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The biphoton correlation time, a measure for the conditional uncertainty in the temporal arrival of
two photons from a photon pair source, is a key performance identifier for many quantum spectroscopy
applications, with shorter correlation times typically yielding better performance. Furthermore, it provides
fundamental insight into the effects of dispersion on the biphoton state. Here, we show that a characteristic
dependence of the width of the temporal interferogram can be exploited to obtain insights into the amount
of second-order dispersion inside the interferometer and to retrieve actual and Fourier-limited ultrashort
biphoton correlation times of around 100 fs. In the presented scheme, we simultaneously measure spectral
and temporal interferograms at the output of an SU(1, 1) interferometer based on an integrated broadband
parametric down-conversion source in a Ti:LiNbO3 waveguide.
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I. INTRODUCTION

Quantum spectroscopy has raised significant interest as
a tool for the investigation of materials and light-sensitive
biological samples at the single-photon level [1-6]. In clas-
sical spectroscopy, linear interferometers are widely used
to estimate the phase properties of a system under test, e.g.,
in spectral phase interferometry, direct field reconstruc-
tion, or linear interference [7,8]. An alternative system is
the use of nonlinear interferometers, also called SU (1, 1)
interferometers, that contain active optical elements and
thereby provide different mechanisms of phase detection
compared to linear interferometers [9—12]. These inter-
ferometers have attracted much attention as it is possible
to achieve superior phase sensitivity with them [13—15].
Introducing tailored spectral phases inside the interferome-
ter ultimately even allows for shaping of the quantum state
at the output of the interferometer [16—18]. In addition,
SU (1, 1) interferometry allows for operating the differ-
ent interferometric paths with different colors. This has
enabled various protocols of quantum metrology, such as
spectroscopy, imaging, or optical coherence tomography
with undetected photons; these are of particular interest for
life science experiments [19—27] because they separate the
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detected wavelength from the probe light and remove the
need for detecting light at unfavorable wavelengths such
as in the midinfrared.

The realization of these measurement concepts raises the
need for bright and broadband biphoton sources that gen-
erate strong time-frequency entanglement. A high source
brightness is typically achieved with integrated optics solu-
tions that offer long interaction lengths and tight field
confinement. Broadband operation then requires a careful
engineering of the waveguide dispersion [28]. Strong time-
frequency entanglement, finally, is characterized by the
product of the biphoton correlation bandwidth—in typical
cases and in this paper the linewidth of a continuous-wave
pump laser—and the biphoton correlation time. The latter
generally limits the performance of quantum spectroscopy
by limiting achievable resolutions. Furthermore, the corre-
lation time provides fundamental insights into the effects
of dispersion on the broadband biphoton [29-34], which
becomes even more critical for waveguide sources that
may introduce significant amounts of dispersion during
propagation.

As the correlation times of broadband sources are
typically of the order of 10—100 fs, they are hard to
measure due to insufficient detector timing resolution.
Classical characterization techniques for ultrashort pulses,
e.g., FROG or SPIDER, rely on nonlinear interactions
that require high intensities and are therefore not appli-
cable to single photons [7,8], while methods based on
single-photon interferometry typically require coincidence
detection and do not capture dispersive effects [35]. Recent
development in these interferometers have however shown
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that second-order dispersion can be sensed in asymmet-
ric designs or by utilizing the photon’s temporal mode
structure [36-38]. Methods based on nonlinear inter-
actions are limited in resolution by the duration of a
strong gating pulse [39], which is especially limiting
for emerging nondegenerate broadband biphoton sources
[34,40-43] with even shorter correlation times than that
of the source used here. Therefore, a new scheme for
measuring the correlation time of single-photon sources
is required that also allows characterization at highly
nondegenerate wavelengths.

