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ABSTRACT

Time-reversibility, which is inherent in many physical systems, is crucial in tailoring temporal waveforms for optimum light-matter
interactions. Among the time-reversible atomic systems, narrowband biphoton sources are essential for efficient quantum storage. In
this work, we demonstrate time-reversed and fully time-resolved ultra-narrowband single-sided biphoton frequency combs with an aver-
age free-spectral range (FSR) of 42.66 MHz and an average linewidth of 4.60 MHz in the telecommunication band. We experimentally
observe the fully time-resolved and reversible temporal oscillations by second-order cross correlation and joint temporal intensity mea-
surements. The potential benefits of the time-reversed and fully time-resolved temporal oscillations from our source include enhancing
the efficiency of quantum storage in atomic memories and maximizing the utilization of temporal information in multimode bipho-
ton frequency combs. We further verify the heralded single-photon state generation from the multimode biphoton frequency combs by
using Hanbury Brown and Twiss interference measurements. To the best of our knowledge, this 42.66 MHz FSR of our photon-pair
source represents the narrowest among all of the different configurated biphoton sources reported to date. This ultra-narrow FSR and its
4.60 MHz linewidth provide the highest frequency mode number of 5786 and the longest coherence time among all the singly configurated
biphoton sources so far. Our time-reversed and fully time-resolved massive-mode biphoton source could be useful for high-dimensional
quantum information processing and efficient time-frequency multiplexed quantum storage toward long-distance and large-scale quantum
networks.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0180543

I. INTRODUCTION ensembles is a fundamentally interesting problem and has important

applications in quantum science because it forms the essential ele-
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Time-reversibility has proven to be ubiquitous in vari-
ous branches of physics, including classical ” and quantum
systems.'®*" For example, time-reversal techniques were exploited
to optimize the efficiency of storage and retrieval of photons
in atomic ensembles”'”"”"" and coherent perfect absorbers,”"’
to realize near-unity absorption efficiency using microwave
photons® > and photonic crystals,’” and to realize superabsorp-
tion."> Furthermore, time-reversal techniques have found many
applications, such as strong focusing,” holography,'? trans-
fer of quantum state between distant optical'® and microwave
cavities,”’ and quantum communication.”” Among the time-
reversible systems, the absorption of single photons by atomic

ment of a quantum repeater, the quantum memories.”"*’ The stan-
dard atomic quantum memory protocols include electromagneti-
cally induced transparency (EIT),””" controlled reversible inhomo-
geneous broadening (CRIB),””” gradient echo memory (GEM),”
and atomic frequency comb (AFC).”** Tt is known that the quan-
tum sources have to be resonant with atoms and exhibit narrow
spectra that match the bandwidth of these quantum memo-
ries (typically between 0.1 and 100 MHz).”*”"*° Nevertheless,
the typical bandwidth of spontaneous parametric downconver-
sion (SPDC)*>”" and spontaneous four-wave mixing”® spans a
range of 0.1 to 100 THz. There are several orders of magnitude
difference between quantum source and atomic quantum memories.
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An effective approach to address this challenge is to employ
cavity-enhanced """ or filtered schemes™ " to narrow the
output spectrum of SPDC or through four-wave mixing on chip.”” *’
However, all previous SPDC and four-wave mixing sources have
either lacked time-reversibility””>**"*""*"®" or are not compatible
with the bandwidth of atomic memories,”*"’"** 7470540162 While
the time-reversal waveforms of a singly resonant photon-pair source
have been demonstrated,” the result only shows time-reversed
waveforms of a single-frequency mode without multimode temporal
oscillations.

In this study, we present the demonstration of a time-reversed,
fully time-resolved, ultra-narrowband telecommunication bipho-
ton source utilizing single-sided biphoton frequency combs (BFCs)
across a massive number of over 5000 frequency modes. Our
approach involves realizing reversing temporal oscillations in the
biphoton source by a planar fiber Fabry-Pérot cavity (FFPC).
This FFPC is effectively exchanged between the signal and idler
channels within the single-sided BFCs. We directly observe fully
time-resolved and time-reversed second-order cross correlation
and joint temporal intensity (JTI) from our biphoton sources
without any temporal broadening from the commercial single-
photon detectors. The average measured cavity free-spectral range
(FSR) and the linewidth of exponential-decay and time-reversed
single-sided BFCs are ~42.66 MHz, ~4.60 MHz, ~42.67 MHz, and
~4.60 MHz, respectively. The time-reversibility and fully time-
resolved temporal oscillations in our source can be useful for
improving the quantum storage efficiency in atomic memories
and completely utilizing the temporal information in multimode
BFCs.

