ars CHGRUS

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Time-Resolved Hanbury Brown-Twiss Interferometry of On-
Chip Biphoton Frequency Combs Using Vernier Phase
Modulation
Karthik V. Myilswamy, Suparna Seshadri, Hsuan-Hao Lu, Mohammed S. Alshaykh, Junqiu
Liu, Tobias J. Kippenberg, Andrew M. Weiner, and Joseph M. Lukens
Phys. Rev. Applied 19, 034019 — Published 7 March 2023
DOI: 10.1103/PhysRevApplied.19.034019


https://dx.doi.org/10.1103/PhysRevApplied.19.034019

Time-resolved Hanbury Brown—Twiss interferometry of on-chip biphoton frequency

combs using Vernier phase modulation

Karthik V. Myilswamy,>* Suparna Seshadri,'’* Hsuan-Hao Lu,> Mohammed S. Alshaykh,?
Junqiu Liu,* Tobias J. Kippenberg,* Andrew M. Weiner,! and Joseph M. Lukens? ° f

1School of Electrical and Computer Engineering and Purdue Quantum Science and Engineering Institute,

Purdue University, West Lafayette, Indiana 47907, USA

2 Quantum Information Science Section, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

3 Electrical Engineering Department, King Saud University, Riyadh 11421, Saudi Arabia

4 Institute of Physics, Swiss Federal Institute of Technology Lausanne (EPFL), 1015 Lausanne, Switzerland

5 Research Technology Office, Arizona State University, Tempe, Arizona 85287, USA

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 telepor-
tation and entanglement swapping. Measurement of the temporal auto-correlation 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 exper-
imentally obtainable precision for measuring BFC correlation functions is often severely limited by
detector jitter. The fine temporal features in the correlation function—mnot only of practical value in
quantum information, but also of fundamental 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 Hanbury Brown—Twiss characterization of BFCs gen-
erated from an integrated 40.5 GHz SizN4 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 temporal features which would other-
wise be averaged out by detector jitter. We demonstrate our approach under both continuous-wave
and pulsed pumping regimes, finding excellent agreement with theory. Importantly, our method
reveals not only the collective statistics of the contributing frequency bins but also their temporal

shapes—features lost in standard fully integrated auto-correlation measurements.

I. INTRODUCTION

Advances in photonic integrated circuits have en-
abled the miniaturization of biphoton frequency combs
(BFCs) [1-4] and provide a route toward scalable pro-
duction 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 controlled with off-the-shelf telecommunica-
tion components [5, 6]. The time-resolved study of sta-
tistical properties of such BFCs is therefore not only of
fundamental interest to quantum optics, but also of key
significance to quantum information: for example, co-
herence across bins is critical for high-dimensional en-
tanglement [1, 2, 4], spectral purity within a bin facili-
tates successful interference between independent bipho-
tons [7-9], and spectro-temporal mode matching is re-
quired for a photon to interface with cavities and sta-
tionary 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 auto-correlation of the
unheralded signal (or idler) photons generated via spon-
taneous four-wave mixing (SFWM) in integrated micror-
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ing resonators (MRRs). Hanbury Brown—Twiss (HBT)
interferometry [17, 18] has been a standard tool for these
measurements, both for SFWM [1, 19-21] and sponta-
neous parametric downconversion (SPDC) [22-26]. Yet
detector jitter frequently limits the temporal precision
of such measurements. While slow detectors that inte-
grate over entire pulses still provide useful information—
such as the number of Schmidt modes in a pulse-pumped
entangled photon source [27]—the more general case of
fully time-resolved measurements remains important for
obtaining a comprehensive picture of the quantum state.

