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Two-photon interference between an independent laser and single photons
with ultralong coherence time
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Two-photon interference (TPI) underpins many photonic quantum technologies and is commonly regarded
as a quantum effect requiring indistinguishable photons. Here, we demonstrate TPI between single photons
with ultralong coherence time and an independent continuous-wave laser. The measurements reveal a sharp
antibunching dip, governed by the single-photon correlation time, together with a broad Hong-Ou-Mandel
dip whose half-width is set by the mutual coherence time of the two sources. We achieve a maximum TPI
visibility of 72 £ 2%, well above the 50% classical limit, thereby confirming the quantum nature of TPI. At
the same time, we observe a broad visibility background and a beat visibility below 50%, signatures of classical
interference. Both quantum and classical visibility features remain unchanged for frequency separations up to 10*
times the linewidth of the single photons, showing no distinction between distinguishable and indistinguishable
photons. By applying both general wave superposition theory and a quantum field approach, we derive the same
cross-correlation functions that quantitatively reproduce the data. Our results show that quantum and classical
features of TPI originate from the same underlying fourth-order interference process arising from second-order
interference within the mutual coherence time. Photon indistinguishability is a sufficient condition for TPI to
occur, but not a necessary one. This insight offers different perspectives for the development of quantum photonic

technologies based on independent photons.
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I. INTRODUCTION

Two-photon interference (TPI), particularly in the form of
Hong-Ou-Mandel (HOM) interference [1,2], is a cornerstone
phenomenon in quantum optics with widespread applications
in quantum information science and technology. When two
identical photons—matched in frequency, polarization, spa-
tial, and temporal modes—are simultaneously directed into
a 50:50 beam splitter from different input ports, they exhibit
photon bunching and emerge together from the same output
port. It is commonly believed that the indistinguishability of
identical photons leads to maximum TPI and thus maximum
photon bunching attributed to the bosonic nature of light
[3-5]. This insight has driven extensive research into the gen-
eration of indistinguishable photons from both single emitters
[6-11] and independent or dissimilar sources [12—18]. Such
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capabilities are central to a broad spectrum of quantum tech-
nologies, including photonic quantum computing [19-23],
quantum communication [24-29], quantum sensing [30], and
quantum metrology [31,32].

Since the original HOM experiment, TPI involving distin-
guishable entangled photons has been demonstrated [33,34],
establishing that TPI arises from the coherent superposition of
two-photon amplitudes. Recently, interest has shifted to TPI
between nonentangled photons from independent sources,
where the photons are distinguishable in frequency or other
degrees of freedom [35-39]. In these experiments, the fre-
quency separation between photons exceeds their linewidths
by factors of 8.6 times [35], 16 times [36,38], and 1.8
times [39], yet TPI is still observed. It has been suggested
that while photon indistinguishability may not be strictly
required at the beam splitter, it is necessary at the detec-
tors that erase the distinguishing information of the photons
[36,39]. More recently, Jones et al. [40] reported multipar-
ticle interference between pairwise distinguishable photons,
where the detection process did not erase distinguishing in-
formation. In addition to these findings, Seron et al. [41]
discovered that bosonic bunching in a multimode inter-
ferometer is not maximized by indistinguishable photons,
indicating that photon bunching is not equivalent to photon
indistinguishability.
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In this study, we report on time-resolved TPI experiments
between single photons with ultralong coherence time and an
independent laser. We vary the frequency difference between
the two sources from being indistinguishable to spectrally
distinguishable, achieving frequency separations up to 10
times the linewidth of single photons (<100kHz). Previous
TPI studies [6—17] have primarily focused on photons with
short coherence times, limited by the radiative lifetime of their
emitters. This constraint complicates the separation of TPI ef-
fects from intrinsic single-photon correlations. Here, by using
single photons generated from a resonantly driven QD cou-
pled to an optical microcavity operating in the Purcell regime
[42], we coherently convert the driving laser into single pho-
tons that retain laser’s long coherence time (>10 us)—five
orders of magnitude longer than the photon correlation time.
This allows us to clearly distinguish TPI from single-photon
characteristics.