Subsequently, we conducted Hanbury Brown and Twiss (HBT)
interference measurements to validate the generation of single pho-
tons using our time-reversed single-sided BFCs. We verified this
for each cavity round trip, and we measured minimum heralded
g2(0) = 0.013 + 0.002 and g®(0) = 0.016 + 0.002 for the zeroth
round trip with our time-reversible singly filtered BFCs. The mea-
sured minimum heralded g(z)(O) for the first to fourth cavity round
trips is all smaller than 0.5. We also observe minimum heralded
g2(0) =0.204 + 0.002 and g (0) = 0.212 + 0.002 to further val-
idate the multimode emission and preservation of single-photon
generation in our source. Our biphoton source operates within
the telecommunication band, and it exhibits the narrowest aver-
age cavity FSR of ~42.66 MHz and linewidth of ~4.60 MHz. Hence,
our source is directly compatible with chip-scale AFC quantum
memories””"” without conversion of quantum frequency.®® By fully
harnessing the potential of time-reversed single-sided BFCs in the
frequency domain, our sources are expected to have an average
number of 5786 and 5722 frequency modes, which can be useful
for denser time-frequency quantum information processing and
time-frequency multiplexed quantum storage toward long-distance
quantum networks.

Il. RESULTS

A. Theory and experimental setup

The biphotons generated from single-sided configurations have
a well-defined time order.””"” Consequently, we begin with the two-
photon wavefunction of the singly filtered BFC in the frequency
domain, which can be approximated as

pubs.aip.org/aip/apq

[y (ws, wr)) = i f dQ f(Q - mAQ) sinc(AQ)al (ws)a] (wr)]0),
B M

where &;r and &}L are the creation operators for biphotons; ws and w;y
are the corresponding frequencies; the sinc function is the SPDC’s
phase-matching function with A = 1.39/nBpy;, with Bpy ~247 GHz
being the full width at half maximum (FWHM) bandwidth of a type-
II periodically poled KTiOPO4 (ppKTP) waveguide; AQ) is the cavity
FSR in rad s™'; Q) is the detuning of the biphotons from their center
frequency; 2N + 1 is the number of cavity lines passed in the given
bandwidth; and f(Q — mAQ) is the spectral amplitude of the mth
cavity resonance, with f(Q) = 1/[Aw + iQ]. The expression for the
temporal wavefunction of the exponential-decay singly filtered BFC
can be given as follows:

|1//exponential—decuy(t3> tI)> = A d( tr — tS) €xXp [A(O(ts = t[)]

N
x > sinc(AmAQ) cos [mAQ(t — t5)]
m=—N

x at(ts)al (4)|0), )

where we use AQ/27n <« Bpym. The temporal behavior of the state
exhibits periodic recurrences that align with the average round trip
time of the cavity, AT = 2/AQ ~23.442 ns. In this scenario, only
the signal photons undergo filtering, resulting in the observation of
exponential-decay waveforms. This is due to the higher probabil-
ity of detecting the heralding idler photons before the filtered signal
photons.

Meanwhile, we can reverse the temporal oscillations in a singly
filtered BEC by switching a FFPC to the previously heralding chan-
nel. The temporal wavefunction of this time-reversed BFC can be
expressed as

|Wtime—reversed(t5: tI) ) = A d(tl - ts) exp [Aw(tl - ts)]

N
x Y sinc(AmAQ) cos [mAQ(t; — 5)]
m=—N

x al(ts)al (t)|0). 3)

Here, only idler photons are filtered, while signal photons are for
heralding. We can observe time-reversed waveform, and this behav-
ior can be attributed to the increased likelihood of detecting the idler
photons after the heralding signal photons have been detected. The
corresponding formulas for JTIs of time-reversible singly filtered
BFCs are given in the supplementary material.

To experimentally investigate this approach, we utilized the fol-
lowing experimental setup in Fig. 1(a). For the pumping source, we
utilize an external cavity diode laser (ECDL) operating at a wave-
length of 780 nm. The entangled photons are produced through
a type-II ppKTP waveguide. To eliminate the residual pump pho-
tons, we employ a long-pass filter (LPF) and a bandpass filter (BPF)
with a 95% passband transmission (specifically, the Semrock NIR01-
1570/3 filter). The signal and idler photons are then separated using
a polarizing beam splitter (PBS). To reverse the temporal oscilla-
tions of singly filtered BFCs, we selectively pass either the signal
photons or the idler photons through a FFPC. Figure 1(b) displays
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FIG. 1. Time-reversed ultra-narrowband biphoton source via single-sided BFCs. (a) Measurement setup for exponential-decay and time-reversed single-sided BFCs. ECDL:
external cavity diode laser; HWP: half-wave plate; LPF: long-pass filter; BPF: bandpass filter; PBS: polarizing beam splitter; FFPC: fiber Fabry—Pérot cavity; and D: detector.
(b) Fully time-resolved temporal waveforms of an exponential-decay single-sided BFC. For the exponential-decay single-sided BFC, the average cavity FSR is measured to
be ~23.442 ns or ~42.66 MHz. The average cavity linewidth is measured to be ~4.60 MHz, extracting from the theoretical fitting (black solid and dashed blue lines). The inset
provides an example of the measured pump dependencies of single counts for signal photons and idler photons within the central correlation peak of the exponential-decay
single-sided BFC. (c) Completely resolved temporal waveforms of a time-reversed single-sided BFC; its average cavity FSR is observed to be ~23.438 ns or ~42.67 MHz.
The average cavity linewidth is measured to be ~4.60 MHz, extracting from the theoretical fitting (black solid and red dashed lines). The inset provides an example of the
measured pump dependencies of signal and idler counts in the central correlation peak of the time-reversed single-sided BFC. The ratio of the single counts remains similar