Here we introduce a new technique to measure the
correlation time of a broadband, integrated biphoton
source that can be measured by incorporating the source
into an SU (1, 1)-interferometer. We generate biphotons
via parametric down-conversion (PDC) in a dispersion-
engineered, periodically poled titanium-indiffused waveg-
uide in lithium niobate. We note that the concepts in
this work equally apply to photon pair sources based on
four-wave mixing, although we focus on PDC. In the
experiment, we observe a characteristic dependence of the
width of the temporal interferograms for varying amounts
of second-order dispersion inside the interferometer. Fur-
thermore, we show that the observed characteristic depen-
dence is affected by the spectral shape of the PDC source.
We develop a supporting theory, which allows us to find
a functional dependence between temporal and spectral
measurements and to extract the Fourier-limited corre-
lation time. This finding allows us to characterize other
sources for optimal operation of the interferometer as this
information is key for further applications, e.g., entangled
two-photon absorption where knowledge about the bipho-
ton correlation time is a crucial parameter for correctly
retrieving the absorption cross section.

II. CONCEPT

The biphoton state from the photon pair generation pro-
cess in a nonlinear material can be written as | )ppc =
[ dos doif (w5, w)|ws, i) = [ dts dtif (ts, )| T, 7)) with the
transformations between the frequency and time domains
given in Appendix A. It is described via the joint spectral
amplitude (JSA) f (ws, w;) in the frequency domain, which
contains information about time-frequency entanglement
between signal and idler photons w;; in a generated state.
In the temporal domain, the joint temporal amplitude
(JTA) f (15, T;) is connected to the JSA via Fourier trans-
form and contains information about the correlation time
as the uncertainty in signal and idler arrival times t;
[44,45]. The joint spectral intensity (JSI), the modulus
square of the JSA, of a broadband PDC can be directly
measured with established methods [46]. However, the
joint temporal intensity (JTI), the modulus square of the
JTA, and thereby the biphoton correlation time, defined
as the FWHM of the JTI [28], is hard to measure directly

[47]. Furthermore, it cannot generally be retrieved from a
Fourier transform of the JSI; a possible complex phase on
the JSA whose information gets lost when measuring the
JSI can lead to an increased correlation time and associated
broadening of the JTA and thus, consequently, the JTI, as
schematically shown in Fig. 1(a).

In our measurement concept, shown in Fig. 1(b), we
build an SU (1, 1) interferometer from two identical bipho-
ton sources—in our case a PDC source in a double pass
configuration detailed later—and record temporal interfer-
ograms observed by counting signal and idler photons at
the output of the interferometer when introducing a relative
temporal delay between the two photons. We show that
the correlation time of the biphoton can be determined by
monitoring the width of these interferograms as the amount
of second-order dispersion in the interferometer is varied,
as depicted in the inset of Fig. 1(d).

By varying the spectral envelope of the generated PDC
shown in Fig. 1(c) and observing the FWHM of the tem-
poral interferogram, we note different characteristic depen-
dencies. From this behavior we can extract the minimal,
that is, the Fourier-limited, correlation time of the bipho-
ton as well as the actual correlation time that is subject to
the material dispersion of the source for different source
operating conditions; see Fig. 1(d).

Our method is based on a model of an SU (1, 1) inter-
ferometer including a broadband PDC process. For this, we
start from the JSA of a single PDC waveguide pumped by
a cw laser, which is given by [44]

f(Aw) = sinc(—Aﬁ(ﬁw)L)e[Aﬂ(A’”)L/z, (1)

where Aw = w; — oy = —(w; — ;) is the frequency
detuning from the central signal frequency w;, L is the
length of the waveguide, and A is the phase mismatch
between the pump and the generated signal and idler fields.
The exponential term in this expression contains the phase
caused by the dispersion of the waveguide.

Achieving the desired short correlation times requires
the production of a broad biphoton spectrum. Long waveg-
uides typically generate narrow biphoton spectra, espe-
cially in the case of two color sources. Therefore, we use
dispersion engineering to achieve a PDC source where
signal and idler group velocities are matched to generate
broader spectra. If we now expand AB up to second order
[48] and make use of the strong frequency correlations due
to cw pumping, we arrive at a phase mismatch AS that
only shows quadratic terms in Aw to leading order, as pre-
sented in Appendix A. With this, the JSA can be written
as

f(Aw) = sinc(Aysz)ei(A”sz). 2
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FIG. 1.

