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Biphoton frequency combs (BFCs) are promising quantum sources for large-scale and high-dimensional
quantum information and networking systems. In this context, the spectral purity of individual frequency
bins will be critical for realizing quantum networking protocols like teleportation and entanglement swap-
ping. Measurement of the temporal autocorrelation function of the unheralded signal or idler photons
comprising the BFC is a key tool for characterizing their spectral purity and in turn verifying the utility
of the biphoton state for networking protocols. Yet the experimentally obtainable precision for measur-
ing BFC correlation functions is often severely limited by detector jitter. The fine temporal features in
the correlation function—not only of practical value in quantum information, but also of fundamen-
tal interest in the study of quantum optics—are lost as a result. We propose a scheme to circumvent
this challenge through electro-optic phase modulation, experimentally demonstrating time-resolved Han-
bury Brown—Twiss characterization of BFCs generated from an integrated 40.5-GHz SizNy4 microring,
up to a 3 x 3-dimensional two-qutrit Hilbert space. Through slight detuning of the electro-optic drive
frequency from the comb’s free spectral range, our approach leverages Vernier principles to magnify tem-
poral features, which would otherwise be averaged out by detector jitter. We demonstrate our approach
under both continuous-wave and pulsed-pumping regimes, finding excellent agreement with theory. Our
method reveals not only the collective statistics of the contributing frequency bins but also their temporal

shapes—features lost in standard fully integrated autocorrelation measurements.
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L. INTRODUCTION

Advances in photonic integrated circuits have enabled
the miniaturization of biphoton frequency combs (BFCs)
[1-4] and provide a route toward scalable production of
quantum circuits. Frequency-bin encoding is particularly
attractive as integrated BFCs can produce a large number
of spectrally entangled bins that can be coherently con-
trolled with off-the-shelf telecommunication components
[5,6]. The time-resolved study of statistical properties of
such BFCs is therefore not only of fundamental interest
to quantum optics, but also of key significance to quan-
tum information: for example, coherence across bins is
critical for high-dimensional entanglement [1,2,4], spec-
tral purity within a bin facilitates successful interference
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between independent biphotons [7-9], and spectrotempo-
ral mode matching is required for a photon to interface with
cavities and stationary qubits [10—13]. The measurement
of correlation functions is widely employed for studying
such coherence properties of various quantum light sources
[14-16].

We focus on the second-order autocorrelation of the
unheralded signal (or idler) photons generated via sponta-
neous four-wave mixing (SFWM) in integrated microring
resonators (MRRs). Hanbury Brown—Twiss (HBT) inter-
ferometry [17,18] has been a standard tool for these mea-
surements, both for SFWM [1,19-21] and spontaneous
parametric down-conversion (SPDC) [22-26]. Yet detector
jitter frequently limits the temporal precision of such mea-
surements. While slow detectors that integrate over entire
pulses still provide useful information—such as the num-
ber of Schmidt modes in a pulse-pumped entangled photon
source [27]—the more general case of fully time-resolved
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measurements remains relevant for obtaining a compre-
hensive picture of the quantum state.

For integrated BFCs, the typical few-hundred megahertz
linewidths of microring resonances have allowed for direct
measurement of second-order autocorrelation functions of
individual comb lines [21,28] and cross-correlation func-
tions of individual signal-idler pairs [28,29]. And although
temporal interference between split comb lines formed by
mode coupling has been resolved [30,31], the typically
much wider free spectral ranges (FSRs) of on-chip BFCs,
on the order of tens of gigahertz and beyond, have pre-
vented full temporal resolution for multiple independent
resonances together. In this work, we introduce a practical
technique for circumventing detector resolution through
Vernier-inspired electro-optic phase modulation. By driv-
ing modulators at a frequency slightly detuned from the
comb FSR and filtering out an appropriate subspace of
nearly overlapping sidebands, multibin interference can
be observed directly with typical (approximately 100-ps
jitter) single-photon detectors.

We demonstrate our technique on both cw and pulsed
BFCs from a 40.5-GHz FSR Si3;N4 microring, rescal-
ing correlations originally periodic at 24.7 ps (inverse
FSR) to 1 ns (inverse detuning) so that they can
be comfortably resolved with commercial superconduct-
ing nanowire single-photon detectors (SNSPDs). Our
approach improves effective temporal resolution and
enables direct experimental characterization of the fine
temporal features in BFC correlation functions, offering
insights into the nature of the quantum sources under test
otherwise buried in the averaged-out histograms of slow
detectors.