for our time-reversible single-sided BFCs.

the fully time-resolved temporal waveforms of an exponential-decay
single-sided BFC. For the exponential-decay single-sided BFC, the
average cavity FSR is measured to be »23.442 ns, which is corre-
sponding to ~42.66 MHz. The average cavity linewidth is measured
to be #4.60 MHz, deriving from the theoretical fitting (black solid
and blue dashed lines). In Fig. 1(c), we present the completely
resolved temporal waveforms of a time-reversed single-sided BFC;
its average cavity FSR is measured to be ~23.438 ns, which cor-
responds to ~42.67 MHz. The cavity linewidth is measured to be
~4.60 MHz, deriving from the theoretical fitting (black solid and
red dashed lines). We note that the slight difference between the
average cavity FSRs (~42.66 and ~42.67 MHz) for exponential-decay
and time-reversed single-sided BFCs comes from the fitting error.
We extract the average cavity FSR from measuring the temporal
spacing between correlation peaks, which corresponds to the aver-
age of the spacing between every peak. Hence, here and throughout
this work, we represent all our results with the average cavity FSR
and linewidth, and the frequency mode number reported is calcu-
lated based on the average FWHM bandwidth of our SPDC source
and the average cavity FSR. In Figs. 1(b) and 1(c), the inset illus-
trates the measured pump dependencies of single counts for signal
and idler photons. The signal photons are represented by the blue
symbols, while the red symbols represent the idler photons. These
measurements were obtained from the central correlation peak in

our time-reversible single-sided BFCs. In both single-sided BFCs, it
is observed that the unfiltered idler (signal) photons exhibit higher
single counts compared to the filtered signal (idler) photons. This
discrepancy can be attributed to the filtering loss incurred by a FFPC.
To ensure stable photon-counting measurements, we must regulate
the temperature of the FFPC due to its ultra-narrow cavity FSR (cor-
responds to a cavity length of 2.04 m). Temperature control of the
FFPC is performed through our custom-made double-temperature
shielding layers, providing a temperature control stability of
~1.6 MHz (»#1 mK) over 24-h. Other detailed information of ultra-
narrow FFPC used in this work is provided in the supplementary
material.

B. Fully time-resolved and reversed photon statistics
of single-sided biphoton frequency combs

Then, we proceed to measure the photon statistics of the
exponential-decay single-sided BFC, as predicted in Eq. (2). The
results of our measurements are presented in Fig. 2. It is impor-
tant to note that in practical temporal measurements, the sharp
peaks of the cross correlation function often appear broader or
not resolvable due to the limited temporal resolution of the
single-photon detectors.”®””**** 7?1 In our study, we utilize a
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FIG. 2. Completely resolved joint temporal intensity and second-order cross correlation peaks in an exponential-decay single-sided BFC. (a) Completely resolved JTl in an
exponential-decay single-sided BFC. The photon coincidence data are recorded between two detectors, and we sift the coincidence data into frames of duration d x T,
comprised of d time-bins of duration Ty;,. We choose Ty, to be 100 ps to enhance the resolution of temporal correlations. This d of 1400 shows that there are six clean cross
correlations, from (a*) to (*) in our ~42.66 MHz single-sided BFC. The red arrow indicates both the cross sections of measured JTI [also shown in (b)] and the direction of
single-sided temporal waveforms. The inset is the example pump dependencies of coincidence counts in the central correlation peak of the exponential-decay single-sided
BFC. For the exponential-decay single-sided BFC, the coincidence counts exhibit a direct proportionality to the pump power. (b) Measured temporal second-order cross
correlation oscillations from the cross sections of JTl in (a) for all six peaks. The normalized second-order cross correlation peak values are as follows: 1, 0.563, 0.349, 0.179,
0.121, and 0.075, respectively. Due to the ultra-narrow average cavity FSR of ~42.66 MHz, the temporal correlation oscillations of the exponential-decay single-sided BFC

can be fully time-resolved.

cavity with an average FSR of ~42.66 MHz, enabling us to com-
pletely resolve the discretized JTI of the single-sided BFC with-
out any temporal broadening. This result is performed using
only commercial superconducting nanowire single-photon detec-
tors (SNSPDs) with an approximate detection efficiency of 85%
and a root-mean-square timing jitter of about 55 ps (Photon Spot,
Inc.).