For integrated BFCs, the typical few-hundred mega-
hertz linewidths of microring resonances have allowed
for direct measurement of second-order auto-correlation
functions of individual comb lines [21, 28] and cross-
correlation functions of individual signal-idler pairs [28,
29]. And although temporal interference between split
comb lines formed by mode coupling has been re-
solved [30, 31], the typically much wider free spectral
ranges (FSRs) of on-chip BFCs, on the order of tens
of gigahertz and beyond, have prevented full temporal
resolution for multiple independent resonances together.
In this work, we introduce a practical technique for cir-
cumventing detector resolution through Vernier-inspired
electro-optic phase modulation. By driving modulators
at a frequency slightly detuned from the comb FSR and
filtering out an appropriate subspace of nearly overlap-
ping sidebands, multibin interference can be observed di-
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rectly with typical (~100-ps jitter) single-photon detec-
tors.

We demonstrate our technique on both continuous-
wave (CW) and pulsed BFCs from a 40.5 GHz FSR
SigNy4 microring, rescaling correlations originally periodic
at 24.7 ps (inverse FSR) to 1 ns (inverse detuning) so that
they can be comfortably resolved with commercial super-
conducting 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 single-photon manipulation with electro-optic modu-
lation [32-35]. Modulators with tens of gigahertz—even
>100 GHz [36, 37]—of bandwidth are readily available,
implying the ability to interact with and probe tempo-
ral 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 concealed from direct detection. Along these
lines, modulators have been successfully applied to shap-
ing photons with time lensing [38-40], coincidence res-
olution enhancement [41-43], and nonlocal delay sens-
ing [44]. For integrated BFCs in particular, electro-optic
modulation of the output photons at a frequency equal
to the FSR (or a subharmonic thereof) causes the ini-
tial bins to overlap in frequency 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
spectroscopy—where the interference of two frequency
grids with different FSRs is used to enhance rapid ac-
quisition of high-resolution spectra over broad band-
widths [45-48]—our approach generates independent
combs from each input frequency bin, creating clusters
around each original bin with a sub-comb 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 iden-
tified with a single parent bin in the original BFC, leav-
ing a temporally magnified picture into the BFC whose
characteristics are now observable by slower detectors.

Figure 1(a) illustrates the experimental setup. We use
a SizN4 microring, fabricated using the photonic Dam-
ascene reflow process [49, 50], to generate BFCs via
SFWM. The resonator has a 2 pm x 0.95 um cross-

section and 561 pm radius, corresponding to an FSR
of 40.5 GHz. The gap between the ring and the bus
waveguide is 0.3 pm, resulting in overcoupling with in-
trinsic and loaded Q-factors of ~107 and ~10°, respec-
tively. An amplified 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 ~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 signal
and {—51,—50,...,—3} for the idler available for test-
ing. The estimated on-chip pair generation rate varies
between ~0.5x10% and ~2.2x10% 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 ~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 intra-bin entanglement is removed, we also con-
sider pump pulses with bandwidth exceeding the reso-
nance linewidth, so that the effective number of Schmidt
modes per bin pair approaches one [1, 20, 51]. To gener-
ate these pump pulses, we carve the CW input with an
an electro-optic intensity modulator (EOIM) biased at
null transmission and driven with rectangular RF pulses.
Dense wavelength-division multiplexing 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 mod-
ulator (EOPM) for sideband generation. A second pulse
shaper functions as a wavelength selective switch (WSS)
and routes the frequency bins to a 50:50 beamsplitter
for HBT interferometry, where the two outputs of the
beamsplitter are connected to SNSPDs.

In light of the SEFWM process, we expect to observe
thermal statistics for the unheralded signal field [1, 16,
20, 2227, 54]. We focus on auto-correlation measure-
ments using an HBT interferometer, due to the wide
interest therein for evaluating the spectral purity of
entangled-photon sources [1, 9, 20, 27]. However, our ap-
proach applies equally well to other time-resolved BFC
measurements, such as the signal-idler cross-correlation
shown as an inset; experimental examples of this config-
uration are provided in Appendix A.