II. SCHEME AND EXPERIMENTAL SETUP

Our inspiration for resolution-enhanced photonic cor-
relation measurements builds on a large body of work in

(@

1
cw Laser I

For pulsed

experiments only WSS {TiTmm]

~ 0 ) Idler Signal

. @
239 51

single-photon manipulation with electro-optic modulation
[32—35]. Modulators with tens of gigahertz—even >100
GHz [36,37]—of bandwidth are readily available, imply-
ing the ability to interact with and probe temporal features
of single photons on the order of 1-100 ps. Thus whenever
one is limited by the =100-ps jitters of typical single-
photon detectors, electro-optic modulators can both create
and uncover temporal quantum features otherwise con-
cealed from direct detection. Along these lines, modulators
have been successfully applied to shaping photons with
time lensing [38—40], coincidence resolution enhancement
[41-43], and nonlocal delay sensing [44]. For integrated
BFCs, in particular, electro-optic modulation of the output
photons at a frequency equal to the FSR (or a subhar-
monic thereof) causes the initial bins to overlap in fre-
quency and interfere, which has facilitated full quantum
state reconstruction of on-chip frequency-bin-entangled
quantum states even with slow detectors [1,2,4].

We instead consider a modulation frequency inten-
tionally detuned from the FSR such that adjacent bins
no longer overlap. Conceptually similar to Vernier spec-
troscopy—where the interference of two frequency grids
with different FSRs is used to enhance rapid acquisition
of high-resolution spectra over broad bandwidths [45—
48]—our approach generates independent subcombs from
each input frequency bin, creating clusters around each
original bin with a bin spacing equal to the detuning
amount. Spectral filtering of one such cluster outputs a
rescaled comb at a smaller effective FSR, where each
contributing line can be uniquely identified with a single
parent bin in the original BFC, leaving a temporally mag-
nified picture into the BFC whose characteristics are now
observable by slower detectors.

Figure 1(a) illustrates the experimental setup. We use a
Si3N4 microring, fabricated using the photonic Damascene
reflow process [49,50], to generate BFCs via SFWM. The
resonator has a 2 x 0.95-pm? cross section and 561-um
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(a) Experimental setup. The box “Autocorrelation” is used here for measuring the marginal signal field using a HBT inter-

ferometer. (The setup “Cross-Correlation” is explored in Appendix A.) (b) Joint spectral intensity of the BFC for cw pumping with
an on-chip power of approximately 10 mW. (c¢) Conceptual illustration of the proposed scheme. The box around the central signal
frequency bin after modulation denotes a new, temporally magnified comb with an effective 1-GHz FSR.
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radius, corresponding to an FSR of 40.5 GHz. The gap
between the ring and the bus waveguide is 0.3 pm, result-
ing in overcoupling with intrinsic and loaded Q factors
of approximately 107 and 10°, respectively. An ampli-
fied cw laser operating at one resonance (1550.9 nm)
pumps the MRR at power levels below the parametric
threshold. The joint spectral intensity (JSI) measured under
approximately 10 mW of on-chip cw pump power is
shown in Fig. 1(b). The first two resonances are blocked
by pump filters, leaving bins {3,4,...,51} for the sig-
nal and {—51,—-50,...,—3} for the idler available for
testing. The estimated on-chip pair-generation rate varies
between approximately 0.5 x 10% and 2.2 x 10° s=! per
frequency-bin pair, and the coincidence-to-accidental ratio
(CAR)—defined here as the ratio of the average diagonal
elements to the average of the off-diagonal elements—is
around 27.

In the case of pure cw pumping, the laser linewidth
is much smaller than that of the MRR resonance, result-
ing in BFCs possessing time-energy-entanglement within
any signal-idler bin pair. To examine states in which this
intrabin entanglement is removed, we also consider pump
pulses with bandwidth exceeding the resonance linewidth,
so that the effective number of Schmidt modes per bin pair
approaches one [1,20,51]. To generate these pump pulses,
we carve the cw input with an electro-optic intensity mod-
ulator (EOIM) biased at null transmission and driven with
rectangular rf pulses. Dense wavelength-division multi-
plexing filters [not shown in Fig. 1(a)] are placed before the
ring to block amplified spontaneous emission and after it to
suppress the residual pump. We then use a programmable
pulse shaper [52,53] to select the BFC bins under test and
potentially apply spectral phases, followed by an electro-
optic phase modulator (EOPM) for sideband generation.
A second pulse shaper functions as a wavelength selec-
tive switch (WSS) and routes the frequency bins to a
50:50 beam splitter for HBT interferometry, where the two
outputs of the beam splitter are connected to SNSPDs.