In Fig. 2(a), we record the coincidence counts of our
exponential-decay single-sided BFC; then, we sift the coincidence
data into frames of duration d x T, comprised of d time-bins
of duration Th;,. We choose Ty, to be 100 ps to enhance the res-
olution of temporal correlations. This d of 1400 shows that there
are six clean second-order cross correlation peaks, from @*) to
(f*) in our ~42.66 MHz single-sided BFC. Each cross correlation
peak represents the joint detection of biphotons corresponding to
0 to 5 cavity round trips. The red arrow indicates both the cross
sections of measured JTT [also shown in Fig. 2(b)] and the direc-
tion of single-sided temporal waveforms. The inset of Fig. 2(a) is
the example measured pump dependencies of coincidence counts
from the central correlation peak in our exponential-decay singly

filtered BFC. In Fig. 2(b), we show the measured temporal second-
order cross correlation functions from the cross sections of JTI in
Fig. 2(a). For Fig. 2(b), we normalize all the results with respect
to the values of central correlation peak (a™), whose peak value is
measured to be 68.114. Then, the normalized second-order cross
correlation peak values are as follows: 1, 0.563, 0.349, 0.179, 0.121,
and 0.075, respectively. The FWHM of the six correlation peaks is
consistent with the root-mean-square timing jitter of our commer-
cial SNSPDs. This observation suggests that the JTT of our biphoton
source is fully time-resolved. We want to emphasize that there
are alternative approaches for achieving full resolution of the JTI
in multimode biphoton sources. One such method is the utiliza-
tion of ultrafast coincidence counting techniques,”’ time-lens,”' or
low-jitter SNSPDs.”” These methods typically require either complex
setups or specially designed SNSPDs.

In consistent with Eq. (3), in Fig. 3(a), we experimentally
observe a time-reversed single-sided BFC, with six reversed second-
order cross correlation peaks in the measured JTI. With its
~42.67 MHz cavity FSR, we measure the fully time-resolved and
reversed JTI via our single-sided BFC. The photon coincidence
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FIG. 3. Fully time-resolved joint temporal intensity and second-order cross correlation peaks in a reversing single-sided BFC. (a) Fully time-resolved JTI in a time-reversed
single-sided BFC. The photon coincidence data are recorded between two detectors, and we sift the coincidence data into frames of duration d x Ty, comprised d time-bins
of duration Ty;,. We choose Ty, to be 100 ps to enhance the resolution of temporal correlations. This d of 1400 shows that there are six clean cross correlations, from
(@*) to (*) in our ~42.67 MHz single-sided BFC. The blue arrow indicates both the cross sections of measured JTI [also shown in (b)] and the direction of single-sided
temporal waveforms. We can clearly observe that the reverse of direction of single-sided temporal waveforms. The inset is the example pump dependencies of coincidence
counts in the central correlation peak of the time-reversed single-sided BFC. In our time-reversed single-sided BFC, the coincidence counts exhibit a proportional relationship
with the pump power. (b) Measured temporal second-order cross correlation oscillations from the cross sections of JTl in (a) for all six peaks. The normalized second-order
cross correlation peak values are as follows: 1, 0.534, 0.320, 0.180, 0.120, and 0.076, respectively. Both the JTI and the temporal correlation oscillations of time-reversed
single-sided BFC can be fully resolved owing to the ultra-narrow average cavity FSR of ~42.67 MHz.

data are recorded and sifted into frames of duration d x Tyi,. To
be consistent with measurements in Fig. 2, we choose Ty, to be
100 ps and the d be 1400, and we show that there are six clean
cross correlation peaks, from (a™*) to (f*) in our ~42.67 MHz time-
reversed single-sided BFC. The blue arrow indicates both the cross
sections of measured JTI [also shown in Fig. 3(b)] and the direction
of single-sided temporal waveforms. Interestingly, we can clearly
observe the reversal in the direction of single-sided temporal oscilla-
tions, due to the asymmetric temporal waveform of the single-sided
BFC. Our results in Figs. 1-3 are consistent with Eqs. (2) and (3).
The inset of Fig. 3(a) is the example measured pump dependen-
cies of coincidence counts from the central correlation peak in our
time-reversed BFC. From Figs. 1-3, we measure and confirm that
both the ratio of the single and coincidence counts is similar in
our time-reversible singly filtered BFCs. Figure 3(b) shows the mea-
sured temporal second-order cross correlation functions from the
cross sections of JTI in Fig. 3(a) for all six peaks. For Fig. 3(b), we
normalize all the results with respect to the values of central correla-
tion peak (a* ), whose peak value is measured to be 73.420. Then,

the normalized second-order cross correlation peak values are as
follows: 1, 0.534, 0.320, 0.180, 0.120, and 0.076, respectively. In sum-
mary, in our time-reversible single-sided BFCs, the average cavity
FSR AT is ~23.438 ns and the average effective temporal resolu-
tion of SNSPDs T is ~155.35 ps; therefore, we achieve an average
ratio T/AT ~ 0.0066, enabling us to experimentally fully resolve
the JTT of our multimode biphoton sources using only commercial
SNSPDs.