The narrow linewidth (~200 MHz) of the microring
resonances allows for direct measurement of the tempo-
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 correlation
functions are averaged out. To perform time-resolved
measurements, we drive the EOPM with a sinusoid of
RF frequency 39.5 GHz, effectively generating a new set
of BFC lines with an FSR of 1 GHz, as shown in Fig. 1(c)
for the case of three frequency bins. We choose an RF
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(a) Experimental setup. The box “Auto-Correlation”

Auto-Correlation

is used here for measuring the marginal signal field using an

HBT interferometer. (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 ~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.

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 without any amplitude filtering.
We present all the results below without accidental sub-
traction.

III. SECOND-ORDER COHERENCE OF THE

MARGINAL SIGNAL FIELD

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

) o [0) € [ [ doaddon wlen, ) l(w2) 80 0)
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Here (ws,w;) represents the joint-spectral amplitude
(JSA) of a single biphoton normalized such that
J[ dwsdw; [¢h(ws,w;)|? = 1, ag( »(Ws(i)) denotes the cre-
ation operator for a signal (idler) photon at frequency
Wa(i), and |0) is the vacuum state. The second term cor-
responds to the generation of a single signal-idler pho-
ton pair (which occurs with probability |£|?), whereas
the third term corresponds to the simultaneous genera-
tion of two photon pairs. This Taylor expansion assumes
a weak pumping regime of |£|> < 1, which physically
means that the probability of pair generation is small
within a cavity lifetime (~3 ns for our MRR devices).
Finally, because the theoretical model for SFWM results
in the pure state of Eq. (1), our analysis below special-
izes to pure states for theoretical calculations. How-
ever, the Vernier electro-optic approach proposed here

applies equally well to mixed states, and indeed can pro-
vide insight into the phase coherence—and by implica-
tion, mixedness—of the joint signal-idler state via cross-
correlation measurements (see Appendix A).

The auto-correlation function of the marginal signal

field gg) (t,t 4+ 7) for biphoton state |¥) can then be ex-
pressed as [15, 16]:

g) (tv t+ T) =
(WEC OB ¢+ ) B+
(UIE () B (1) |9) (0| B (¢ +

where E( (1) = \/%fdwés(w)e_i“t is the positive-
frequency electric field operator for the signal field and
B (¢) is its Hermitian conjugate; t and 7 are time vari-
ables, with 7 representing the difference in arrival time
of the two photons. The numerator corresponds to the
probability density of measuring one signal photon at
time ¢ and another at time ¢ + 7, so that only the sec-
ond term in Eq. (1) contributes to to the numerator; by
contrast, the factors 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 ¢(ws,w;) in Eq. (1) factorizes into 9(ws,w;) =
V(ws)0(ws + w; — 2wp), 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 identical
frequency lineshapes with a Lorentzian full-width at half-
maximum (FWHM) v and FSR Aw, ¢(w;s) is given by
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FIG. 2. Time-resolved auto-correlation 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 gﬁ)(T) in (a)
and (b) are acquired over Thcq = 15 min. and Tacq = 120 min., respectively. The histogram bin width is Thin = 64 ps. Error

bars assume Poissonian counting statistics.

[55]:
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where kg is a positive integer and wp = wg + kAw defines
the frequency grid. Thus, each term k corresponds to a
signal-idler pair shifted by +kAw from the pump, with
complex probability amplitude «j. In this case, the JSA
of an individual signal-idler resonance pair is not spec-
trally factorable, i.e., it possesses intra-bin time-energy
entanglement in addition to the frequency-bin entangle-
ment present across multiple signal-idler bins-pairs.

Equations (1-3) together lead to the auto-correlation
function

2

2
g (t,t+71) =147 <1+7|27> , (4)
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under the assumption of equiprobable frequency bins
(Jok)?> = |aw|* V k,k') and well-separated resonances
v < Aw. A similar expression has been derived for
SPDC [25, 26]. We note that ¢{2(t, ¢t + 1) = ¢2(7)
is independent of ¢, as expected for a stationary process.

