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Abstract
Directmeasurements on the temporal envelope of quantum light are a challenging task and notmany
examples are knownbecausemost classical pulse characterisationmethods do not work on the single-
photon level. Knowledge of both spectrum and timing can, however, give insights on properties that
cannot be determined by the spectral intensity alone.While temporalmeasurements on single
photons on timescales of tens of picoseconds are possible with superconducting photon detectors, and
picosecondmeasurements have been performed using streak cameras, there are no commercial
single-photon sensitive devices with femtosecond resolution available.While time-domain sampling
using sum-frequency generation has already been exploited for such ameasurement, inefficient
conversion has necessitated long integration times to build the temporal profile.We demonstrate a
highly efficient waveguided sum-frequency generation process in LithiumNiobate tomeasure the
temporal envelope of single photonswith femtosecond resolutionwith short enough acquisition time
to provide a live-view of themeasurement.We demonstrate themeasurement technique and combine
it with spectralmeasurements using a dispersive-fibre time-of-flight spectrometer to determine upper
and lower bounds for the spectral purity of heralded single photons. The approach complements the
joint spectral intensitymeasurements as ameasure on the purity can be givenwithout knowledge of
the spectral phase.

Introduction

One key aspect to assess the quality and usability of single photons is the spectral purity [1]. An establishedmeans
ofmeasuring this quantity is through interference with a known reference pulse [2]. There is also the possibility
to ascertain the photon purity in biphoton states generated through spontaneous parametric down-conversion
(PDC) bymeasuring the joint spectral intensity. However, this works only under the assumption that no non-
linear phase terms are present on both the PDCpump and phasematching function [3]. This is due to the fact
that one needs the complete spectral or temporal information including phase information, which is hard to
measure even though it is possible in both the spectral and the temporal domain. Complete intensity and phase
characterisation of the spectrumof single photonswas demonstrated by using spectral shearing interferometry
[4, 5]. Homodyne detection enables the intensity and phase characterisation of the temporal envelope [6]. There
is, however, also the option of combining temporal and spectral intensity information. As the time-bandwidth-
product (TBP) can be extracted from intensitymeasurements, it can be determinedwith relative ease, and it was
shown that the time-bandwidth-product contains information on purity [3, 7]. As spectral intensity
measurements can be determined both by time-of-flight dispersive-fibre spectrometers [8] and commercially
available single photon sensitive spectrometers, one only needs ameans of temporal intensity characterisation.
Among these are homodyne detection [9, 10], streak cameras [11, 12] and ultrafast sampling using sum-
frequency generation (SFG) [13, 14]. Temporalmeasurements by up-conversion sampling are particularly
interesting because they can in principle be highly efficient and thereforemeasure the temporal envelopewith a
short integration time. A single photon is up-converted using a sum-frequency generationwith a short duration
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pumppulse. The short pulse has only limited overlapwith the single photon and therefore the conversion
efficiency depends on the relative timing between the two pulses and,most notably, on the temporal shape of the
single photon. As pulsewalk-off in non-linear crystals reduces the resolution of the system, existing works have
used short non-linear crystals for SFG at the expense of efficiency. Carefully balanced dispersion is necessary to
increase the interaction lengthwhilemaintaining femtosecond resolution.

In this workwe extend themethod of ultrafast up-conversion sampling to long non-linear crystals with
dispersion engineering to significantly improve the efficiency of the process and therefore reducemeasurement
time drastically.We employ the quantumpulse gate (QPG) [15, 16], a device recently introduced by our group,
as a platform to perform these up-conversionmeasurements. This device is developed around a group-velocity
matched, temporal overlap-sensitive sum-frequency generation operatingwith high efficiency [17]. This waywe
cut down themeasurement times by one order ofmagnitude compared to [13] In combinationwith a fast delay
device, fast temporal envelopemeasurements are demonstrated.We combine time-domainmeasurements with
spectral data to determine the purity of single photons generated by a PDCprocess.