When the photons are indistinguishable, we observe a
sharp antibunching dip with a maximum TPI visibility of
72 £ 2%, surpassing the classical threshold of 50% and con-
firming quantum interference between the laser and single
photons, consistent with earlier work using spontaneous para-
metric down-conversion sources [43]. In addition, we identify
a broad interference background and a beat visibility below
50%, characteristic of classical interference effects [2,44].
These interference features remain robust across all tested
frequency separations below the inverse detector resolution
and are insensitive to photon distinguishability.

To interpret these observations, we employ both wave su-
perposition theory and a quantum field approach and derive
the identical cross-correlation functions that quantitatively
reproduce the experimental data. From this analysis, three
key insights emerge: (1) quantum and classical features of
TPI stem from the same underlying interference process; (2)
TPI between independent photons constitutes a fourth-order
temporal interference effect that originates from second-order
interference within the mutual coherence time; and (3) while
photon indistinguishability is sufficient for TPI, it is not nec-
essary, as TPI can also occur between photons of different
frequencies.

II. SINGLE PHOTONS WITH ULTRALONG
COHERENCE TIME

In contrast to single-sided cavity geometries commonly
employed in emission-based single-photon sources [6—11],
we study a symmetric double-sided cavity resonantly coupled
to a single QD in the Purcell regime. The system is char-
acterized by a high cooperativity C = 2g?/(ky.) > 1 and a
small critical photon number ny = y,y;/(4g*) < 1, where g
is the QD-cavity interaction strength, « is the cavity photon
decay rate, yj is the QD spontaneous emission rate into non-
cavity modes, and y; = y|/2 + y* is the total decoherence
rate, including the pure dephasing rate y*. The cooperativity
quantifies that the QD emission rate into the cavity mode is C
times higher than that into the leaky modes, provided that the
pure dephasing rate is negligible. The critical photon number
describes the number of cavity photons required to saturate the
QD response. Our cavity design enables deterministic light-
matter interaction, cavity-enhanced coherent scattering, and

strong optical nonlinearity at the single-QD, single-photon
level. In the Purcell regime, the cavity quantum electrody-
namics (CQED) system can also be treated as an effective
two-level system with a modified emission rate, an approxi-
mation valid under weak driving where the QD remains far
from saturation. In the weak-driving regime, resonance fluo-
rescence is dominated by coherent scattering, manifested as
reflection.

The QDs are embedded at the center of a A-thick GaAs
cavity (A = 920nm) sandwiched between 30 (18) pairs of
bottom (top) GaAs/Alg9Gag 1 As distributed Bragg reflectors
(DBRs). Transverse confinement is provided by index guiding
in micropillars. To achieve an effectively symmetric double-
sided cavity, the two DBRs are designed with intentional
asymmetry such that leakage through the top mirror balances
losses from the bottom mirror, sidewalls, and background
absorption. Further details regarding sample growth, device
fabrication, and characterization—including reflection, exci-
ton lifetimes, Purcell factor and coherence times—are given
in our recent work [42]. The relevant CQED parameters
are g/2w = 4.7GHz, k /2n = 36.8 GHz, y;/2mr = 0.35 GHz,
and y* /2w ~ 0 GHz, yielding a cooperativity C = 6.9 and a
critical photon number is 79 = 6.9 x 107, Throughout this
work, we characterize the driving power using saturation pa-
rameter S = 2(Q2/T")?, where  is the Rabi frequency and
[y =4¢*/k + y, is the cavity-enhanced QD emission rate,
whichis Iy /2n = 2.8 GHz.

The sample is mounted in a closed-cycle cryostat (Fig. 1),
and the QD transition is tuned into resonance with the
cavity mode by adjusting the temperature to 7 = 14.9K.
A continuous-wave tunable Ti:sapphire laser (M Squared)
with a linewidth below 100kHz (specified over a 100 us
measurement interval) is used to resonantly drive the cav-
ity. Photon detection is performed using superconducting
nanowire single-photon detectors (SNSPDs) featuring a nom-
inal timing resolution of 20ps and a detection efficiency
> 85% at 900nm, close to the QD transition wavelength.
These specifications provide sufficient temporal resolution
and efficiency for exciton lifetime and time-resolved TPI mea-
surements.