In light of the SFWM process, we expect to observe
thermal statistics for the unheralded signal field [1,16,
20,22-27,54]. We focus on autocorrelation measurements
using a HBT interferometer, due to the wide interest
therein for evaluating the spectral purity of entangled-
photon sources [1,9,20,27]. However, our approach applies
equally well to other time-resolved BFC measurements,
such as the signal-idler cross-correlation shown as an inset;
experimental examples of this configuration are provided
in Appendix A.

The narrow linewidth (about 200 MHz) of the microring
resonances allows for direct measurement of the tempo-
|
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ral correlation functions for a single comb line. However,
owing to the combined coincidence jitter of 110 ps for
our two SNSPDs, temporal features of multiline correla-
tion functions are averaged out. To perform time-resolved
measurements, we drive the EOPM with a sinusoid at 39.5
GHz, effectively generating a new set of BFC lines with a
FSR of 1 GHz, as shown in Fig. 1(c) for the case of three
frequency bins. We choose a rf modulation index of 1.43
rad on the EOPM in order to weight the contributions from
the original frequency bins equally in the new BFC with-
out any amplitude filtering. We present all the results below
without accidental subtraction.

III. SECOND-ORDER COHERENCE OF THE
MARGINAL SIGNAL FIELD

The quantum state |¥) of our SFWM process, defined
for concreteness over a cavity lifetime, can be written
as [16]

W) o |0) + & // dosdon (s, ;) 31 () 4] () |0)

2
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Here ¥ (ws,w;) represents the joint-spectral amplitude
(JSA) of a single biphoton normalized such that
[[ dosdw; 1Y (w5, 0)]* = 1, ﬁz(l.)(a)s(,»)) denotes the cre-
ation operator for a signal (idler) photon at frequency wy;),
and |0) is the vacuum state. The second term corresponds
to the generation of a single signal-idler photon pair (which
occurs with probability |£]?), whereas the third term cor-
responds to the simultaneous generation of two photon
pairs. This Taylor expansion assumes a weak pumping
regime of |£|?> < 1, which physically means that the prob-
ability of pair generation is small within a cavity life-
time (approximately 3 ns for our MRR devices). Finally,
because the theoretical model for SFWM results in the
pure state of Eq. (1), our analysis below specializes to pure
states for theoretical calculations. However, the Vernier
electro-optic approach proposed here applies equally well
to mixed states, and indeed can provide insight into the
phase coherence—and by implication, mixedness—of the
joint signal-idler state via cross-correlation measurements
(see Appendix A).

The autocorrelation function of the marginal signal field
g (t,t + ) for biphoton state | W) can then be expressed
as [15,16]

P t+1) =

(WIET OES 0 |9) (W ET ¢+ OB (4 1) W)

)
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where B (7) = (1//27) [ dwag(w)e ™" is the positive-
frequency electric field operator for the signal field and
E()(#) is its Hermitian conjugate; ¢ and 7 are time vari-
ables, with t representing the difference in arrival time of
the two photons. The numerator corresponds to the prob-
ability density of measuring one signal photon at time ¢
and another at time ¢ + 7, so that only the second term in
Eq. (1) contributes to the numerator; by contrast, the fac-
tors in the denominator describe single-photon events and
are hence dominated by the first term in Eq. (1).

A. cw pumping

When seeded by a monochromatic cw pump, the
JSA Y (ws,w;) in Eq. (1) factorizes into v (ws,w;) =
@ (ws)8(ws + w; — 2wyp), where wy is the pump frequency.
If we consider a BFC, generated by a cw pump resonant
with a cavity mode, of dimension d possessing identi-
cal frequency lineshapes with a Lorentzian full-width at
half-maximum (FWHM) y and FSR Aw, ¢(w;) is given
by [55]

ko+d—1

<73
s , 3
v ) Gt O

where £y is a positive integer and w; = wy + kAw defines
the frequency grid. Thus, each term & corresponds to a
signal-idler pair shifted by £kAw from the pump, with
complex probability amplitude o. In this case, the JSA of
an individual signal-idler resonance pair is not spectrally
factorable, i.e., it possesses intrabin time-energy entangle-
ment in addition to the frequency-bin entanglement present
across multiple signal-idler bin pairs.