(a) For a given PDC state of a broadband biphoton source,

described by the JSA in the spectral domain and the JTA in the

temporal domain, the directly measurable JSI does not allow one to retrieve the JTI due to a lack of phase information. The JTI might
therefore be broadened due to second-order dispersion. (b) Incorporating a broadband PDC source in an SU (1, 1) interferometer allows
one to extract the correlation time for different PDC spectra by measuring the characteristic dependence of the temporal interference
width for different amounts of total second-order dispersion in the interferometer. This contains the intrinsic waveguide dispersion
for the signal and idler photons, Dy ;, and an additional external dispersion, Cj;. (c) Two signal spectra from the PDC source can be
realized at different operating temperatures. They exhibit different spectral envelopes and widths and therefore different Fourier-limited

correlation times. (d) The correlation time of the biphoton can be det

ermined by monitoring the width of the temporal interferograms

as the amount of second-order dispersion in the interferometer, consisting of internal waveguide dispersion D;; and externally applied

dispersion Cy;, is varied, as depicted in the inset.

It becomes apparent that the group delay dispersion associ-
ated with the waveguide Ay = —[(D; + D;)L]/2, includ-
ing the second-order dispersion of signal D, and idler
D;, defines the bandwidth of the JSA in this approxima-
tion. Combining two of our PDC sources in the inter-
ferometer and including a phase between them yields a
total joint spectral amplitude of the whole interferometer
fsua.y(Aw). This expression includes a phase caused by
the intrinsic second-order dispersion from the waveguide
(Ds + D;)LAw? and an externally applied phase @y (Aw)
(cf. Appendix B):

_féU(l,])(Aw) =f(ACU)(1 + ei[(DerDi)Lsz,(Dext(Aa))])‘ (3)

We consider that the experimentally relevant external
phase, @y (Aw), consists only of a linear and a quadratic
phase. A linear phase can be introduced by a time delay in
either one or both of the arms At ;. The external quadratic
phase is realized by placing a dispersive material in the sig-
nal or idler arm, which, in addition to a time delay, imprints
a quadratic phase characterized by the chirp parameters
Cs,. The resulting JSA of the full system is presented in

Appendix B. The counts in the signal arm as a function
of the delay Af, and the external second-order disper-
sion in the signal and idler arm C; can be calculated by
integrating over the frequency detuning Aw:

o0
S(At;, V) = / dAo|fsua.n(Aw)]?
—00

o0
/ dAw sinc>(Ay Aw?)cos?(W).
—o0

“4)

Here, the external second-order dispersion together with
the intrinsic waveguide dispersion result in a total
phase ¥ = %[@ext — (Dy + D;)LAw?]. Equation (C7) in
Appendix C is the final expression that is used to calcu-
late the temporal interferograms presented in this work via
numerical integration.

To aid in understanding, an approximate analytical solu-
tion can be derived by approximating the sinc® term as a
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Gaussian, as detailed in Appendix C:

2
env

1 AP
S(At,, Cs, C)) =~ 7 + Aexp
o

cAg
X COS <m Cl)SAtS). (5)

The width of the Gaussian envelope of the temporal

interference pattern o2, is given by
2z
2
Oeny = A_j/ +0.5Ay, (6)

where ¢ = Ay — 0.5(Cy + C;) is the total second-order
dispersion in the system. From this expression we can see
that the minimal width of the temporal interferogram, i.e.,
without any second-order dispersion, is given by 0.5Ay
and thereby dependent on the bandwidth of the JSA,
as shown in Appendix C. This situation can be reached
by cancelation of the intrinsic waveguide dispersion by
anomalous external dispersion. For increasing amounts of
external chirp C;;, the width of the temporal interferogram
increases faster for smaller Ay. This is because exter-
nal second-order dispersion leads to a quicker broadening
on shorter pulses, a known behavior in classical ultra-
fast optics. This leads to distinctive behavior for different
spectral envelopes of the underlying JSA and thereby cor-
relation times, as schematically shown in Fig. 1(d). This
property has been exploited in the following experimen-
tal scheme to find the characteristic dependence between
the temporal interference width and the second-order dis-
persion, where we find that not only the spectral band-
width, but also the spectral shape influences the temporal
correlations.

