new waveform, it
was necessary to find the peak-to-peak amplitude of the RF waveform
that provided the peak-to-peak phase modulation depth of 2m. This
was carried out by sweeping the RF amplitude while measuring the
spectral compression enhancement. The dependence was fitted with
a Gaussian, the centre of which provided the RF amplitude for the 21t
phase modulation depth, and its maximumyielded the corresponding
enhancement. The errorbarsin Fig. 4 were based on the standard error
of this Gaussian fit.

Classical spectrum measurements

The spectra of classical, coherent light were acquired with a
high-resolution optical spectrum analyser (APEX Technologies
AP2681A, 5-MHz resolution). As this resolution is higher than the
repetition rate of 80 MHz or 20 MHz, individual longitudinal modes
were found and summed, creating a spectral envelope sampled with
aresolution given by the repetition rate. The home-built pulse-picker
was used to reduce the repetition rate and hence increase the resolu-
tion of the measured spectra. The pulse-picker was built by utilizing a
second channel of the AWG, generating rectangular pulses, which were
amplified (Keysight N4985A-S50) and used to drive an electro-optic
amplitude modulator (Thorlabs LNO5SS-FC).

Source of heralded single photons

Laser pulses originating from an erbium-doped fibre oscillator (Menlo
C-Fiber 780HP) with a repetition rate of 80 MHz and central wavelength
of 1,560 nm were frequency-doubled (Menlo C-Fiber 780HP), yield-
ing a second harmonic beam with a central wavelength of 780 nm.
This pump beam passed through a 4ftunable spectral filter and was
then focused into a10-mm-long periodically poled potassium titanyl
phosphate (PPKTP) crystal, where type-11 SPDC took place, creating
orthogonally polarized photon pairs. The pump beam was spectrally
filtered to produce photon pairs that were wavelength-degenerate
and spectrally uncorrelated. The photon-pair beam was recollimated
and spectrally filtered with a set of interference filters to 1-nm FWHM
such that the whole spectrum could be measured by sweeping the
Fabry-Pérotinterferencefilter with a free spectral range of 1.2 nm. The
photon pairs were then coupled into a polarization-maintaining fibre
and photons from each pair—signal and herald (idler)—were separated
by afibre polarization beamsplitter. The heralding (idler) photon was
sent directly to a superconducting nanowire single-photon detector
(Single Quantum) heralding the signal photon. A time-to-digital con-
verter (Swabian Instruments TimeTagger Ultra) was used to register
coincidence events of detecting heraldingidler photons and heralded
signal photons.

Spectrally narrowband absorber

The narrowband absorber was realized with a fibre-pigtailed
high-finesse tunable Fabry-Pérot interference filter (Micron Optics
FFP-TF2) with 420-MHz FWHM passband and 1.2-nm measured free
spectral range. The tuning of the filter was automated with a stable

programmable power supply (Keysight E36313A) driving a piezo ele-
ment within the filter. Thermal isolation and precise temperature
control allowed us to reduce thermal drifts to below 1 pm within the
measurement time. Because of a very low count rate through the fil-
ter, due to its narrowband transmission, that is, filtering most of the
photons, the coincidence count rates shown in Fig. 5 were measured
without disconnecting the CFBG and EOPM. This was done to avoid
introducing any arbitrary parameters such as additional polarization
mismatch from fibre reconnections or thermal drift, which could not
berealigned due to the low countrate. The transmission of the set-up
was thus measured separately.

Simulations

The simulations were based on ref. 43. Their inputs were waveforms
sent to the AWG and the measured input (reference) spectrum. The
waveform was discretized in time according to the sample rate and in
amplitude according to the effective number of bits of the AWG. Then,
aset of complex frequency responses of the elements was applied by
multiplication. By aseries of applied temporal or spectral phases and
fast Fourier transforms, a quadratic spectral phase and the simulated
temporal phase waveform were applied to the input spectra, yielding
output spectra, shown as a green line in Fig. 3, and their enhance-
ment (solid lines in Fig. 4). The simulations do not take into account
time-interval error (jitter).

Data availability
The datathat support the findings of this study are available from the
corresponding author on reasonable request.
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