Equations (1)~3) together lead to the autocorrelation
function

2
g_sf)(tat—i_ T) == 1 —l—e_yl'[l(l + V|T|>

“)

under the assumption of equiprobable frequency bins
(lox|> = |aw|? Vk, k') and well-separated resonances y <
Aw. A similar expression has been derived for SPDC [25,
26]. We note that gs(sz)(l, t+1) = gg)('c) is independent of
t, as expected for a stationary process. In addition, g (1)
is also independent of the phase of the complex ampli-
tudes ;. The lineshape parameter y defines the width of
the exponentially decaying envelope, and Aw dictates the
multimode interference pattern within the envelope. The
peak value of g (0) = 2 is indicative of photon bunching
from the thermal mode statistics of the unheralded signal
field [15,16].

For the cw experiments, we consider a state with ky =
12 and d € {1, 2,3}, corresponding to signal bins 12, 13,

and 14 in Fig. 1(b). Bypassing the EOIM in Fig. 1(b), we
pump the MRR directly with a cw bus waveguide power
of around 14 mW, well below the approximately 80-mW
parametric threshold power for classical comb generation.
We compute the normalized second-order autocorrelation,
from the raw counts recorded in our histogram integrated
over an acquisition time Ty, as

Tacq Nab(r)
Toin NaNp’

g2 (t = rlyin) = )

where N, (7) is the total number of coincidences in the 7
histogram bin with time-bin width Ty, (64 ps in our exper-
iment) at a relative delay T = rTy;,; N, and N, are the total
singles counts registered in the two detectors over Tyeq.

First, we do not apply any rf modulation on the EOPM
and pass the signal bins of interest from the WSS to the
HBT interferometer. These results are shown in Fig. 2(a).
The SNSPD jitter averages out the multimode interfer-
ence fringes occurring on the timescale of 277/ Aw = 24.7
ps, leading to measured peak values of g2 (0) € {1.51 £
0.05,1.33 £ 0.03} for d € {2,3}, in good agreement with
the theoretical prediction of g@(0) = 1 + (1/d) under
temporal averaging. Thus, while the g!? (0) = 2 bunching
associated with thermal statistics is clearly observed for
d = 1, temporal averaging leads to reduced peak values for
higher dimensions, from which one could falsely conclude
coherent statistics [¢@ (0) — 1].

Next, we employ our rf phase-modulation scheme to
reveal the previously hidden fine features in g(¥ (7). We
drive the EOPM with a 39.5-GHz sinusoid and pass the
signal photons around the central frequency bin [high-
lighted by the signal box in Fig. 1(c)] to the HBT inter-
ferometer. The experimental results for d =2 and d = 3
appear in Fig. 2(b), showing excellent agreement with the
plotted theoretical prediction, namely, Eq. (4) with y and
Aw fit to minimize squared error. From the fits, Aw/27w
ranges between 1.006 and 1.007 GHz (effective FSR of the
BFC after phase modulation) and y /27 ranges between
236 and 264 MHz. Note also that the individual beat fea-
tures narrow from FWHMs of 480 ps for d = 2 to 255 ps
for d = 3, consistent with the increase in effective BFC
bandwidth from 2 to 3 GHz, and the appearance of a
smaller peak between each primary one for d = 3 similarly
confirms the increased dimensionality. Thus, our scheme
allows for the direct observation of thermal-mode statistics
[g?(0) = 2] for the superposition of multiple frequency
bins—a feature previously lost in the averaged-out results
of Fig. 2(a).

References [21,28,56,57] have all measured time-
resolved g (r) for a single resonance in SPDC or
SFWM; Refs. [30,31] have extended second-order cor-
relation measurements to resonances split by mode cou-
pling. Yet when multiple comb lines spaced by the FSR
have been considered, previous works have reported only
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FIG. 2. Time-resolved autocorrelation measurements of the marginal signal field with d bins under cw pumping. (a) Without rf
modulation. (b) With rf modulation and spectral filtering. The coincidence histograms used to compute g (z) in (a) and (b) are
acquired over Tyeq = 15 min and T,¢q = 120 min, respectively. The histogram bin width is Ty, = 64 ps. Error bars assume Poissonian

counting statistics.

washed-out interferograms [25,26,56,57]. Our scheme
effectively improves upon these limitations, enhancing
the temporal resolution for time-resolved measurement of
multiple comb lines and enabling direct confirmation of
thermal statistics [g(?(0) = 2].