We would like to highlight that our scheme exploits the
unique properties of SU (1, 1) interferometers, namely, that
the temporal interferogram is sensitive to second-order dis-
persion. Notably, this effect does not arise in interferome-
ters consisting of linear beam splitters (e.g., Mach-Zehnder
interferometer). A study of the sometimes subtle differ-
ences between linear and nonlinear interferometers has
been published in Ref. [49].

III. EXPERIMENTAL SETUP

The core of the interferometer is a periodically poled
Ti:LiNbO;3; guided-wave PDC source with matching sig-
nal and idler group velocities, a design that is similarly
used in the quantum pulse gate [50]. The use of a waveg-
uide as PDC source generally leads to strong frequency
correlations in the JSA, while spatial correlations between
the photons do not arise due to generation in single spa-
tial modes. This waveguide is pumped by a 514-nm cw
laser, generating PDC light at 830 and 1360 nm in the
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FIG. 2. Measured PDC spectra for temperatures of 164.9°C

(blue) and 165.2°C (orange) with spectral bandwidths of 6.46
and 2.82 THz. The data are normalized to the maximum inten-
sity of each spectrum and the background of the spectrometer is
removed.

signal and idler, respectively. We can reach a spectral band-
width of more than 6 THz (FWHM) with our 40-mm-long
waveguide. The input facet of the waveguide is coated with
an antireflection coating for the pump wavelength, while
the output facet features a high-reflectivity coating for the
pump light to reflect the forward-propagating pump into
the reverse direction in the same spatial mode. Both facets
are coated with antireflection coatings for the signal and
idler wavelengths.

The shape and bandwidth of the emitted PDC spec-
trum can be tuned by adjusting the waveguide temperature.
Different spectral bandwidths then result in different corre-
lation times of the biphoton. We operated our source in a
regime with two different spectra, as shown in Fig. 2; cf.
Ref. [40]. They cover a spectral bandwidth of 6.46 THz
(nominal operating point of the source, blue curve) and
2.82 THz (detuned temperature, orange curve). The tem-
perature difference of the waveguide between these spectra
is 0.3 K. Because of the transition from a quasi-top-hat to
a sinc? spectral shape, the presented spectra have different
time-bandwidth products (TBPs). We calculate them from
the FWHM of the simulated spectral and temporal inten-
sities to be around 0.5 and 0.2, respectively, which will be
important for the interpretation of our results.

A schematic of the experimental setup is shown in
Fig. 3. There, signal and idler photons are generated in the
first pass of the pump light through the waveguide and col-
limated by an off-axis parabolic mirror (OAP). We separate
the signal and idler photons using a dichroic mirror. The
end mirror of the idler arm can be moved by a motorized
stage (PI M111.1DG) to introduce a delay between both
arms, resulting in a linear spectral phase. Different amounts
of dispersive optical materials can be introduced in one
or both of the interferometer arms to imprint a quadratic
phase on the biphoton. After reflection on the end mirrors,
we couple the signal and idler photons back into the same
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parabolic mirror

The experimental setup consisting of a 40-mm-long waveguide as a source for PDC photons in a folded Mach-Zehnder

geometry where the pump light is reflected at the waveguide end facet by a high-reflectivity coating (HRC). The setup allows one to
add external dispersion in either of the two arms of the interferometer. The end mirror of the idler arm can be moved by a motorized
stage. An off-axis parabolic mirror collimates the signal and idler beams and focuses them back into the waveguide. After the second
interaction, signal and idler photons are separated from the pump and split up via dichroic mirrors (DMs) and detected by avalanche

photodiodes (PDs) or a spectrometer for the signal case.

waveguide via the OAP. The presented design ensures high
spectral overlap of the PDC spectra generated in the two
processes, as the sources are identical by design.

The fields in the reverse direction are again separated
using dichroic mirrors and are detected with a Si avalanche
photodiode (APD; Perkin Elmer Photon Counting Module
SPCM-AQR-14FC) for the signal light around 830 nm and
an (In, Ga)As APD (IDQ id200) for the idler light around
1360 nm for photon counting.

