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The well-established frequency-to-time mapping technique is employed as a convenient
and time-efficient method to directly characterize the spectral correlations of biphoton
states from a pulsed-excited spontaneous parametric down-conversion process. We
were enabled by this technigue to implement for the first time, the spectral Hanbury-Brown
and Twiss measurement, revealing directly the single frequency-mode bandwidth of the
biphoton state.

Keywords: frequency-to-time mapping, dispersive fourier transform, spontaneous parametric processes, joint
spectral intensity, coincidence to accidental ratio, Hanbury Brown and Twiss measurement

INTRODUCTION

The characterization of spectral and temporal properties of biphoton states generated in spontaneous
parametric down-conversion (SPDC) or spontaneous four-wave mixing (SFWM) is essential to
assess their utility towards different applications in quantum information processing and metrology.
For example, the joint spectral intensity (JSI) of biphoton states should often be tailor-made in order
to achieve quantum interference of high visibility (Metcalf et al., 2013; Joshi et al., 2020; Khodadad
Kashi et al., 2021). To date the characterization techniques have been primarily based on successive
and time-consuming frequency scans over the biphoton state spectrum. Spectral filtering of
photonpairs yields inefficient detection rates, which degrades the signal-to-noise ratio (SNR) and
in turn restricts the accessible spectral resolution. In addition, the limited frequency-bandwidth of
the filtering devices further constraints the spectral resolution of the scheme. In alternative
characterization techniques, such as the one based on position-to-frequency mapping, a low
spectral resolution per pixel/detector as well as a low frequency sampling rate are the main
limitations (Johnsen et al., 2014). In another approach, which relies on Fourier spectroscopy, a
very low spectral resolution paired with measurement instability and long integration time to
reconstruct the JSI can be identified (Wasilewski et al., 2006; Eckstein et al., 2014). In methods based
on stimulated SPDC or SFWM, despite the contribution of seed light in providing high generation
rates and hence enabling a fast implementation, the stimulated emission itself appears as a source of
noise due to the spatial and spectral overlap with photonpairs originating from the parametric
process (Eckstein et al., 2014; Jizan et al., 2015; Kaneda et al., 2020).
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In this paper, we demonstrate the first-time experimental
implementation of spectral Hanbury Brown and Twiss (HBT)
interferometry via the well-established frequency-to-time
mapping (FTM) technique (Leaird et al., 2011; Goda, K. and
Jalali, B. 2013; Goda et al., 2009; Mahjoubfar et al., 2017), also
commonly referred to as dispersive Fourier transform (DFT)
(Wetzel et al., 2012; Godin et al., 2013; Nguyen et al., 2013),
which relies on chromatic dispersion to translate the frequency
components of an optical spectrum onto a time-stretched
temporal waveform (Lu et al., 2018; Goda, K. and Jalali, B,
2013). The FIM had been previously demonstrated (Valencia
etal., 2002; Brida et al., 2006; Baek et al., 2008) and employed as
a technique to characterize the JSI of parametric processes
(Avenhaus et al., 2009; Eckstein et al., 2014). However, in
these implementations the spectral resolution was limited due
to the employment of avalanche photo detectors with large
timing jitters, which to be compensated for, required additional
lengths of the dispersion compensating fiber (DCF) at the cost of
large amounts of loss imposed on the measurement. In our
present work, the FTM technique enabled us to directly
(through only a single coincidence measurement)
characterize the single frequency-mode bandwidth and the
spectral correlations of a biphoton state generated in a
pulsed-driven SPDC process within a periodically-poled
lithium niobate (PPLN) waveguide.

The frequency components of the biphoton state are
temporally resolved post-propagation through a DCF. The
fine timing resolution of our singlephoton detection system
allows for the spectrally-resolved detection and thus the direct
frequency-mapping of the biphoton state in time. In particular,
this technique enables the spectral characterization of
biphoton states without the need to perform time-
consuming successive frequency scans with expensive
filtering devices. Specifically, this is achieved through only a
single coincidence measurement over the SPDC biphoton
spectrum: contrary to the hitherto commonly-adopted
schemes composed of successive scans over the frequency
distribution of the biphoton state, in our approach the
time-resolved coincident detections are exploited to directly
reconstruct the signal-idler JSI, to gain access to the
coincidence to accidental ratio (CAR), and to directly
implement the spectral HBT interferometry (Silva et al,
2016). Importantly, for the first time we directly measure
and demonstrate the dependency of the second-order auto-
correlation function g(z) (Av) on the spectral difference Av of
the frequency components within the signal spectrum of the
biphoton state, in contrast to the common demonstrations that
exhibit the variations of g (1) as function of delay 7 between
the photons’ arrival times at the detectors (Jeltes et al., 2007;
Bromberg et al.,, 2010; Silva et al., 2016; Abbas and Wang
2021). It is important to note that the g(z) (Av) function
incorporates information regarding the spectral correlations,
which can be used to determine the single frequency-mode
bandwidth of the system, whereas the g (r) contains
information over the temporal correlations and as a result,
for impure states, the Fourier transformation does not hold
between the two, F{g® (1)} # g'? (Av).