B. Pulsed pumping

We now explore the scenario where SFWM is seeded
by a pulsed pump whose spectrum fills an entire microring
resonance. Pulsed pumping is often pursued for produc-
ing spectrally pure single photons by erasing the intrabin
time-energy entanglement [7,8]. If the coincidence win-
dow encompasses the pulse duration, then an integrated
autocorrelation function of the unheralded signal photons
from Eq. (2) can be defined for isolated pump pulses as

[[ dtdtGP (1,1 + 1)
[ diGO )]

2

S

(6)

where the correlation functions are defined as

GPtt+1)
= (V|EQOOEO ¢+ )EP ¢+ OB 0 |v)  (7)

and

GV (@) = (WIED OEM ) |W). ®)

In words, the integrals appearing in the numerator
and denominator of Eq. (6) represent the two-photon
and single-photon probability per pulse, respectively. The
time-integrated g(z) is often used to infer the Schmidt num-
ber K of the biphoton JSA per frequency bin, and conse-
quently its factorability, via the relation §§f) =1+ (1/K)
[16,27]. For example, a measurement of §§,§> = 2 implies
that the JSA comprises a single Schmidt mode and can be
expressed as a fully separable product state, ¥ (w;, ;) =
@s(ws)@i(w;). However, measuring d frequency bins, with
K Schmidt modes each, simultaneously results in a scaling
of the form Eg) =1+ (1/dK). To illuminate the tempo-
ral and spectral features that are lost in g, we intro-
duce the second-order autocorrelation density g2 () to
probe the marginal signal field under pulsed pumping,
defined as

[dt GP (1,14 1)
[[diGO®])

2 (r) = ©)

Unlike the fully time-integrated g(z) in Eq. (6), here we integrate G (¢, + ) only over the ¢ variable, thus resulting

in a correlation density with units of inverse time. The area under g(z) () returns g7

@

Using Eq. (9) and the state in Eq. (1), the second-order autocorrelation density takes the following form:

g9 =

J[[[] dwidandado)dosyr* (w1,wz)w (@], )Y (@1 + &) — 03, 02) Y (03, 0h)e 37 (€17 + e’w”)

27 ([ derde, | (01, 0)7)°

(10)
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When a pulse with spectral amplitude o, (w) is used to
pump the Lorentzian resonance /y(w) of the MRR, cen-
tered at wy, the resultant JSA i (w;, w;) due to SFWM can
be expressed as [51,58]

ko+d—1
Y(wno) Y Fplos + o))l (@),

k=ky

an

where

Fy(w) = /dwp ap (wp)a, (@ — wp)ly(wp)lo(w — w,)
(12)

and I,(w) « [y/2 —i(w — w,)]”" defines a Lorentzian
lineshape function centered at frequency w, = wy + nAw.
Here we assume the bandwidth of the pump pulse is much
less than the FSR (Aw) of the MRR.

We now experimentally measure g2 () on pumping the
MRR with pulses created by driving the EOIM in Fig. 1(a)
with 500-ps-wide rf waveforms repeating every 25 ns; the
average on-chip optical power is 30 mW. We experimen-
tally compute g2 () from our coincidence histogram with
bin size Ty, as

Tacq Nab(r)

oDy — —
g‘” (T —_— rTb' ) — 9
* " TbinTrep NaNb

(13)

where Ty, denotes the repetition period of the pulses.
Compared to Eq. (5), the extra factor 1/7, leads to a
dimensioned quantity whose time integral is dimension-
less.

We perform measurements for up to d = 3 signal bins
and ky = 21 for another cluster of resonances [21, 22, and

23 in Fig. 1(b)], with the results in Fig. 3. The smaller
error bars compared to those in Fig. 2 stem from a larger
number of coincidence counts: for SFWM, the coincidence
rate for two signal photons scales quarticly with the peak
pump power, which is significantly higher in these pulsed
tests. In the absence of phase modulation [Fig. 3(a)], the
curves found correspond to the integrated values gff) €
{1.88,1.46,1.3} for d € {1,2,3}. The detector jitter aver-
ages out the interference fringes occurring due to cavity
modes spaced at the 40.5-GHz FSR for d = 2 and 3, result-
ing in a reduced peak in Fig. 3(a) that scales in proportion
to g2, which are in close agreement with the expected

ss 2
trend g2 = 1 4 (1/dK) taking K = 1.14.