The data from the avalanche photodiodes were recorded
with a Swabian Instruments Time-Tagger 20, as the idler
mirror was scanned. For each step, the counts were
recorded for an integration time of 0.3 s. Without alter-
ing the setup, the spectrum of the signal field could
be recorded on a single-photon-sensitive spectrometer
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FIG. 4.

(Andor Shamrock SR-500i spectrograph with Newton
970P EMCCD—camera) for a fixed position of the idler
mirror. Each spectrum was acquired with an integration
time of 1 s and a spectral resolution of about 30 GHz.

IV. RESULTS

The total second-order dispersion is determined by
recording spectra of the signal photons for a fixed idler
mirror position, resulting in a difference in the interferom-
eters’ arm lengths of about 0.3 mm. This allows optimal
phase extraction by achieving a balance between maximiz-
ing the number of visible interference fringes and ensuring
that the measurement is not limited by the resolution of the
spectrometer.

—_—
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w 4ﬂ
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(a) Spectral interferogram used to extract the second-order dispersion in the system. (b) The corresponding temporal inter-

ferogram with upper and lower envelopes, which are used to obtain the temporal interference width. The inset shows an enlarged view

of the marked central region of the interferogram.
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The second-order dispersion can be estimated by fitting
a cosine function to the spectral interferogram. The spec-
tral intensity S(Av) with a frequency detuning Av around
the central frequency is given by [51]

S(AV) o |[f(AV)|*{1 4 cos [¥(AV)]}. (7)

A typical spectral interferogram is shown in Fig. 4(a).
This interferogram has been retrieved from the raw data
by subtracting a reference spectrum and normalizing the
resulting data to their maximum value. The visibility in
these interferograms is approximately 30%. A region of
4-THz detuning around the central frequency is used to fit
Eq. (7) to ensure a sufficient signal-to-noise ratio for the fit.
The uncertainty for the second-order dispersion is given
by the fit parameters. We arrive at an intrinsic second-
order dispersion for the waveguide itself of about |Ay| =
14800 4 240 fs?. This value is close to the theoretical
value of 10 893 fs? calculated from the material dispersion
of the waveguide. The observed discrepancy can arise from
the dielectric end-facet coatings on the waveguide or other
elements in the setup, e.g., dichroic mirrors, as well as
from imprecisions in the sellmeier model for the refractive
index, which is based on an ideal waveguide geometry.

Temporal interferograms were recorded with the same
amounts of second-order dispersion added to the inter-
ferometer as in the spectral measurements for both PDC
spectra. To record the interferogram, the idler mirror was
moved over a range of 0.8 mm in steps of 200 nm while
recording photon counts at the APDs for signal and idler
photons at each step. The inset of Fig. 4(b) shows the
interference fringes in the marked central region of the
interferogram. The temporal interferograms show visibil-
ities up to 30% for the signal and 15% for the idler, which
are each limited by the losses in the other interferome-
ter arm [14,52,53]. To extract the FWHM of the temporal
interferogram, the mean number of counts was subtracted
from the raw data and the signal was normalized to its max-
imum value. Furthermore, we fit and smooth the upper and
lower envelopes by applying a Savitzky-Golay filter and
retrieve the FWHM from the resulting smoothed envelope
function; cf. Fig. 4(b). The error on the FWHM of 11.8%
is found by measuring the variability within 20 subsequent
interferogram measurements with no external dispersion.
The resulting relative uncertainty was applied to the other
data points. The unprocessed measured spectral and tem-
poral interferograms for these data samples are shown in
Appendix E.

The characteristic dependence of the temporal interfer-
ence width on the total second-order dispersion in the
system is revealed by combining temporal and spectral
measurements, as shown in Fig. 5. Here, the data points are
presented together with simulations of the temporal inter-
ference width based on the underlying PDC spectra via

3 teorr =65.3 s
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FIG. 5. The change in the temporal interference width with

varying second-order dispersion is shown for two different PDC
spectra that are depicted in the corresponding color in the figure.
The solid lines show simulations based on these spectra.