Next, we conducted measurements to examine the anti-
bunching behavior of our time-reversed ultra-narrowband single-
sided BFCs. In Fig. 4(a), we perform the HBT interference mea-
surements via an exponential-decay singly filtered BFC. To access
g(z)(O), we direct the idler photons to an HBT interferometer,
heralded by the signal photons. The g (0) value is measured from
recording the threefold coincidence counts. Owing to the average
cavity FSR (~23.442 ns) and the FWHM of each cross correlation
peak (average ~155.6 ps), the accidental coincidence outside the cor-
related photons becomes dominant, leading to an increase in the
value of g(z)(O). To address this, we adopt a coincidence window
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FIG. 4. Experimentally measured Hanbury Brown and Twiss interference of time-reversible ultra-narrowband single-sided BFCs. (a) The HBT measurements were conducted
for our exponential-decay single-sided BFCs. The minimum heralded g®(0) = 0.013 + 0.002 is obtained for the zeroth round trip at 0.25 mW pump power at a heralding rate
of 20 kHz. For the first, second, third, and fourth cavity round trips, the minimum heralded g®(0) is extracted to be 0.092 + 0.002, 0.164 + 0.002, 0.208 + 0.003, and 0.465
+ 0.003 with 0.3, 0.34, 0.4, and 0.45 mW, respectively. (b) HBT measurements using the time-reversed single-sided BFC. The minimum heralded g®(0) = 0.016 + 0.002
is measured for the zeroth round trip at 0.28 mW pump power at a heralding rate of 24 kHz. For the first, second, third, and fourth cavity round trips, the minimum heralded
¢'(0) is measured to be 0.115 + 0.002, 0.207 + 0.002, 0.247 + 0.003, and 0.496 + 0.003 with 0.33, 0.38, 0.46, and 0.49 mW, respectively. The red line corresponds to the

value of the heralded second-order auto-correlation g®@(0) = 0.5.

of 1 ns around each peak maximum.”' This choice ensures that
the coincidence window remains within the boundaries of the indi-
vidual coincidence peaks, effectively excluding events that do not
originate from our single-sided BFCs. Through the implementation
of this approach, we are able to accumulate a sufficient number of
coincidence counts, which provides us with reliable single-photon
statistics. The minimum heralded g(z)(O) =0.013 £ 0.002 is measured
for the zeroth round trip at 0.25 mW pump power at a heralding rate
of 20 kHz. For the first, second, third, and fourth cavity round trips,
the minimum heralded g(z)(O) is measured to be 0.092 + 0.002, 0.164
+ 0.002, 0.208 + 0.003, and 0.465 + 0.003 with 0.3, 0.34, 0.4, and
0.45 mW, respectively. At low pump powers, the observed g(z)(O)
values for all cavity round trips remain below 0.5. This indicates
single-photon state generation from our exponential-decay single-
sided BFC. The value of heralded g (0) exhibits proportionality
to the pump power, which can be attributed to the Poisson statis-
tics. The increase in minimum heralded g(z)(O) for multiple cavity
round trips vs the zeroth cavity round trip is a result of the decreas-
ing signal-to-noise ratio observed for those specific cross correlation
peaks.

In Fig. 4(b), we present a summary of the HBT measurement
results obtained using a time-reversed single-sided BFC. In this
experimental configuration, we directed the unfiltered signal pho-
tons into an HBT auto-correlation measurement setup, which was
heralded by the filtered idler photons. We use the same coinci-
dence window of 1 ns around each correlation peak as in Fig. 4(a).
The minimum heralded g(z)(O) =0.016 + 0.002 is measured for the
zeroth round trip at 0.28 mW pump power with a heralding rate at
24 kHz. For the first, second, third, and fourth cavity round trips, the

minimum heralded g(z)(O) is measured to be 0.115 + 0.002, 0.207
+ 0.002, 0.247 + 0.003, and 0.496 + 0.003 with 0.33, 0.38, 0.46,
and 0.49 mW, respectively. Our results are consistent with the
exponential-decay singly filtered BFC in Fig. 4(a). For low pump
powers, the heralded g(z)(O) values for all cavity round trips are
smaller than 0.5, and heralded g®(0) is proportional to the pump
power. The increase in minimum heralded g (0) for multiple cav-
ity round trips is due to the same rationale for the exponential-decay
single-sided BFC. To further confirm the presence of multimode
emission and single-photon anti-bunching characteristics in our
time-reversible single-sided BFCs, we further obtain minimum her-
alded g®(0) = 0.204 + 0.002, and g®(0) = 0.212 + 0.002 by using
a larger coincidence window of 30 ns to include the zeroth and
first cavity round trips for both exponential-decay and time-reversed
BFCs (see the supplementary material for more details). Our results
indicate that the single-photon quantum nature is preserved in our
time-reversed single-sided BFCs.