In addition, g{? (1) is also independent of the phase of

the complex amplitudes «j. The lineshape parameter
~ defines the width of the exponentially decaying enve-
lope, and Aw dictates the multimode interference pat-
tern within the envelope. The peak value of ggz)(O) =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
ko =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 ~14 mW, well below the ~80 mW parametric

threshold power for classical comb generation. We com-
pute the normalized second-order auto-correlation, from
the raw counts recorded in our histogram integrated over
an acquisition time T}, as

— Tva Nab(r) (5)
Thin NoNy’

where Ngp(r) is the total number of coincidences in the
r*® histogram bin with time-bin width Tj,y, (64 ps in our
experiment) at a relative delay 7 = rThn; N, and Ny, are
the total singles counts registered in the two detectors
over Teq.

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 mul-
timode interference fringes occurring in the timescale
of 2 /Aw = 24.7 ps, leading to measured peak values

of g(0) € {1.51 £ 0.05,1.33 £ 0.03} for d € {2,3},
in good agreement with the theoretical prediction of
gg) 0)=1+ é under temporal averaging. Thus, while

the gg) (0) = 2 bunching associated with thermal statis-

tics is clearly observed for d = 1, temporal averag-
ing leads to reduced peak values for higher dimensions,
from which one could falsely conclude coherent statistics
[9*)(0) — 1].

Next, we employ our RF phase modulation scheme to

9D (1 = rTiin)

reveal the previously hidden fine features in ggi)(T). 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 in-
terferometer. 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 v and Aw fit to minimize squared error. From the
fits, Aw/27 ranges between 1.006 and 1.007 GHz (effec-
tive FSR of the BFC after phase modulation) and /2



ranges between 236 and 264 MHz. Note also that the in-
dividual beat features narrow from FWHMSs 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.
Importantly, our scheme allows for the direct observation
of thermal mode statistics [ggi)(O) = 2] for the superposi-
tion 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 ggi)(T) 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
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 [gg)(O) =2].

B. Pulsed Pumping

We now explore the scenario where SEFWM 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 intra-
bin time-energy entanglement [7, 8]. If the coincidence
window encompasses the pulse duration, then an inte-
grated auto-correlation function of the unheralded signal
photons from Eq. (2) can be defined for isolated pump
pulses as

—(2) _ ff dt dr G(2)(t,t +7)
T [Jdeow)]?

; (6)

J

where the correlation functions are defined as

GA(t,t+7)
= (BB ¢+ ) B (+ ) B (1) [0)(7)

and
GO (1) = (W EO ) BO (1)) (8)

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 §gi) is often used to infer the Schmidt
number K of the biphoton JSA per frequency bin, and

consequently its factorability, via the relation ggi) =

1+ + [16, 27]. For example, a measurement of gﬁ? =2
implies that the JSA comprises a single Schmidt mode
and can be expressed as a fully-separable product state,
Y(ws,w;) = ps(ws)pi(w;). However, measuring d fre-
quency bins, with K Schmidt modes each, simultaneously
results in a scaling of the form gﬁ) =1+ # .To illuminate
the temporal and spectral features that are lost in ggi),
we introduce the second-order auto-correlation density

§£§) () to probe the marginal signal field under pulsed
pumping, defined as:

At Gt t+7)

5 (r

9)

Unlike the fully time-integrated gﬁ? in Eq. (6), here we

integrate G (t,t + 7) only over the t variable, thus re-
sulting in a correlation density with units of inverse time.
The area under gg? (1) returns gé?.