By tuning the excitation laser into resonance with the QD,
we measure the second-order autocorrelation function of the
reflected light using a Hanbury Brown-Twiss setup. At low
driving power (S = 0.01, Heitler regime), we obtain g (0) =
0.030 £ 0.002 [Fig. 2(a)], indicating high-single-photon pu-
rity. The single-photon antibunching dip has a half-width
of 115 ps, which is twice the cavity-enhanced QD exciton
lifetime (57 ps) [42]. The reflected signal consists of the re-
flected driving field superimposed with the cavity output field
[42]: The former exhibits Poissonian statistics, while the latter
displays superbunching originating from photon-induced tun-
neling [45,46] and multiphoton scattering [47]. This reveals
that the conventional picture—where a single QD is assumed
to scatter or emit only one photon at a time—breaks down at
low driving powers. In particular, the observed antibunching
does not arise from spontaneous emission. Instead, it results
from complete destructive interference between the reflected
driving field and the cavity output, which cancels the two-
photon probability amplitude [48] and thereby converts the
driving laser field into single photons [42]. This interference-
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FIG. 1. Experimental setup for single-photon generation and
time-resolved TPI measurements between single photons and an
independent laser (Toptica CTL-950) using an HOM interferom-
eter. Single photons with ultralong coherence time are generated
from a QD in an optical microcavity under weak resonant excita-
tion by a continuous-wave tunable Ti:sapphire laser (M Squared,
linewidth <100kHz). The sample is kept at cryogenic temperature
in a closed-cycle cryostat (attocube attoDry 800). For TPI, linear po-
larizers LP1 and LP2 are set in parallel, and a half-wave plate (HWP)
is used to switch between parallel and cross-polarization configura-
tions. Correlation measurements are recorded with an eight-channel
time-correlated single-photon counter (Swabian Instruments, timing
jitter 3ps). BS and BS;: beam splitters; LP1 and LP2: linear po-
larizers; HWP: half-wave plate; VOA: variable optical attenuator;
SNSPD1 and SNSPD2: superconducting nano-wire single-photon
detectors (Scontel, time resolution 20 ps and detection efficiency
>85% at 900 nm).

based mechanism is consistent with the picture of resonance
fluorescence proposed four decades ago [49] and recently
confirmed experimentally [50].

Figure 2(b) presents the degree of first-order coherence
gV(7) of the reflected light versus time delay measured with
a Mach-Zehnder interferometer at different driving powers
(indicated by the saturation parameter S). At intermediate
driving fields, we observe two distinct coherence times. The
short 115-ps coherence time—twice the cavity-enhanced QD
exciton lifetime (57 ps)—arises from two-photon and multi-
photon scattering processes, which manifest as an incoherent
component [42]. The long coherence time is attributed to the
driving laser, which has a manufacturer-specified coherence
time over 10 us. The incoherent scattering reduces the degree
of first-order coherence. As the driving strength increases,
the intensity ratio of the coherent to incoherent scattering
decreases, leading to a decrease in the degree of first-order co-
herence. The experimental results (dots) align closely with the
theoretical curves (solid lines) using the master equation [42].

III. TPI EXPERIMENTS

In the TPI experiments, the excitation is maintained in
the Heitler regime with a fixed saturation parameter of S =
0.01, ensuring coherent scattering dominates. The reflected
light exhibits both high single-photon purity [Fig. 2(a)] and
an ultralong coherence time exceeding 10us [Fig. 2(b)],
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FIG. 2. Characterization of single photons with ultralong co-
herence time and TPI with an independent laser. (a) Second-order
autocorrelation g?(t) of the reflected light measured with a Han-
bury Brown-Twiss setup. The excitation laser is resonant with the
QD, yielding g®(0) = 0.030 4 0.002 at low driving power (S =
0.01, Heitler regime). (b) Degree of first-order coherence gV ()|
measured with a Mach-Zehnder interferometer at different driving
powers. Error bars represent the standard deviation from repeated
measurements. Solid lines show master-equation simulations [42].
(c) Polarization-resolved second-order cross-correlations g(ngLH(r)
and g(TZSL ,(r) obtained with the HOM interferometer in Fig. 1.
(d) Extracted TPI visibility as a function of time delay. In panels
(c) and (d), the driving power is fixed at § = 0.01, the frequency
detuning between the laser and single photons is set to A f = 0 MHz
and the laser-to-single-photon intensity ratio is n = 0.2.