Eq. (C7) in Appendix C. The spectra are shown schemat-
ically in the same color as the corresponding simulation.
The simulations reveal a functional dependence between
the temporal interference width and second-order disper-
sion for different shapes of the PDC spectra, as can be
seen in Eq. (6). Note that our simulations are based on
a parameter-free model that does not take into account
deviations from the ideal phase-matching shape or the
multimodedeness of the waveguide for the pump and sig-
nal fields that lead to deviations from the simulations.
During the measurement, alignment of the signal field to
the fundamental mode of the waveguide is critical and
was seen to be suboptimal at the last data point of the
measurement for the broad spectrum. Therefore, this data
point has been omitted. Nevertheless, the measured data
are in good agreement with the simulations. This allows
one to infer the second-order dispersion from the tempo-
ral interferogram with no need for single-photon-sensitive
spectrometers. The obtained phase information can then be
used to calculate the actual correlation time of the gen-
erated biphoton by including this phase in the Fourier
transform of the JSA.

With this information, the actual correlation times at
the output of the PDC source, given as the FWHM of
the JTI, can be calculated to be 73.5 and 177.5 fs for
the narrower and broader spectra. These actual correla-
tion times are larger than the Fourier-limited ones due
to the second-order dispersion of the waveguide mate-
rial. We can also calculate the minimal correlation time of
biphotons via Fourier transform of the two PDC spectra,
as stated in Sec. II, assuming a flat phase profile on the
JSA. This results in minimal correlation times of 65.3 fs
for the narrower spectrum, and 81.6 fs for the broader
spectrum. These minimal correlation times can be reached
by introducing the correct amount of anomalous second-
order dispersion in the setup and would be considered
best for experiments requiring high temporal resolution,
e.g., entangled two-photon absorption. Note however that

020350-6



MEASUREMENT OF ULTRASHORT BIPHOTON...

PRX QUANTUM 5, 020350 (2024)

these correlation times vary in a counterintuitive way as
the bandwidths vary drastically. This can be attributed to
the different TBPs of the different spectral shapes, lead-
ing to a shorter correlation time for the narrower spectrum.
Furthermore, it should be noted that the exact shape of
the temporal interferogram strongly depends on the tem-
poral shape of the biphoton and hence also the criteria for
defining the correlation time.

V. CONCLUSION AND OUTLOOK

We have presented a scheme for determining correlation
times for a broadband PDC source utilizing an SU(1, 1)
interferometer. By performing simultaneous spectral and
temporal measurements, we reveal the connection between
the second-order dispersion in the system and the FWHM
of the temporal interferogram. The data agree with our
model for a broadband SU(1, 1) interferometer, where the
ideal PDC spectrum is the only free parameter. After val-
idation by the characteristic dependence of the width of
the temporal interferogram on the second-order disper-
sion, the minimal Fourier-limited correlation time could be
calculated. For two different underlying PDC spectra, cor-
relation times of 65.3 and 81.6 fs have been extracted. This
novel technique can be applied to new emerging integrated
sources, €.g., in the field of thin-film lithium niobate, where
dispersion engineering plays an even larger role than pre-
sented here. It is worth noting that our method is robust
against losses between the two PDC stages that only lower
the interference visibilities; since the required information
is contained in the envelope of the temporal interferogram,
established signal processing techniques can be used to
overcome low visibilities. Therefore, the measured sig-
nal only needs to be distinguishable from noise in the
measurement.

The obtained knowledge about the correlation time of
the biphoton is important for further experiments, such
as entangled two-photon absorption, where the absorption
cross section critically depends on the correlation time.
Furthermore, the validation of our model enables us to esti-
mate the second-order dispersion of an object under test in
the long-wavelength arm by measuring temporal interfer-
ograms in the short-wavelength arm, i.e., with undetected
photons. Finally, the established connection between spec-
tral and temporal interferograms can be further exploited
for source characterization or quantum state manipulation.
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APPENDIX A: PDC STATE IN FREQUENCY AND
TIME

In the frequency domain, the PDC state can be writ-
ten as [)ppc = [ dosdwif (ws, o) |ws, ;) with |ws, ;) =
al (a)s)&j-_(a),ﬂ) |[vac) given by the ladder operators in the fre-
quency domain. In the temporal picture, the JSI f (z,, j)
is obtained via two-dimensional Fourier transform of
the JSA f (ws,w;) and the ladder operators are trans-
formed via a(t) = f dwa(w)e ™, leading to |1, 7;) =
&;r (rs)&j(ri)|vac) and finally to the expression of the PDC
state in the time domain:

¥ )eoe = / drdof (o lte ). (AD)

A more detailed description can be found in Ref. [28].