Methods

The process we use to sample single photons in the time domain requires an efficient up-conversion that is
sensitive to temporal overlap. The conversion process in theQPG employed here takes place in Titanium-
indiffusedwaveguides in LithiumNiobate. In a type-II non-linear process, wemix the 1545 nm single photon
inputwith 854 nmpump light, generating an output at 550 nm. The poling period of the 27 mm long sample is
4.4 μm.A long interaction length is achieved bymatching the group velocities of the pump and the field under
investigation. This is done by counteracting thematerial andwaveguide dispersionwithmaterial birefringence.
As the two pulses travel at the same speed through thewaveguide, the conversion efficiency is highly dependent
on the temporal overlap, which stays constant. Therefore, assuming that the pumppulse is sufficiently short in
duration, the other input’s temporal envelope can be recovered as a function of the delay between the two pulses.
This is similar to themethod described in [13], where a short crystal was used. Conversion efficiency scales with
both interaction length and pumppulse energy, and as there are physical limitations for increasing the latter,
increasing the interaction length is the only way to increase the efficiency. The group-velocitymatching ensures
that there is no pulsewalk-off infirst order regardless of the crystal length andmakes the significantly larger
conversion efficiency possible. In addition, for the comparably small spectral bandwidths considered in this
work, effects of higher-order dispersion can be neglected.

We showour experimental setup infigure 1.We characterise light from aPDC source similar to the one
described in [18]. It is a 8 mm longKTP crystal with Rubidium exchangedwaveguides, poled over a length of
6 mmwith a poling period of 117 μm.The source is pumpedwith 772.5 nm light produced by a cascade of a
Coherent Chameleon II Ti:Sapphire laser with a repetition rate of 80.165 MHz, APECompact optical
parametric oscillator (OPO), and a periodically poled bulk LithiumNiobate crystal for second-harmonic
generation (SHG). The light has a full-width-at-half-maximum (FWHM) bandwidth of 3 nmand can be
spectrallyfiltered bymeans of a folded 4f linewith a grating and a variable slit in the focal plane of a lens.

Figure 1. Setup used in the experiment. BP: band passfilter, PBS: polarising beam splitter, DM: dichroicmirror, SMF: single-mode
fibre, SiAPD: silicon avalanche photodiode, TDC: time-to-digital converter.
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The photons from the type-II PDCprocess are split up by a polarising beam splitter and coupled into single-
modefibres and detected using superconducting nanowire single photon detectors (SNSPDs), achieving a
heralding efficiency of 28.1± 0.1%. This number is already corrected for the detector efficiency of 90%. The
signal photon is then coupled through theQPGwhere it interacts with the fundamental Ti:Sapphire beam. The
light coming out of theQPG is spectrally separated using dichroicmirrors, coupled into fibres and detected
using a SNSPD for the unconverted light and a silicon avalanche photodiode (SiAPD) for the converted green
light.

However, the highly efficient SFGprocess is only the first of two aspects that facilitates shortmeasurement
times. A second necessity for a quick or even ‘live-view’-likemeasurement on sub-second timescales is ameans
of changing the delay between the twofields in a quick, repeatable and controlledway.We identified threeways
ofmanaging these requirements: acousto-optic pulse shapers, fast linear piezo stages and rotating glass plate
delays. Acousto-optic pulse shapers are expensive and have limitedwavelength range. Fast linear piezo stages
exist, but they are also expensive and the oscillatingmovement at rates of several Hertz requires significant
engineering efforts for the optics’mounts on top of the stage. The last technique, using a rotating glass plate as a
delay, is known from applications such as optical auto-correlation [19] and terahertz imaging [20] as depicted in
figure 2.

A polished glass plate of 12 mm thickness ismounted in a 3D-printed frame. The frame, supported by ball
bearings, is then driven by aDCmotor to rotate at 50 Hz. The frame also holds a chopper plate that opens the
beampath of a green laser beamonly once per rotation. The incident light on a SiAPD gives rise to the signal used
as a trigger and recorded by the time-to-digital converter (TDC). The pump laser beam for the SFGprocess
passes the plate twice as shown in figure 2(b). The optical path do through the plate is
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whereα is the incidence angle of the beamon the plate and n is the glass plates refractive index. The plate ismade
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As there are reflections on the glass surface, the transmitted power depends on the angle. The incident light is
in parallel polarisation andwe adjust an additionalmanual delay stage so that the sampling of thewaveform
takes place when the incidence angle on the glass plate is between perpendicular incidence and the brewster
angle. This guarantees an almost constant power level transmitted through the device.Within this bound the
delay range of the device is 12.8 ps, which is also the longest waveform that can therefore be sampled by our
setup.However, the longest pulses our experiment can produce are significantly shorter than the sampled
interval. As the device goes through this delay range four times during one rotation, thewaveforms are sampled
200 times per second. From the laser source’s repetition rate and the delay device’s rotation speedwe calculate
that a waveformof thismaximum length of 12.8 ps is sampledwith 1000 points,meaning that the distance
between two data points in the recoveredwaveform is 12.8 fs. Themain source of error from this delay device is
thefluctuation of the rotation speed. This was assessed by tracking the delay trigger signal frequency from the
green laser on a oscilloscope.We then extracted the steepest slope of the curve and calculated to the shift in
rotation period.We estimate that the error of the temporal duration of themeasuredwaveform introduced by