Using Eq. (9) and the state in Eq. (1), the second-order

auto-correlation density takes the following form:

32(r)

When a pulse with spectral amplitude ap,(w) is used
to pump the Lorentzian resonance ly(w) of the MRR,
centered at wy, the resultant JSA 1 (ws, w;) due to SFWM
can be expressed as [51, 58]

ko+d—1
Ylws,wi) o< Y Fylws +wilp(ws)l-k(wi), (1)

k=ko

where
Fp(w) = /dwp ap(wp)ap(w — wp)lo(wp)lo(w — wp) (12)

and I, (w) o [y/2 — i(w — w,)]"! defines a Lorentzian

_ JJJJS dwrdwsdaf dwhdws ¢ (wi, wa)ih* (W], wh)tb(wi + wh — ws, wa)th(ws, wh)e Wi (el17 4 elenT)
= 5 .
21 (ff dwldwg |¢(W1,WQ)|2)

(10)

(

lineshape function centered at frequency w,, = wg+nAw.
Here we assume the bandwidth of the pump pulse is much
less than the FSR (Aw) of the MRR.

We now experimentally measure gﬁi)(r) on pumping

the MRR with pulses created by driving the EOIM in
Fig. 1(a) with 500 ps-wide RF waveforms repeating ev-

ery 25 ns; the average on-chip optical power is 30 mW.
We experimentally compute ggi) (1) from our coincidence

histogram with bin size Ty;, as

__Tacq Nap(r)
TbinTrep NaNb ’

92 (7 = rTim) (13)



o)
Jss. = 1.876 £ 0.005 ——Theory
(a) ~ 08 T T T (b) I Expt
1 j—
2 d=1 72 = 1.466 + 0.004 7% = 1307 + 0.002
: 0.4+ i 0.8 T T T 0.8 T T T
S8 o . fn\ 06 - o0.6f .
0 5 S
T (nS) ~
= - . - .
32 = 1.463 + 0.004 2 = 130240004 & 04 04
~ 08 T T T 0.8 T T T A
[ — — [l
@ d=2 d=3 02} Jo2f -
g
o 04t {04} 1
~ 0 L 0 L
O =5 0 5 =5 0 5
> ol , ; ol— n - 7 (ns) 7 (ns)
T (ns) T (ns)

FIG. 3. Time-resolved auto-correlation 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

~(2)

compute gss

(7) in (a) and (b) are acquired over 3 min. and 15 min., respectively. The histogram bin width is Thin = 64

ps. The time-integrated Eg values representing the area under the experimental correlation density are included in the plots.

Error bars assume Poissonian statistics.

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

We perform measurements for up to d = 3 signal bins
and kg = 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 gi2 € {1.88,1.46,1.3} for d € {1,2,3}. The detec-
tor jitter averages out the interference fringes occurring
due to cavity modes spaced at the 40.5 GHz FSR for
d = 2 and 3, resulting in a reduced peak in Fig. 3(a) that

scales in proportion to §gi), which are in close agreement

with the expected trend §g§) =1+ # taking K = 1.14.

The theoretical curves are obtained through numerical
integration of Eq. (10) using +/27 = 200 MHz (found in
previous work [4]) and assuming a Gaussian optical pump
spectrum with a 1.1 GHz FWHM (obtained from tem-

poral characterization of the input pulses and assumed

transform-limited), from which we compute gﬁ) = 1.9 for

d = 1—close to the measured value of 1.88. Importantly,
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 the-
ory curves in Fig. 3(a), so that the absolute agreement
provides meaningful verification. Both gg? and ggi)(f)
in Fig. 3(a) are incapable of capturing the fine tempo-
ral features and information regarding the thermal be-
havior of multiple frequency bins is hence lost. As an
aside, we note that the maximum attainable integrated
auto-correlation for a Gaussian-pulse-pumped microring