Single-Photon FTM

EXPERIMENTAL SETUP

The experimental setup (see Figure 1A) consisted of a PPLN
waveguide excited by a 10 uW pulsed mode-locked laser
(50 MHz repetition rate) whose spectral bandwidth was
filtered to a full-width at half-maximum (FWHM) of pump
= 200 GHz and aligned at the center wavelength of Apymp =
778.8 nm. Through type-0 SPDC processes within the PPLN,
photons of the excitation pulse-train were down-converted to
highly time-frequency correlated photon pairs. The frequency
distribution of the created photon-pairs spans over a
bandwidth of several THz, which is determined by the
SPDC phase-matching bandwidth. Cascaded with the
PPLN, a DCF was placed—with GDD = 960 ps/nm (GDD
as group delay dispersion), and 6.5 dB loss measured for one
passage through the fiber—which allowed for the formation of
a scaled and temporally-resolved replica of the SPDC
biphoton spectrum. With the use of a programmable
waveshaper (Finisar Waveshaper 4000S), a bandpass filter
with arbitrary Aingppc = 800 GHz bandwidth was defined
to filter-out the SPDC biphoton spectrum symmetric to its
degeneracy point Ay = 1,557.6nm (see Figure 1B).
Specifically, the higher- (lower-) frequency spectral
window, i.e., the signal (idler) spectrum with Afiguai(idier)
= 400 GHz bandwidth, was split 50:50 in to separate ports on
the waveshaper and was directed towards the
superconducting nanowire single photon detectors
(SNSPDs) D1 and D2 (D3 and D4). A start-stop timing
electronics unit (Swabian Instruments; time-tagger module)
with its operation synchronized with the laser repetition-rate,
was employed to collect the coincident detections. The total
integration time for the single coincidence measurement
was 11 h.

Frequency-to-Time Mapping

The frequency-to-time mapped replica of the signal and idler
spectra are shown in Figure 2. The frequency components within
the signal and idler spectrum (A f gignal (idlery = 400 GHz) disperse
through the DCF and create time-resolved detections in
synchronization with the laser repetition rate of 50 MHz,
hence over the pulse period of T e = 20 ns.

By relating the time-scaled replica of ATqeq ~ 3,300 ps
temporal-width to the initial undispersed spectral bandwidth
of Af signai(idlery = 400 GHz, a FTM correspondence of Crrys ~
0.1212 GHz/ps was measured for the system, which is in good
agreement with the 960 ps/nm GDD of the DCF. Considering the
timing resolution ¢, = 25 ps of our SNSPDs, the net spectral
resolution of v, ~ 3.03 GHz is measured for the whole single-
photon spectrometer, that is the combination of the SNSPDs with
the DCF.

It is important to note that the frequency resolving capability
achievable with our spectrometer is 29 and 10 times higher than
those reported in the articles by Avenhaus et al. (2009) and
Eckstein et al. (2014), respectively. In these experiments the
detectors' timing jitter of 180 and 250 ps have restricted the
achievable spectral resolutions to ~89.8 GHz and ~ 28.89 GHz
at ~1,550 nm wavelength. The large timing jitter of the detection
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FIGURE 1 | (A) Experimental setup which employs the FTM technique to characterize the SPDC biphoton spectrum (see main text for more details). (B) Spectral
configuration defined with the use of a programmable waveshaper for characterization of the SPDC biphoton spectrum. The signal (idler) spectral intensity with
Afsignai ialery = 400 GHz bandwidth is half-split on two different output ports on the waveshaper and directed towards the detectors D1 and D2 (D3 and D4) (PPLN:
periodically-poled lithium niobate; DCF: dispersion compensating fiber).
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FIGURE 2 | Time-stretched replica of the signal and idler spectra. The ATscaed ey = 400 GHz-bandwidth of the signal and idler spectra are mapped onto a
temporally-scaled intensity profile of ATscaes = 3,300 ps width, corresponding to a FTM coefficient of Ceryy ~0.1212 GHz/ps. The slight deviation between the intensity
profiles can be ascribed to the systems electronics, slight difference in detectors’ timing resolution or the optical path lengths, as well as the polarization sensitivity of the
SNSPDs. Detections on detectors D1 and D2 (D3 and D4) correspond to the signal (idler) spectrum with higher (lower) frequency. Considering a normal dispersion,

the higher-frequency nature of the signal spectrum is reflected in its larger delay in comparison to the idler spectrum.