C. Comparison with other biphoton sources

After demonstrating completely resolvable and reversible of
temporal envelopes in our single-sided BFCs, we proceed to com-
pare our ultra-narrowband biphoton source with other studies
in the literature. In Fig. 5, we present a summary of the cavity
FSR and linewidth of selected cavity-enhanced SPDC sources and
filtered BFCs, compared to our time-reversed ultra-narrowband
biphoton source. The selected cavity-enhanced SPDCs and post-
filtered BFCs include singly resonant,””"**>*** singly filtered,”
doubly resonant,””*>***>#2092557 qoubly filtered,”” and triply
resonant’”' configurations. The FSR is expressed in GHz, while
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FIG. 5. Summary of FSR and linewidth of various biphoton sources. The figure-of-
merits are FSR (GHz) and linewidth (MHz). The selected biphoton sources include
singly resonant,”%4%“*4%4% singly filtered,5? doubly resonant,*#%4445:47.50.52-5557
doubly filtered,” and triply resonant®“" configurations. This work represents the
narrowest FSR biphoton source to date, with the average number of frequency
modes up to 5786 (and 5722). Furthermore, our source also exhibits the longest
temporal coherence time of ~217 ns among all the singly configured sources
reported to date. These results highlight the advancements made in ultra-narrow
FSR and dense-frequency mode numbers as well as an extended temporal coher-
ence time in the biphoton sources. The gray dashed lines represent the different
cavity finesse F.

the linewidth is measured in MHz. These parameters characterize
the multimode quantum sources and highlight the improvements
achieved in terms of FSR and linewidth in our time-reversed fully
time-resolved biphoton source.

The typical bandwidth of EIT-based quantum memory
ranges from 0.1 to 100 MHz,’"*! and that of CRIB/GEM and
AFC-based quantum memories lies between several MHz to
100 MHz.'”**77% Furthermore, the time-reversal characteris-
tic of our biphoton sources may also be exploited to optimize
the efficiency of storage and retrieval of photons in atomic quan-
tum memories.” """ Hence, our time-reversed ultra-narrowband
biphoton source can be compatible with these atomic quantum
memory protocols. The present work has the narrowest FSR in
a biphoton source, with an expected number of frequency modes
reaching 5786 and 5722 (see the supplementary material for addi-
tional information). Furthermore, it has the longest coherence time
of up to 217 ns among all the previously reported single-sided
configurations. These results highlight the advancements of our
biphoton sources made in terms of FSR, frequency mode count, and
coherence time. These fully time-resolved multi-temporal modes
can also be utilized for high-dimensional quantum information
processing”*”” or temporal-multiplexed quantum storage.’® In addi-
tion, with the advancement of narrower bandwidth telecom fre-
quency filters, or by using a cavity with a larger FSR,"’ *” it is also
possible to implement frequency-multiplexed quantum storage™
with dense frequency modes in our BFC sources.

Here, we also provide detailed discussions regarding the appli-
cability and limitations of our method for potential applications.
The post-filtered scheme has the flexibility to utilize cavities with

ARTICLE pubs.aip.org/aip/apq

different FSRs and linewidths. Typically, a smaller cavity FSR is
better to encode more frequency modes given the fixed bandwidth
of spontaneous parametric downconversion (SPDC) sources and
to fully resolve temporal oscillations as performed in this work,
but when considering the existing minimum bandwidth of telecom
tunable filters (usually on the order of few GHz), this also limits
the cavity FSR we can choose for frequency-bin encoding applica-
tions. Meanwhile, a larger cavity FSR (such as 50 GHz) is directly
compatible with off-the-shelf multiplexing components; hence, it
is more straightforward to implement frequency-bin encoding in
this case; however, given the typical temporal resolution of single-
photon detectors (on the order of dozens to hundreds of ps),
such a temporal multimode feature cannot be detected easily. As
for the cavity linewidth, given the fixed cavity FSR, a smaller
linewidth corresponds to flatten temporal cross correlation and
longer coherence time, while a larger linewidth leads to the oppo-
site but with less filtering loss. Overall, we can summarize that our
post-filtering schemes are robust and flexible without requiring a
stabilization system nor a customized cavity design as required in
cavity-enhanced SPDC sources, but the cavity-enhanced schemes
can achieve higher source brightness without filtering. Finally, we
note that the decreasing signal-to-noise ratio for temporal second-
order cross correlation measurements (and JTI measurements) with
multiple cavity round trips can be improved in the future by
employing a cavity with higher finesse F, as confirmed in our prior
work.”?