BFC is yf{? = 1.92 [51]—only slightly higher than the
1.9 predicted (and 1.88 measured) in our experiment, in-
dicating operation close to the optimal regime for sepa-
rability. (Integrated ggi) > 1.92 for a microring source
is possible only with special device 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 re-

cover the lost features in ggi)(T). The results are pre-
sented in Fig. 3(b) and are again in close agreement
with theory, capturing the temporal features that re-
veal the number of frequency bins d in the BFC state.
Furthermore, the peak value of the correlation density
§§§) (7 = 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 auto-
correlation measurements 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
appreciably wider than the inverse pulse duration [60-
62]. Our findings with photon counting bear a remark-
able resemblance to this form; the presence of multiple
temporal peaks—rather than a single one at 7 = 0—
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.
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Consider a JSA written as

ko+d—1
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where 0, and o, are related to the pump and resonance
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which follows the form §i2) (1) =T(7)[1 + |A(7)|?], where
I(7) is a finite-duration envelope and |A(7)| < 1 describes
the coherence spikes. Such an expression matches pre-
cisely that in simple classical noise analyses [60], but
now derived directly from a biphoton JSA (ws,w;).
The envelope I'(7) defines a lower pedestal and satisfies
Jdr T'(7) =1 for any parameter settings; A\(0) = 1, cre-
ating the 2:1 contrast at 7 = 0. For d = 1, A(7) 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,/27 = 0,/21 =
0.2 GHz and Aw/27 = 1 GHz (similar to the bandwidths
experimentally tested in Fig. 3), but now for two ex-
treme 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 §gi) =1+ # holds, where K = 1.14 is the

Schmidt number for a single pair of lines. As an example

when o, and o, differ strongly, we also plot gg? (1) for

op/2m = 0.025 GHz, 0,/2r = 0.2 GHz, and d = 2 in
Fig. 4(b). The lower envelope now widens significantly

linewidths, respectively. The resonance frequencies w.j
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 gﬁ)(r);

_2 2(1 o'% 1 k’O“Fd*l
T\t o2 ikAwT 15
P 22 € ) (15)

k=ko

compared to the upper one, a situation occurring in prac-
tice 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, < o0,). Accordingly, this simple
Gaussian model offers an intuitive picture into experi-
mental findings with the auto-correlation density, illumi-
nating interesting connections to short-pulse characteri-
zation in classical optics [60-62].

Finally, to wrap up this section, we note that a peak
value of gg)(O) = 2 in the case of CW pumping is
completely different from the time-integrated condition

ggi) = 2 in pulsed pumping. The time-resolved result

gg) (0) = 2 in CW pumping is an indicator of the ther-
mal nature of the marginal signal and is not related to
the Schmidt number K of the original biphoton source,
whereas ygi) = 2 implies K = 1 for an SFWM or SPDC
source. However, these two distinct quantities have been
often confused in the previous works, where ggi) (0) =2in
CW pumping has been misinterpreted as implying K =1
[21, 28, 57]. We therefore emphasize the importance



in distinguishing between these measurement scenarios,
particularly in detector-jitter-impacted contexts.

IV. CONCLUSION

We have presented an experimental scheme based on
Vernier electro-optic modulation to directly resolve fine
temporal features in BFC correlation functions. Our
accompanying 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 auto-correlation mea-
surements, the technique applies generally to a variety of
time-resolved biphoton characterization methods; for ex-
ample, Appendix A offers additional results for signal-
idler cross-correlation measurements performed in our
setup.

In many ways, this Vernier electro-optic technique
furnishes a bridge between (i) the simple—but rela-
tively high-jitter—approach of direct single-photon de-
tection and (ii) nonlinear optical approaches that offer
femtosecond-scale resolution, but at the cost of compar-
atively low efficiency and high experimental complex-
ity [63—69]. Nevertheless, continued advances in single-
photon detectors are rapidly closing the speed gap be-
tween SNSPDs and EOPMs. Indeed, few-picosecond jit-
ters have been demonstrated at telecom wavelengths in
state-of-the-art SNSPDs [70], so that direct observation
of ~40 GHz fringes seems feasible with existing technol-
ogy. Accordingly, the regime in which Vernier modula-
tion 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
production of pure single photons from SPDC or SFWM.
Although a Schmidt number of K = 1 is required to her-
ald a pure state with time-integrated detection of its en-
tangled partner [27], fast detectors with jitter lower than
the characteristic timescales of the biphoton state can cir-
cumvent this requirement and herald pure photons even
when K > 1 [71, 72]. Thus, just as the need for highly
engineered SPDC/SFWM for pure heralded single pho-
tons rests on detection capabilities, our Vernier approach
for quantum-optical characterization offers value when-
ever 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 auto-
correlation measurements in the main text, here we pro-
vide an example applying our technique for another
measurement configuration: the second-order cross-
correlation [see inset in Fig. 1(a)]. Defined as