characterization of parametric processes, mitigating in a more
efficient way the effects of loss by having incorporated an
infrastructure of better specifications.

system required the employment of DCF with much larger GDD
as well as the decrease of the pulsed-laser repetion rate to obviate
the possibilty of pulse overalpping. Besides limited spectral
resolution, this also leads to the loss of information as well

as considerable overhead in the measurement integration time.
It is important to note that in our setup the repetion rate of
50 MHz allowed for a maximum temporal broadening of 20 ns
such that no adjacent pulses would overlap.

By comparison, the presented system here allows a more
efficient demonstration of  FTM-assisted spectral

Second-Order Auto-Correlation Function
Propagation of the SPDC biphoton state spectrum through the
DCEF led to time-resolved detection of its frequency components.
As a result, by probing the collected two-fold coincident events on
detectors D1 and D2, we were able to directly measure the spectral
second-order auto-correlation function (Silva et al., 2016)
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FIGURE 3 | (A) Spectral second-order auto-correlation g (v4, v2) as a function of the photons frequency offset » and v, from the SPDC degeneracy point, 1y =
1,657.6 nm. (B) Coincidence detection rate as function of frequency difference Av between the spectral components of the signal spectrum. The inset Figure illustrates
the dependency of g©@ (Av) on Av. (C) Variation of g® (Af) as a function of the spectral filter bandwidth Af. In panel (B), the FWHM of v = 57.18 + 0.94 GHz is the single

frequency-mode bandwidth of our system (see text for more details).
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associated with the signal field. Figure 3A illustrates the
dependency of g(z) (v1,72) on frequency offsets v; and v, with
respect to the SPDC degeneracy point, 4 = 1,557.6 nm, and
starting from v, = v, =50 GHz to exclude the coincidence counts
coming from signal-idler frequency correlations.

9(2) (vi,m) =

In Figure 3B, the total intra- and inter-pulse coincidence
counts as function of spectral difference Av is shown, i.e. v; = v
and v, = v + Av. The intra-pulse events refer to coincidence
detections that have occurred within the same pulse period,
whereas the inter-pulse events correspond to coincidence
events between different pulses. For the case of intra-pulse
events and at zero-frequency difference, Ay = 0, an increased
number of coincidence detections is observed. The ratio of the
intra- to the inter-pulse coincidence counts reaches g® (0) =
2.0756 + 0.0587 (see the inset of Figure 3B). The FWHM of the
spectrum at which the peak number of intra-pulse events were
collected relates to the single frequency-mode bandwidth of the
system. With a Lorentzian fit, we could directly determine the
single frequency-mode bandwidth §v = 57.18 + 0.94 GHz. This
value was additionally verified by comparison with the
conventional measurement of the ¢@(Af) function,
observing its dependency on the spectral filter bandwidth
Af, and by fitting a theoretical model (Zielnicki et al., 2018)

to the experimental data (see Figure 3C). It is important to note
that in our approach, we were able to demonstrate the g® (Av)
function for various frequency modes of the same spectral
differences. This is in contrast to the conventionally
performed measurements of the g'¥ (Af) where the gradual
widening of the filter bandwidth is implemented on an
arbitrarily selected single frequency component of the
measured field (Bruno et al., 2014; Schwartz et al., 2018;
Meyer-Scott et al., 2017).