I1l. CONCLUSION

In this work, we have demonstrated a time-reversible,
fully time-resolved ultra-narrowband telecommunication bipho-
ton source using single-sided BFCs. With the ultra-narrowband
single-sided BFCs, we realized the reversed and fully time-resolved
multimode oscillations without using frequency filters or spe-
cially designed cavities. We experimentally observe time-reversed
and fully time-resolved second-order cross correlation and JTI
measurements via our single-sided BFCs using only commer-
cial single-photon detectors. Here, we point out that the time-
reversibility of our source could be useful for enhancing the effi-
ciency of quantum storage in atomic memories. The completely
resolved temporal oscillations in our source provide a possible
route to harness the temporal information in single-sided BFCs
fully. Then, we verified that the multimode emission and single-
photon state generation are preserved in our biphoton sources with
HBT measurements. To the best of our knowledge, our bipho-
ton source has the narrowest average FSR of ~42.66 MHz and
a linewidth of ~4.6 MHz, resulting in a dense frequency mode
number of 5786. In addition, our source exhibits the longest
coherence time of 217 ns among all the previously reported
singly configurations. These characteristics of our presented sources
highlight the advancements in FSR, frequency mode count, and
coherence time in the biphoton sources. Our time-reversed and
fully time-resolved ultra-narrowband telecommunication biphoton
source can be helpful for advanced quantum information process-
ing tasks, such as high-dimensional time-frequency entanglement,
and practical quantum applications, such as efficient multimode
quantum storage toward long-distance and large-scale quantum
networks.
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SUPPLEMENTARY MATERIAL

The supplementary material contains information on the joint
temporal intensity of exponential-decay and time-reversed single-
sided BECs. It also contains detailed information about FFPC used in
this work, data of the heralded second-order auto-correlation func-
tion for time-reversible single-sided BFCs using a coincidence win-
dow of 30 ns, and the measured frequency spectrum of SPDC and
the modeled frequency spectrum for time-reversible single-sided
BFCs.
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I. Joint temporal intensity of the exponential-decay and time-reversed single-sided BFCs

Based on Egs. (1) to (3) in the main text, here we derive the joint temporal intensity (JTI) of the
exponential-decay and time-reversed single-sided biphoton frequency combs (BFCs) [1], which can be

written as follows:

cross —
Kexponential—decay(tl - ts) -

foo dwi /Nssinc(wtcoh/z)e—4w2ln(z)/Aw2eiw(tl—ts—tcoh/z)

- , 1
—2m 1+i%sin(nw/AQ)e‘”"‘l’/AQ ( )
and
cross _
Ktime—reversed (tl - tS) -
foo do i /NSSinc(wtcoh/z)e—4w21n(2)/Aw2eiw(ts—tl—tcoh/z) (2)

- 21 1+ sin(mw/AQ)e~mw/80
respectively. Here, Ng is the source brightness; t.,;, = 3.54 ps is the coherence time of our spontaneous
parametric down-conversion (SPDC) source; Aw /2 is the bandwidth of tunable bandpass filter (BPF). We
can understand the reversing of temporal oscillations (or equivalently, JTI) of our singly-filtered BFCs

originates from the swapping of a fiber Fabry-Perot cavity (FFPC) between the signal and idler channels.

I1. Detailed information about the ultranarrow FFPC

Here we provide detailed information about the FFPC used in this work. In Figure 1(a), we provide the
detailed cross section of a standard FFPC (provide from Luna Innovations), and the length of fiber basically
corresponds to the cavity length. Figure 1(b) is the actual device illustration before we mount it with our
custom-made double-temperature shielding layers. Then, we summarized the specifications of this FFPC as
follows: 1. The calculated cavity length for FFPC used in this work is 2.04 m. 2. The input/output mirrors
have a reflectivity of approximately 90%. 3. The wavelength range is 1520 to 1620 nm. 4. Thermal
coefficient is calculated as = 1.6 GHz/°C. Hence, our custom-made double-temperature shielding layers can
provide a temperature control stability of approximately 1.6 MHz (= 1 mK) over 24-hours. 5. The insertion

loss of this device is measured to be 0.55 dB at 1570 nm.
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Figure 1. Detailed illustration of the FFPC. (a) The cross section of an example internal structure of a FFPC.

(b) The illustration of the actual device package before mounting and stabilizing its temperature.