APPENDIX B: TAYLOR EXPANSION OF THE
PHASE MISMATCH

We start by performing the Taylor expansion of the
phase mismatch Ag for the specific case of pumping the
PDC with a cw laser. The full expression, already writ-
ten in terms of the frequency detuning Aw = w; — w; =
—(w; — @;), takes the form

A,B(ws, ;) = kp (w5 + ;) — ks(a)s) — ki(wi)
= ABO + (ks — k) Aw + (s + 1) Aw?
+ 1y Ao (—Aw). (B1)

Here, we assume that AB® can be set to zero by peri-
odic poling. To obtain the negative sign in the last
term, we made use of the fact that Aw = (w; — w;) =
—(w; — w;) due to the strong frequency correlations in
the case of cw pumping. In the above expression, k; =
L[(0k, /0w)|ag+a; — (0ks/0w)|s,] and analogously for «;,
ny = (L/D[O%ky /307|346, — (82K /d?)]5,] and analo-
gously for n;, and, lastly, 1, = L(3%k,/00?)|z,+a,- We see
that terms containing dk,/dw and 9°k,/dw?* are canceled
out as we consider the specific case of cw pumping.

We now take a closer look at the resulting expression for
AP in the case of cw pumping expanded to second order:

ok ak;
AB(Aw) ~ ——| Aw+ —| Aw
0w |5 W |
02k, , 0%k 5
- — -—— A B2
da? |5 dw? |, © 2)

with (0k;/0w)|s, = 1/vg,s and (0k;i/0w)|s, = 1/vg,; the
inverse signal and idler group velocities, respectively. The
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second-order derivatives are connected to the group veloc-
ity dispersion of the signal and idler fields by D,; =
(0%ks,i/ 0™ |3y -

We can see that a broad PDC spectrum can be achieved
by group-velocity matching, which requires tailoring the
dispersion in a way that vy = v, ;. This leads to a phase
mismatch AB that now only shows a quadratic term at
leading order:

8%k,
dw? |,

, 0%k

w

@

Aﬂ(a)b‘s a)i) ~ =

APPENDIX C: SU (1, 1) JOINT SPECTRAL
AMPLITUDE

To construct the joint spectral amplitude at the output
of the SU(1,1) interferometer, i.e., after going through
the second PDC process, we consider the two individual
amplitudes first and sum them up afterwards.

The photons produced in the first pass of the pump field
through the PDC source experience the second-order dis-
persion introduced in either of the interferometer arms as
well as dispersion from the waveguide material itself, dur-
ing the generation process and when passing through the
waveguide for the second time. We assume that no nonlin-
ear process occurs during that second pass, such that the
generated photons only propagate through the waveguide,
but do not interact with the pump field.

An external phase, e.g., second-order dispersion, on the
joint spectral amplitude of a single PDC source can be
described by [28]

Johase (Aw) = f(Aw)E(Aw),

where f (Aw) is the JSA of a single PDC source and
E(Aw) = exp[V¥] includes the total phase W accumulated
by the PDC from the first past. Therefore, we can write this
JSA as

(CDH

fi(Aw) = f(Aw)exp[—i(DsL + Cy) Aw?* + wyAty]
x exp[—i(D:L + C))Aw?], (C2)

where D;; and C;; are the second-order dispersion of the
waveguide and the external second-order dispersion on the
signal and idler, respectively, and At is a time delay added
to the signal arm.

The photons generated during the second pass of the
pump field do not propagate through the interferometer
arms and thus only acquire the phase included in the JSA
of a single PDC source f,(Aw) = f (Aw). This results in
the total JSA given by

fuan(Bw) = fi(Aw) + f(Aw)
=f(Aw)(1 + e_i(DsL+DiL+Cs+C,')Aw2—iwsA[S).
(C3)

It can be seen directly from this expression that, due to
the lack of cross-terms, the quadratic phase in either of
the arms can be compensated by placing the correspond-
ing amount of dispersion in either the same or the other
arm of the interferometer [54].