The theoretical curves are obtained through numerical
integration of Eq. (10) using y /27 =200 MHz (found
in previous work [4]) and assuming a Gaussian optical
pump spectrum with a 1.1-GHz FWHM (obtained from
temporal characterization of the input pulses and assumed
transform limited), from which we compute g'2 = 1.9 for
d = l—<lose to the measured value of 1.88. Note that
apart from the FSR, resonance, and pump bandwidths,
no other inputs are provided to the theoretical model;
in particular, no vertical scaling is applied to the theory
curves in Fig. 3(a), so that the absolute agreement pro-
vides meaningful verification. Both g'¥ and @ (r) in
Fig. 3(a) are incapable of capturing the fine temporal fea-
tures, and information regarding the thermal behavior of
multiple frequency bins is hence lost. As an aside, we note
that the maximum attainable integrated autocorrelation for
a Gaussian-pulse-pumped microring BFC is gff) =1.92
[51]—only slightly higher than the 1.9 predicted (and 1.88
measured) in our experiment, indicating operation close to
the optimal regime for separability. (Integrated gff) > 1.92
for a microring source is possible only with special device

_@
7@ = 1.876 + 0.005 — Theory
@ oo (b) T o
£ . 7@ = 1.466 + 0.004 5 = 1307 + 0,002
: 0.4 0.8 T T T 0.8 T T T
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. L 3
T (ns) g
> " 7 B -
3@ = 1.463 + 0.004 7P~ 130240004 & 0% o4
~ 038 T r 5 0.8 S h ; Se
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o 04r {0.4t
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FIG. 3.

Time-resolved autocorrelation density measurements [cf. Eq. (9)] of the marginal signal field with d bins under pulsed

pumping. (a) Without rf modulation. (b) With rf modulation and spectral filtering. The coincidence histograms used to compute

29 (7) in (a),(b) are acquired over 3 and 15 min, respectively. The histogram bin width is Ty, = 64 ps. The time-integrated

—(2
[

values representing the area under the experimental correlation density are included in the plots. Error bars assume Poissonian

statistics.
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engineering [19,51] or complex pump-pulse tailoring to
achieve a flat F, (w) [Eq. (12)] [58,59].)

We now employ phase modulation at 39.5 GHz to
recover the lost features in g2 (7). The results are pre-
sented in Fig. 3(b) and are again in close agreement with
theory, capturing the temporal features that reveal the num-
ber of frequency bins d in the BFC state. Furthermore,
the peak value of the correlation density g2 (¢ = 0) is no
longer sensitive to the number of bins, similar to the cw
pumping scenario. Our approach thus not only provides
insight into the Schmidt number of the source like fully
integrated HBT measurements [1,20,27] but also reveals
fine temporal features resulting from the number and shape
of the contributing frequency bins.

Interestingly, the presence of central T = 0 spikes and
lower pedestals in Fig. 3(b) directly matches known effects
in classical ultrafast optics as well. In autocorrelation mea-
surements of a pulsed source, the presence of a short
peak protruding above a longer finite-duration base is the
key signature of a noisy field with bandwidth apprecia-
bly wider than the inverse pulse duration [60—62]. Our

gl =
\/471 (14 @2/D))

which follows the form g@?(r) = T'(7)[1+ [A(D)[*],
where I'(t) is a finite-duration envelope and |A(7)| <
1 describes the coherence spikes. Such an expression
matches precisely that in simple classical noise analy-
ses [60], but now derived directly from a biphoton JSA
¥ (ws, w;). The envelope I'(r) defines a lower pedestal
and satisfies [dr T'(r) =1 for any parameter settings;
A(0) = 1, creating the 2:1 contrast at t = 0. For d =1,
A(t) contains no oscillations and can be viewed as an
upper envelope that bounds any interference fringes for
d > 1 cases.

In Fig. 4(a) we plot Eq. (15) for 0, /27w = 0, /27 = 0.2
GHz and Aw/2m =1 GHz (similar to the bandwidths
experimentally tested in Fig. 3), but now for two extreme
cases of frequency-bin number: d € {2,100}. The peaks
are significantly narrower for d = 100 compared to d = 2,
leading to a reduced area under the curve such that g'» =
1 4+ (1/dK) holds, where K = 1.14 is the Schmidt number
for a single pair of lines. As an example when o, and o, dif-
fer strongly, we also plot @ (t) for 0, /27 = 0.025 GHz,
o,/2w = 0.2 GHz, and d = 2 in Fig. 4(b). The lower enve-
lope now widens significantly compared to the upper one,

or o~ (@ T /AU+ @} [5))

findings with photon counting bear a remarkable resem-
blance to this form; the presence of multiple temporal
peaks—rather than a single one at © = O—derives from
the discrete nature of the comblike thermal spectrum in our
case.