giz)(tv t+ T) =
(OB (1) B
(P|E( () E

(t+ ) EP + ) ED (1) D)
| B

ECO (1) [w) (0 B (¢ 4+ ) B (¢ + T>|w(>};1)

this cross-correlation can be used to probe the phase co-
herence present across the 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 additional
linear phases on the signal-idler spectra of the form
Bslk] = %(k — ko) for the signal bins wy and §;[—k] =
2(k — ko) for the idler bins w_g, where k € {ko, ..., ko +
d — 1}. This V-shaped phase pattern introduces a con-
trollable delay 79 = ¢/Aw between the signal and idler
photons [63]. For an SFWM process seeded by a CW
pump, the signal-idler coincidence rate after modulation
is given by

ko+d—1

Z (_1)kei(k—kg)(d)—AwT)

k=ko
(A2)
where we assume equal weights for each bin (amplitude
equalization with a pulse shaper being required when
d > 3); Aw/2m refers to the effective frequency sepa-
ration in the BFC after phase modulation (1 GHz in our
experiments).

Rgi(1) x gg)(r) o eIl



400 T . T 400 800 T T T 800 ' T '
- (@ o V=094 (c) 0. V=089 (d)
g
g
S 200} 41 200 400 41 400 -
he.
2
o
o J
05 72 ' 3n/2 O2 %% 72 : 3'(2) 2 % T 0 2
2 gy SV22m T,y SV2m D)
FIG. 5. (a) Measured signal-idler coincidences at zero delay (7 = 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) and (c). The coincidence histograms are integrated
over Theq = 60 s with a bin width of Tii, = 64 ps. Error bars assume Poissonian counting statistics.

For the experiments in this section, we used an-
other MRR of slightly different cross-section (1.9 pmx
0.95 pm) and 40.4 GHz FSR. The amplified CW laser at
1550.9 nm pumps the MRR with an on-chip bus waveg-
uide power of ~14 mW, below the parametric threshold
of ~143 mW,; the estimated on-chip pair generation rate
is between 0.9-1.9x10° s~! per frequency-bin pair, with
a CAR of 30. We worked with BFCs up to d = 3 (reso-
nances k € {3,4,5}) and drove 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 de-
scribed in Ref. [4]. Full time-resolved cross-correlation
measurements for the two circled phases appear in
Fig. 5(b). As in the CW auto-correlation 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 Fig. 5(c) and (d),
respectively. In all cases, excellent agreement is obtained
with the theoretical fits from Eq. (A2), from which we
extract /27 ranging between 307-363 MHz and Aw/27
ranging between 0.96-0.99 GHz. Once again, the in-
dividual peaks narrow as d increases. Moreover, for a
given d, the total area under each R4(7) example curve
[Fig. 5(b,d)] remains constant, as the various cases differ
only in spectral phase (and not amplitude).

The observation of fine features in the temporal corre-
lation functions and its good agreement with the theoret-
ical model serves as an indicator of entanglement present
across the frequency bins. The visibility of the interfer-
ence curves in Fig. 5(b) and (d) are 0.94 and 0.89, respec-
tively, which—under the assumption of isotropic noise—
exceed the thresholds for Bell inequality violation (0.71
and 0.77 for d = 2 and d = 3, respectively) [73, 74]. Im-
portantly, our proposed scheme helps probe the phase co-
herence and hence the entanglement in the BFC through
the effectively improved temporal resolution.
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