corresponding to a photon linewidth below 4.1 x 107> peV.
This linewidth is six orders of magnitude narrower than the
cavity-enhanced QD exciton linewidth I'j/2m = 11.5peV,
and five orders of magnitude narrower than the natural
linewidth y; /2w = 1.4 peV of the QD without cavity coupling
[42]. While subnatural linewidth single photons in the Heitler
regime have been reported [51-53], simultaneously achieving
such narrow linewidths together with genuine single-photon
characteristics has been considered unattainable [54,55].

A second continuous-wave tunable laser (Toptica CTL-
950) is used to interfere with the single photons generated
by the Ti:sapphire laser (M Squared), as illustrated in Fig. 1.
The two lasers operate independently. Figure 2(c) displays the
measured cross-correlation functions g(TzlzL () and g(Tz}gL”(r)
in cross- and parallel-polarization configurations. The two
sources are tuned to the same frequency, making the photons
from the Toptica laser and the single photons spectrally indis-
tinguishable.

In the cross-polarization configuration, no interference is
expected. Nevertheless, we observe a sharp antibunching dip
at 7 = 0 with a half-width of 115ps [Fig. 2(c), blue line],
reflecting the single-photon character of the single photons
reflected from the QD-cavity system.
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FIG. 3. Dependence of TPI measurements on the laser-to-single-
photon intensity ratio 7. (a) Zero-delay cross-correlations g(TZ]EI_" 0)
and g5, | (0) as functions of 7. (b) Zero-delay TPI visibility Vrpr(0)
and maximum background visibility vs 5. Error bars represent the
standard deviation from repeated measurements. Experimental data
(dots) are compared with calculations from Egs. (1)-(3) (solid lines).
In both panels, the driving power is fixed at S = 0.01 and the fre-
quency detuning between laser and single photons is set to Af =
0MHz.

In the parallel-polarization configuration, in addition to the
sharp single-photon dip, a broad dip at t = 0 with a half-width
of 150 ns appears [see Fig. 2(c), red line]. This broad feature
corresponds to the HOM dip [1,2], with its width set by the
mutual coherence time between the Toptica laser and the
single photons. From this measurement, we extract a mutual
coherence time of 150 ns, consistent with the coherence time
of the Toptica laser. By contrast, the single photons generated
by the Ti:sapphire laser (M Squared) exhibit a much longer
coherence time, exceeding 10 us specified by the manufac-
turer.

In addition to the broad HOM dip, TPI shifts the sharp
single-photon dip downward by the depth of the HOM dip [see
Fig. 2(c)]. The TPI visibility is typically defined as Vypi(7) =
[0 1 (1) — &5, (T)1/8%p L (T) [6-18]. From this, we ex-
tract a maximum visibility of Vypi(0) = 72 + 2% [Fig. 2(d)],
well above the classical limit of 50%, confirming the quantum
nature of TPI. Meanwhile, the broad visibility background,
with a maximum value of less than 22 &+ 1%, reflects the
classical aspect of TPL.