The connection to ultrafast optics can be elucidated
by exploring Gaussian spectra for analytical evaluation.
Consider a JSA written as

ko+d—1
w2 /o2
v (w5, w;) Z e~ (@stwi=2w)" /o
k=ky
X e—[(ws—wk)2+(w,-—w_k)2]/gr2’ (14)

where o, and o, are related to the pump and resonance
linewidths, respectively. The resonance frequencies w.iy
are as defined before. The state of this form is very close
to that in Eq. (11), but with Gaussian functions in place
of F, and /,. Plugging Eq. (14) into Eq. (10) and assum-
ing 0,0, < Aw (the typical case for a BFC) leads to a
convenient closed-form expression for g2 (t):

4.2 2( 2 2) 1 kotd-l
—(0,'1%/205 | 1+(07 /o) ) ikAwt
1+e ¥ > e ; (15)
k=ko

(

a situation occurring in practice when a BFC is pumped by
a pulse much longer than the inverse microring lineshape.
We obtain a higher value of K = 5.88 as the Schmidt
number, as expected for a narrowband pump (o, < 0;.).
Accordingly, this simple Gaussian model offers an intuitive
picture into experimental findings with the autocorrelation
density, illuminating interesting connections to short-pulse
characterization in classical optics [60—62].

Finally, to wrap up this section, we note that a peak value
of g@(0) = 2 in the case of cw pumping is completely
different from the time-integrated condition Tgé(,f) =2 1in
pulsed pumping. The time-resolved result g (0) = 2 in
cw pumping is an indicator of the thermal nature of the
marginal signal and is not related to the Schmidt num-
ber K of the original biphoton source, whereas g2 =
implies K =1 for a SFWM or SPDC source. However,
these two distinct quantities have often been confused
in previous works, where g/(0) =2 in cw pumping
has been misinterpreted as implying K =1 [21,28,57].
We therefore emphasize the importance in distinguish-
ing between these measurement scenarios, particularly in
detector-jitter-impacted contexts.
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Second-order correlation density g2 () of the marginal signal field for BFCs given in Eq. (14). Aw/27 = 1 GHz is

assumed. (a) 0, /27 = 0,/2m = 0.2 GHz, (b) 0,,/27 = 0.025 GHz and 0,/27 = 0.2 GHz. The details regarding the shaded region

are given in the text.

IV. CONCLUSION

We present an experimental scheme based on Vernier
electro-optic modulation to directly resolve fine tempo-
ral features in BFC correlation functions. Our accompa-
nying theoretical framework encompasses both cw and
pulsed-pumping scenarios and attains excellent agreement
with experiment. While our concentration has been on
the particular case of HBT autocorrelation measurements,
the technique applies generally to a variety of time-
resolved biphoton characterization methods; for example,
Appendix A offers additional results for signal-idler cross-
correlation measurements performed in our setup.

In many ways, this Vernier electro-optic technique fur-
nishes a bridge between (i) the simple—but relatively
high-jitter—approach of direct single-photon detection and
(i1) nonlinear optical approaches that offer femtosecond-
scale resolution, but at the cost of comparatively low effi-
ciency and high experimental complexity [63—69]. Nev-
ertheless, continued advances in single-photon detectors
are rapidly closing the speed gap between SNSPDs and
EOPMs. Indeed, few-picosecond jitters have been demon-
strated at telecom wavelengths in state-of-the-art SNSPDs
[70], so that direct observation of approximately 40-GHz
fringes seems feasible with existing technology. Accord-
ingly, the regime in which Vernier modulation can enhance
temporal resolution will depend on both detector and
EOPM properties.