Figure 2. (a) Schematic of the fast delay employed in the experiment. The laser beam is transmitted through a spinning glass plate
making use of the angle dependent optical path. Traversing the plate twice and perpendicular to the rotation axis eliminates beam
wandering. The beam from a laser diode, coupled through a chopper wheel and onto a silicon avalanche diode provides a trigger signal
for each full rotation. (b)Optical path through the fast delay device.
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the delay is atmost 70 fs. In addition, the pumppulse is stretched by 4 fs to 5.5 fs due to dispersion in the glass
plate.We note that this contribution is negligible in our setup. The dominating uncertainty in themeasurement
is the pumppulse duration of 230 fs. Theremay be additional contributions such as unevenmovement and
vibration of the fast delay, or chirp of the sampling pulse. The practical resolution of themethodwas estimated
by performing ameasurement on a known reference generated by the optical parametric oscillator. The
reference pulse has a pulse duration of 350 fs, characterised using an optical autocorrelator. By doing so a
measurement uncertainty of 300 fs was ascertained. As the pump pulse duration as a source ofmeasurement
uncertainty is known,we can deconvolve themeasurement result and are left with a uncertainty of 200 fs.

The rotational delay trigger signal as well as the single photon detector counts are recorded using anAIT
TTM8000TDC.We recover the single photonwaveform in the arrival time histogramof the single-photon
clicks relative to the rotation trigger signal, wherewe calculate the corresponding delay to the angle of the delay
device.

Results

In the experiment wemeasure two different states from the PDC source. By varying the PDCpump bandwidth,
we can produce both correlated and decorrelated photon pair states. These are characterised spectrally using a
pair of dispersive-fibre time-of-flight spectrometers [8]. The resulting joint spectral intensities are displayed in
figure 3. The decorrelated state is producedwith a pumpbandwidth of 3.09 nm, the correlated onewith a
0.78 nmbandwidth pump. This is the smallest pumpbandwidth possible with the current setup. The produced
correlated state is therefore also the onewith the longest pulse duration that can be producedwith this
experimental apparatus. Schmidt decomposition of themeasured JSIs yields cooperativity numbers of K= 1.08
andK= 2.10 for correlated and decorrelated state, respectively. This implies that there is some slight correlation
remaining; this is due to the fact that the phasematching angle is not perfectly perpendicular to the pump
function in the JSI [21]. From the JSIs we can extract the spectral bandwidths of the PDC signal photons by

Figure 3. (a) and (b): joint spectral intensities of the decorrelated and correlated PDC statemeasuredwith a pair of dispersive-fibre
time-of-flight spectrometers. The dashed lines indicate where the cuts for the calculation of the expected temporal envelopes were
taken. (c) and (d); Respectivemarginal spectral of the signal photons, obtained by integrating the respective JSIs over all idler
wavelengths.
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extracting themarginal spectra to obtain the FWHMbandwidth. It is lD = 7.7 nm± 0.1 nmor nD = 966 GHz
for the decorrelated PDC state and lD = 6.1± 0.1 nmor nD = 766 GHz for the correlated one.

These states are also characterisedwith our samplingmethod. To obtain the temporal envelopes, the
background arising fromRaman scattering of the pumpbeam is fit and subtracted. This is possible as the noise
floor has a predictable dependence on the delay devices’ angle in comparison to the observed converted light. In
the peak of themeasured converted light we observe a signal-to-noise ratio of 10. The background-subtracted
temporal envelopes are displayed infigure 4 together with the expected temporal envelopes. The expected
temporal envelopes were extracted from the JSI as the Fourier transformof the conditionedmarginal spectrum,
i.e. by taking a cut through the JSI along the lines indicated infigure 3, and assuming aflat spectral phase
(compare [3]). Only in the case of perfect decorrelation this cut is equal to the completemarginal spectrum.