I11. Measured heralded second-order auto-correlation function for time-reversible single-sided BFCs

using a coincidence window of 30 ns
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Figure 2. Measured heralded second-order auto-correlation function g®(0) versus the pump power for
exponential-decay and time-reversed 42 MHz single-sided BFCs using a 30 ns coincidence window. HBT
measurements for time-reversible singly-filtered BFCs. The minimum heralded g®(0) = 0.204 + 0.002 and
2®(0)=0.212 £ 0.002 is measured using a wider coincidence window of 30 ns, which includes 0™ and 1%

cavity round-trip correlation peaks from both exponential-decay and time-reversed single-sided BFCs.

In this section, we provide the heralded second-order auto-correlation function measurements using a
coincidence window of 30 ns for time-reversible single-sided BFCs, as given in Figure 2. The main
difference between these results and those in main text Figure 4 is the chosen coincidence window. Here,
we use a larger coincidence window of 30 ns to cover the 0™ and 1% cavity round-trip correlation peaks from
both exponential-decay and time-reversed singly-filtered BFCs to verify its multimode emission. For both
measurements, similar to in the main text, we send the unfiltered idler and signal photons into Hanbury

Brown and Twiss (HBT) interferometer while the filtered signal and idler photons are used as heralding.



Similar to previous narrow-band biphoton sources [2, 3], we achieve minimum heralded g®(0) = 0.204 +
0.002, and g@(0) = 0.212 = 0.002 for time-reversible single-sided BFCs, and the values of measured
heralded g®(0) follow the similar trend versus pump power, which is consistent with our results in main
text Figure 4. The non-ideal heralded g®(0) come from the decreasing signal-to-noise ratio when the width
of the coincidence window 30 ns is much larger than the completely resolved correlation peak full-width-
at-half-maximum (FWHM) (average value is = 155.35 ps, from main text Figure 2 and Figure 3), majority
of the accidental photons are included for heralded g®(0) measurements. Despite this limitation, we still
observe single-photon statistics and confirm our time-reversible singly-filtered BFCs are multimode

quantum sources.

IV. Measured frequency spectrum of spontaneous parametric down-conversion and modeled
frequency spectrum for time-reversible single-sided BFCs

In this section, we present the experimental results to calibrate both signal and idler photons of our SPDC
source using a telecom-band tunable BPF with FWHM of 0.3 nm. We first connect this BPF to signal
photons while idler photons are directed to the single-photon detector for heralded coincidence
measurements. Then, we switch the BPF to idler photons when signal photons are unfiltered. This method

can be used to map out the wavelength of signal and idler photons, respectively.
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Figure 3. Measured SPDC spectrums of signal and idler photons. (a) Frequency spectrum of signal photons
of the SPDC source used in this work. (b) Measured frequency spectrum of idler photons of the same
biphoton source. The measurements are done by a telecom-band tunable Gaussian BPF with a FWHM
bandwidth of 0.3 nm. Our SPDC source has a FWHM bandwidth of =~ 247 GHz with = 2.4 nm center

wavelength difference.



Our results are shown in Figure 3(a) and 3(b), the center wavelengths of the signal and idler photon are
at 1558.5 and 1560.9 nm, respectively. The bandwidth for signal and idler photons are measured to be ~
246.83, and ~ 246.30 GHz, respectively. Next, by using the parameters of our SPDC source measured in
Figure 3, we theoretically model the frequency spectrum of time-reversible singly-filtered BFCs. Figures
4(a) and 4(b) are the calculated single-sided BFC FWHM spectrum for signal and idler photons using a
FFPC with average free-spectral range (FSR) of = 42.66 MHz and =~ 42.67 MHz, respectively. To the best
of our knowledge, these FSR are the narrowest reported FSR up to date [1-23]. In Figure 4(c) and 4(d), we
model the zoom-in singly-filtered BFC spectrum within the range of 0.02 nm at the center of SPDC spectrum
to clearly resolve the discretized single-sided BFC spectrum. From the near-degenerate spectrum of SPDC
photons and narrow FSR cavity, our time-reversible singly-filtered BFCs are thus expected to have a record
high average number of frequency modes of 5,786 and 5,772 among all the reported single-sided BFC
sources so far [1, 7, 10, 14, 15, 23]. The results are consistent with Egs. (1) in the main text, our time-
reversible singly-filtered BFCs have near-identical frequency spectrums due to their same joint spectral
intensity (JSI) under different JTls.
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Figure 4. Modeled frequency spectrum of time-reversible 42.7 MHz single-sided BFCs. (a) and (b)
Theoretical frequency spectrum of exponential-decay and time-reversed singly-filtered BFCs based on the
wavelength calibration measurements from Figure 3. Figures 4(c) and 4(d) are the modeled zoom-in
spectrum, which shows discretized spectrums for time-reversible single-sided BFCs. Combining the

measured SPDC spectrum in Figure 3 with fully time-resolved JTIs from main text Figure 2 and Figure 3,

4



we expect our ultranarrow-band source has 5,786 and 5,772 frequency modes within the phase-matching

bandwidth of the signal and idler photons.
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