The external phase can be rewritten as

Dot (Aw) = WAty + C;Aw” 4+ CiAw?

= (@5 + Aw) Aty + C;Aw” + CiAw?.  (C4)

This leads to an expression for the total phase of

1
U= 5{[(DS + D)L — C; — ClAw? — Aty — AtyAw).
(C5)

When expressing the real part of the exponential function
as a cosine function, the total JSA becomes

fSU(l,l)(Aa), Cs, G, Aty) = 2f (Aw) cos(\IJ)exp (Z%)
(C6)

The resulting single-photon counts, forming the temporal
interferogram, are then given by integration:

S(AtS9 \IJ)

o0
f dAsolfsua.n (Aw)?

oo

[e¢)
f dAwsinc?(Ay Aw?)cos* (W).

oo

(C7)

APPENDIX D: ANALYTICAL APPROXIMATE
SOLUTION

To find an approximate analytical solution, we split the
cosine term in Eq. (C7) into three terms,

cos? (W) = 1 4 eV  Le=2V,

(D1)
such that S(At,, ¥) = I, + I, + I;. Furthermore, the sinc?
term can be approximated by a Gaussian function in the
latter two integrals:

A
sinc?(Ay Aw?) & exp ( — —yAa)2> (D2)
o

with Ay = —(Dy+ D;)L/2 and o =2 to match the
FWHM of both functions. The first integral yields a con-
stant offset of 0.5, as the result of an integral of a Gaussian.
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Visibility 800 nm: 0.27; Visibility 1350 nm: 0.12

= signal @800 Nnm

550 000 idler @1350 nm x3 magnification

500 000 A

450 000 -

250 000 A

200 000 1

—03 -02 -01 00 01 02 03
stage position (mm)

FIG. 6. The measured counts of signal and idler photons at the

output of the interferometer for different idler stage positions.
The counts in the idler arm have been multiplied by a factor of 3.

With the approximation, /, becomes

I, = Aexp(—iwyAty)

e A2[iAy — 0.5i(Cs + C) + 0.5Ay]
X
Ay +2[Ay —05(C,+CH> )’

(D3)

where A4 = 2/(3|Ay|1/2«/—Ay + C; + C;). Integral I3
yields the complex conjugate of I,. We can identify
¢ = Ay — 0.5(Cs + ;) as the total second-order disper-
sion in the system. Put together, this results in a temporal
interferogram given by

1 Ay Af
S(ALy, Cs, C) = 5 +Aexp| 55—z~ a
2 2024+ 0.5Ay2

(o)

X cos| ———— — w;At; ).  (D4)
422 + Ay?

The frequency of the interference fringes is mainly given
by the central frequency of the light in signal arm iy,
but also slightly influenced by the second-order phase in
the interferometer, which causes a relative time delay of
different frequencies. The prefactor 4 determines the vis-
ibility of the interference pattern, which also depends on
internal and externally applied second-order dispersion. It
becomes apparent that the width of the envelope of the
temporal interferogram is given by the intrinsic second-
order dispersion of the nonlinear material, represented by
parameter Ay, and can be altered by adding dispersive ele-
ments in the signal or idler arm introducing C; and C;. It
is thereby irrelevant how the second-order phase is dis-
tributed between the photons, an effect that is also known
as nonlocal dispersion cancelation [54].

200 1

100 -

ol
815.0 817.5 820.0 822.5 825.0 827.5 830.0 832.5 835.0
wavelength (nm)

FIG. 7. The measured signal spectrum showing interference.
The background counts of the camera have been subtracted from
the spectrum.

APPENDIX E: EXAMPLE OF UNPROCESSED
SPECTRAL AND TEMPORAL
INTERFEROGRAMS

An unprocessed temporal interferogram containing sig-
nal and idler counts, where the idler counts have been
multiplied by a factor of 3 for better display, for different
stage positions is shown in Fig. 6. An unprocessed spectral
interferogram, measured at a fixed delay from the signal
output of the interferometer is presented in Fig. 7.
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