Incidentally, such detector-jitter dependence appears in
many other situations in quantum optics, such as the pro-
duction of pure single photons from SPDC or SFWM.
Although a Schmidt number of K = 1 is required to herald
a pure state with time-integrated detection of its entangled
partner [27], fast detectors with jitter lower than the char-
acteristic timescales of the biphoton state can circumvent
this requirement and herald pure photons even when K > 1
[71,72]. Thus, just as the need for highly engineered SPDC
and SFWM for pure heralded single photons rests on detec-

tion capabilities, our Vernier approach for quantum-optical
characterization offers value whenever the bandwidth of
available single-photon detectors is lower than that of
available EOPMs.
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APPENDIX A: SECOND-ORDER
CROSS-CORRELATION MEASUREMENTS

To complement the focus on time-resolved autocorrela-
tion measurements in the main text, here we provide an
example applying our technique for another measurement
configuration: the second-order cross-correlation [see inset
in Fig. 1(a)]. Defined as
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FIG. 5. (a) Measured signal-idler coincidences at zero delay (t = 0) as spectral phase ¢ is swept for d = 2 pairs of bins. (b) Time-

resolved cross-correlation functions obtained via Vernier modulation at the phases circled in (a). (c),(d) Same as (a),(b) but now for
d = 3. The visibilities of the interference curves are given in (a),(c). The coincidence histograms are integrated over T,cq = 60 s with
a bin width of Ty;, = 64 ps. Error bars assume Poissonian counting statistics.
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gs(iz) tLt+1) =

this cross-correlation can be used to probe the phase
coherence present across multiple frequency bins and, in
turn, the entanglement in the BFC state. We experimen-
tally measure the coincidence rate between the signal and
idler photons, again applying Vernier phase modulation to
rescale the FSR down to the few-GHz range required for
direct observation with single-photon detectors.

Because cross-correlation measurements are sensitive
to spectral phase, in these experiments we use the
pulse shaper to compensate dispersion and apply addi-
tional linear phases on the signal-idler spectra of the
form Bi[k] = (¢/2)(k — ko) for the signal bins w; and
Bil—k] = (¢/2)(k — ko) for the idler bins w_, where k €
{ko,..., ko +d — 1}. This V-shaped phase pattern intro-
duces a controllable delay 79 = ¢/ Aw between the signal
and idler photons [63]. For a SFWM process seeded by a
cw pump, the signal-idler coincidence rate after modula-
tion is given by

ko+d—1
Ri(v) oc gt (v) o e Y 7 (— et @maen
k=ky
(A2)

where we assume equal weights for each bin (ampli-
tude equalization with a pulse shaper being required when
d > 3); Aw/2m refers to the effective frequency separa-
tion in the BFC after phase modulation (I GHz in our
experiments).

For the experiments in this section, we use another
MRR of slightly different cross section (1.9 x 0.95 wm?)
and 40.4-GHz FSR. The amplified cw laser at 1550.9 nm
pumps the MRR with an on-chip bus waveguide power of

(WIEOEL () |w) (W ET ¢+ OEP ¢+ ) |)

(AT)

(

about 14 mW, below the parametric threshold of approxi-
mately 143 mWi; the estimated on-chip pair generation rate
is between 0.9-1.9 x 10° s~! per frequency-bin pair, with
a CAR of 30. We work with BFCs up to d = 3 (resonances
k € {3,4,5}) and drive the EOPM at 39.4 GHz.

Figure 5(a) plots the coincidences measured at zero
delay R;(0) for a 60-s integration time as ¢ is scanned.
Dispersion has been compensated using the method
described in Ref. [4]. Full time-resolved cross-correlation
measurements for the two circled phases appear in
Fig. 5(b). As in the cw autocorrelation tests with Vernier
modulation [Fig. 2(b)], clear fringes appear with a 1-ns
period, but now with a contrast no longer limited to 2:1.
Adding one more combline to reach d =3, we obtain
the zero-delay fringe and example time-resolved cross-
correlation functions as plotted in Figs. 5(c) and 5(d),
respectively. In all cases, excellent agreement is obtained
with the theoretical fits from Eq. (A2), from which
we extract y/2m ranging between 307-363 MHz and
Aw/2m ranging between 0.96-0.99 GHz. Once again,
the individual peaks narrow as d increases. Moreover,
for a given d, the total area under each R (tr) exam-
ple curve [Figs. 5(b) and 5(d)] remains constant, as
the various cases differ only in spectral phase (and not
amplitude).

The observation of fine features in the temporal cor-
relation functions and its good agreement with the theo-
retical model serve as indicators of entanglement present
across the frequency bins. The visibilities of the inter-
ference curves in Figs. 5(b) and 5(d) are 0.94 and 0.89,
respectively, which—under the assumption of isotropic
noise—exceed the thresholds for Bell inequality viola-
tion (0.71 and 0.77 for d =2 and d = 3, respectively)
[73,74]. Our proposed scheme helps probe the phase
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coherence and hence the entanglement in the BFC through
the effectively improved temporal resolution.
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