The standard deviation of theGaussian fits correspond to a pulse duration of tD = 1.1± 0.2 ps for the
decorrelated state and tD = 2.0± 0.2 ps for the correlated one.We next calculate the time-bandwidth product
(TBP), which is defined as

TBP , 3t n= D D ( )
where tD and nD are the intensity FWHMof the temporal and spectral envelopes, respectively. The time-
bandwidth product is TBP= 1.1± 0.2 andTBP= 1.5± 0.2 for the decorrelated and correlated state,
respectively. From themeasuredmarginals and the calculated theoretical temporal envelopes we expect
TBP= 0.57 andTBP= 1.1 for the decorrelated and correlated state, respectively. This discrepancy implies that a
flat phase on the JSI cannot be assumed. The source of additional higher-order phase terms cannot be deduced
from the results; it could lie both in front and after the PDC source.Most notably, the results show that the
validity of theflat-phase-assumption is impossible to verify with spectral intensitymeasurements only.

With our setup, we completed themeasurement of each temporal envelope in 150 s, sampling an interval of
12.8 ps. In comparison, a 4 ps longwindowwas sampled in 24min in [13]. Therefore, our setup completed the
same task 9.6 times quicker while sampling an intervalmore than three times longer. Reducing the thickness of
the glass plate and therefore the sampled interval, would further decrease themeasurement time by a factor of 3.
At this point, it is noteworthy that due to the overlap-sensitive nature of the frequency conversion process there
is a trade-off between conversion efficiency andmeasurement accuracy, which ismainly limited by the pump
pulse duration.

Discussion

While wemeasure a decorrelated joint spectral intensity, which by itself is a weak indication for pure photons,
the corresponding TBPs are higher than the Fourier limit. From the increased TBP, it is clear that the spectral
phase is notflat and there are chirps on the photons. Such chirps could be introduced both after the generation
process, or before as a chirp on the PDCpump [22]. Both do not showup in the JSI.While a separable chirp
introduced after the generation leaves the photon’s purity unchanged, a pump chirp has an influence on the
multimodeness and of the single photon created [3].Measuring the temporal envelope togetherwith the
spectrumprovides additional information about the purity overmerely taking a JSI.

As the TBP alone does not contain information about phase and pulse shape, and especially not about the
source of chirps, we cannot directly calculate back from it. If the TBP is higher than the Fourier limit, it is not
possible to reconstruct if there are non-linear spectral phases present or howmultimode the state has gotten. To

Figure 4.Temporal envelopes for decorrelated (a) and correlated (b) state extracted from the samplingmeasurement. Solid black lines
are data, the dashed lines correspond toGaussianfits to the data. The solid blue lines correspond to the expected temporal envelope,
calculated from cuts through the JSIs, as indicated infigures 3(a) and (b).
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get the exact purity, onewould need to calculate a ‘conditioned TBP’ as shown in [3]; it is calculated from
conditioned bandwidths, i.e. the temporal duration of the signal when the arrival time of the idler isfixed, and
spectral bandwidthwith fixed idler frequency. To do so, one needs either both joint spectral and joint temporal
intensity or ameans of both spectral and temporalfiltering.However, if the state is known, one can calculate
both the purity and the TBP. By simulating the PDC source numerically we can carry out this calculation. By
attributing any occurring non-linear spectral phases to the PDCpumpwe obtain a lower bound on the purity.

On the other hand, by performing a Schmidt decomposition on themeasured joint spectral intensities and
assuming aflat spectral phase, an upper bound for the purity is extracted:

P tr
1

K
, 42r= =( ) ( )

where ρ is the densitymatrix of the state andK is the cooperativity number. For the decorrelated state, the
Schmidt numberK is 1.08 and for the correlated one it is 2.10, yielding purities of 0.93 and 0.48 respectively.