Assuming an undispersed SPDC biphoton spectrum with a
total signal bandwidth of Afgum = 400 GHz, under Gaussian
profile approximation, the corresponding transform-limited
temporal modes should be of approximately &t = 1.1 ps
temporal width. Moreover, under such conditions, the single
frequency-mode bandwidth of our system, v = 57.18 +
0.94 GHz, would correspond to a Ar= 7.7 ps-wide wave
packet (See Figures 4A,B). In light of the timing resolution
t, = 25ps of our single-photon detectors, the temporal wave
packet would thus be unresolvable by our detection system. This
suggests that by measuring the g (z) as function of delay 7
between the photons’ arrival times at the detectors, the
determination of the single frequency-mode bandwidth
would lead to incorrect values. It should be noted that with a
FTM factor of Cpry = 0.1212 GHz/ps and for the timing
resolution t, = 25 ps of our SNSPDs, the whole single-
photon spectrometer composed of SNSPDs and the DCF
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non-dispersive medium. The undispersed signal spectrum (Afsignas = 400 GHz) and the single frequency-mode bandwidth of §v=57.18 + 0.94 GHz correspond
to atemporal intensity profile with FWHM of A7 = 7.7 ps and composed of transform-limited temporal modes with 6t = 1.1 ps temporal width (see main text for
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FIGURE 5 | (A) Joint Spectral Intensity coincidence to accidental ratio (CAR) versus signal and idler frequency offset from the SPDC degeneracy point Ag =
1,557.6 nm (B) Coincidence count rate corresponding to the intra-pulse and inter-pulse coincident events versus the spectral difference between the signal and idler
frequency offset from the degeneracy point. The inset in panel (B) demonstrates the ratio of intra-pulse (actual) to inter-pulse (accidental) coincidence events (CAR).
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allows for the frequency resolution of v, = 3.03 GHz, which
guarantees the reliable measurement of §v = 57.18 + 0.94 GHz
as the single frequency-mode bandwidth.

With this demonstration, we lay particular stress on the
necessity of system calibration prior to  spectral
characterization of biphoton states. For single photon
detectors with timing resolution that exceeds the reciprocal of
the biphoton state spectrum, the accuracy of the measured single
frequency-mode bandwidth is undermined if gauged via
observing the dependency of the g® (z) as function of delay 7
in coincident detections. This highlights the advantage of the
FTM technique for reliable spectral characterization of biphoton
states generated from parametric processes.

Joint Spectral Intensity and Coincidence to

Accidental Ratio
The FTM technique allows for a direct measurement of the JSI
and the CAR. The time-resolved coincidence events
corresponding to the high-purity signal-idler photon pairs
were collected to reconstruct the JSI and to obtain the CAR of
our photon-pair source.

In Figure 5A, the JSI of the signal and idler photons is
illustrated as function of their symmetric positive and negative
frequency offset from the degeneracy point, A; = 1,557.6 nm,
respectively. The diagram in Figure 5B illustrates the total signal-
idler intra- and inter-pulse coincidence counts versus the spectral
difference between the absolute values of the signal and idler
frequency offsets from the degeneracy point. At perfectly
symmetric spectral distance from the degeneracy point, where
the frequency anti-correlation lies, the ratio between the intra-
(actual) and inter-pulse (accidental) coincidence counts is
measured to be ~ 80 (see inset in Figure 5B), equivalent to
~19.03-dB SNR.

It is important to note that the FTM technique is merely
considered for spectral characterization of broad spectra such as
biphoton state spectra of ultra-short pulsed-excited parametric
processes and for sources where the temporal width of the
photons’ wave packets fall below the temporal resolution of
the detection system. In particular, spectral characterization of
photon pairs generated in high Q-factor (Q > 1000000)
resonators (Puckett et al,, 2021) as well as from continuous
wave-driven parametric processes are practicable neither with
FTM technique nor via the state-of-the-art programmable filters,
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owing to the ultra-narrow line-widths of the modes that fall in the
order of kHz. These systems are better characterized directly in
the time-domain.

CONCLUSION

To date the HBT interferometry had been entirely performed by
probing temporal correlations, together with variable spectral
filtering. In this research we were enabled by the FTM technique
to show for the first time the direct measurement of the spectral
second-order autocorrelation function. Via a single coincidence
measurement, we performed direct spectral characterization of a
biphoton state from pulsed-excited SPDC process. To this end,
time-resolved intra- and inter-pulse coincidence detections were
collected on-the-fly in synchronization with the pulsed-laser
repetition rate, and by relying on the fine timing resolution of
our SNSPDs, t, = 25 ps. In this work, the importance of system
calibration prior to spectral characterization was highlighted;
With a single-photon detection system of a timing resolution
longer than the reciprocal of the biphoton state spectrum, precise
determination of the single frequency-mode bandwidth will not
be reliably achievable via time-domain analysis. In this regard,
our single-photon spectrometer provided a frequency resolution
of v, = 3.03 GHz, which confirms the accuracy of our spectral
HBT experiment in determining v = 57.18 + 0.94 GHz as the
single frequency-mode bandwidth. As a result, we were able to
demonstrate the efficient application of the FTM technique for
spectral characterization of parametric processes, revealing its
potentiality by making use of elaborate experimental
infrastructure that could establish a better trade-off between
loss and spectral resolution. In this implementation higher
spectral resolution could be achievable with longer DCF (or
larger GDD values), however at the cost of additional and in
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