From themeasured JSIs, we can infer the bandwidths of phasematching and pump. By simulating the source
with themeasured parameters, numerically we can calculate TBP and purity in dependence of linear pump
chirp. For the calculations, we first simulate the joint spectral amplitude (JSA) using a double-Gaussian
approximation, where a linear chirp can be applied to the pump function. The ‘angle’ of the phasematching
function in respect to the contour plot axes of the signal and idler frequencies, which strongly impacts spectral-
temporal correlations, is taken from themeasured data.Moreover, PMnD and pumpnD , the phasematching and
pumpbandwidths, respectively, match the onesmeasured in the experiment. The JSI is calculated from the JSA
and reproduces the experimentallymeasured one. Nowwe extract the purity according to equation (4) from the
JSA by performing a Schmidt decomposition. Sincewe do this using the JSA instead of the JSI, this number
contains the contribution from the chirp. Then theTBP is calculated. From the JSA, we calculate themarginal
spectrumof one of the photons. By cutting through the JSA and performing a Fourier transform,we calculate
the temporal envelope. Further details on the numerical calculations are available in [3, 17].

The result is depicted infigure 5 for both the decorrelated state and correlated state. In the experiment, we
measure a TBP that is 1.92 times the Fourier limit for the decorrelated and 1.36 times higher for the correlated
case. From that, we can infer pump chirp and purity from the curves plotted. The corresponding pump chirp for
the two cases are 15616 fs2 and 21400 fs2, respectively, where the chirp parameterC is defined via the quadratic
phase term as i Cexp 2w( ). These group delay dispersion values correspond to 0.81 mor 1.11 mof fused silica
glass, respectively. The purity of the states are 0.656 and 0.472. Interestingly, the purity is almost not reduced by
the effect of the pump chirp in the correlated case, the decorrelated state is affectedmuchmore drastically. These
numbers should only be interpreted as an estimate: the numericalmodelling needs to be very accurate and any
deviation in terms of correlations in the JSIwould impact these numbers significantly. For a precise
measurement without the need of further numericalmodelling, onewould also need a conditionedmarginal
temporal intensity, or a JTImeasurement, as pointed out in [3]. This wouldmean duplicating the entireQPG
setup for the second PDCphoton. The fact that we obtain a different pump chirp for the two states is a indication
that there are either higher-order non-linear spectral phase contributions or that the increase of themeasured
TBP is partially due to separable chirps introduces after the PDCprocess. Therefore, we conclude that the actual
purity is between the upper and lower boundswe ascertained. It is noteworthy that there is a relatively simple

Figure 5. Simulated data of a PDC sourcewith the same properties as the one employed in this work. The solid line shows purity over
pump chirp. The dashed line shownhow far the produced state is above the Fourier limit. The dots indicate the point corresponding
to themeasured state, Panel (a) shows the simulation for the decorrelated state with 1PM pumpn nD D = . Panel (b) shows the
correlated casewith 3.25PM pumpn nD D = .
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way of optimising a PDC source formaximum singlemodeness. Bymeasuring the unheralded second-order
correlation function g(2)(0), one gets a exactmeasure of themultimodeness of the state, containing all
contributions fromPDCpump chirps [23]. This optimisation has been employed to build PDC sources for
highly pure heralded single photons [18]. However, it gives only information about the spectral correlations at
themoment of generation. Even if the source has been optimised usingmarginal second-order correlation
function as ameasure ofmultimodeness of the source, the combination of spectral and temporal intensity
measurements can aid to identify sources of additional higher-order phase contributions that occur after the
PDC source.

Conclusions

Wedemonstrated a setup formeasuring the temporal intensity distribution of single photons froma PDC
sourcewith high efficiency. Such time-domain sampling using a fast delay and long SFG crystals can, if the setup
is duplicated for the second PDCphoton, also drastically increasemeasurement speed of the joint temporal
intensitymeasurement as in [13].While the authors in [13] reportedmeasurement times in the range of 30
minutes, our setup can achievemeasurement times of less than threeminutes.With the combination of joint
spectral intensity and temporal intensitymeasurement, wewere able to identify single photon chirps andwith
the help of numericalmodelling establish concrete upper and lower bounds for the single photon’s spectral
purity. If onewere to combine two of the devices, one for each PDCphoton, the joint temporal intensity could
bemeasured. This completes the characterisation of the spectral-temporal structure and correlations of photon
pair states.With knowledge of joint spectral and temporal intensities, the phase information could also be
reconstructed.
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