Figure 3 displays g(ngl 1L (0), g%iLH(O), and Vrpr(0) as func-
tions of the laser-to—smgle-photon intensity ratio n. To analyze
these results, we apply both general wave superposition theory
and a quantum field approach, which yield identical second-
order cross-correlation functions for TPI between laser light
and single photons. The full derivation is provided in the
Supplemental Material [Egs. (S5), (S6), (S15), and (S16)]
[56]. In the cross-polarization configuration, we obtain

l{ 2RT &P (1) + RT () + n(R* + T},
(D

2
& El"lgl (D)=
and in the parallel-polarization configuration,

$ro1y (7) = { 2RT g2 (v) + RTg2(x) + (R + T?)
— 20RTVolggp()llg} (¥)] cos@m Af )}, (2)

where N = (1 + n*)RT + n(R?> + T?) is the normalization
factor, n = leer/Isp is the laser-to-single-photon intensity

ratio, and R =T = 50% are the reflection and transmis-
sion coefficients of BS1 (see Fig. 1). The parameter Vj
accounts for mode overlap at BS1. g(z)(r) =1 and g(z)(t)
are the second-order auto-correlation functions of laser light
and single photons, res?ectively. The first-order coherence
functions are given by gL)(t) =exp (—|t|/7.) and g(slg(r) =
exp (—|t|/tsp), with coherence times 7, = 150ns (Toptica
laser) and tsp > 10 us (single photons).

A coincidence event corresponds to two photons being de-
tected by separate detectors. The first term in Egs. (1) and (2)
represents the coincidence events for both photons originating
from the Toptica laser. The second term accounts for the coin-
cidence events where both photons come from single photons.
The third term includes the coincidence events for one photon
from the Toptica laser and one from single photons. The
fourth term in Eq. (2) is the only interference contribution,
arising from TPI between one photon from the Toptica laser
and one from the single photons. This interference produces
the broad HOM dip observed in Fig. 2(c), with a half-width
determined by the mutual coherence time of the two sources.
As a fourth-order interference effect [2], TPI originates from
second-order interference between photons within their mu-
tual coherence time (see Secs. I and II of the Supplemental
Material [56]). The calculated results from Eqs. (1) and (2)
show good agreement with the experimental data in Fig. 3(a),
yielding a fitted mode overlap of V; = 0.85.

From Egs. (1) and (2), the TPI visibility is obtained as

(2)

(2)
&rpr, 1 (T) — &1pr (7)
VTPI(T) = 2)
grpr, 1 (T)

_ 2pVe ! cos2m A fT)

3
12+ 21 + g4 (v) )

The calculated visibilities based on Eq. (3) reproduce the ex-
perimental results in Fig. 3(b), capturing both the peak value
and the background. According to Eq. (3), the maximum zero-

delay visibility is expected at n = v gS@Pj (0) =0.17, given

(2)(0) 0.03. In contrast, the maximum background visibil-
ity is predicted at = 1. Both predictions are confirmed by the
data in Fig. 3(b). Finally, Eq. (3) indicates that unit visibility
can, in principle, be achieved at n = 0 with gsp )(0) = 0, con-
sistent with earlier work [43]. Importantly, Eq. (3) also shows
that the TPI visibility Vrp;(0) is independent of the frequency
separation between the laser and single photons, provided the
detectors are infinitely fast.

Based on the derivation of Egs. (1) and (2) in the
Supplemental Material [56], together with the close agree-
ment between experiment and theory, we conclude that
TPI between independent photons—formally a fourth-order
interference—arises from second-order interference within
the mutual coherence time. Crucially, photon indistinguisha-
bility is not a necessary condition. Indeed, TPI persists even
for independent, distinguishable photons, as shown in Fig. 4
and the magnified views in Fig. 5. When the frequency sepa-
ration between laser and single photons is varied over several
orders of magnitude (up to 10* times larger than the single-
photon linewidth, <100 kHz), both the peak visibility Vpi(0)
and the background (beat) visibility [Figs. 4(g) and 4(h)]
remain unchanged from the indistinguishable case.
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FIG. 4. Measured cross-correlations g%lw(r) at frequency sepa-
rations of (a) 10 MHz, (b) 50 MHz, and (c) 500 MHz. Corresponding
TPI visibilities Vp(t) are shown in panels (d)—(f). (g) Zero-delay
TPI visibility Vrp;(0) and (h) maximum background (beat) visibility
as functions of frequency separation. Error bars represent the stan-
dard deviation from repeated measurements. Experimental data (red
dots) are compared with calculations from Eq. (3) (solid lines). In all
panels, the driving power is fixed at S = 0.01 and the laser-to-single-
photon intensity ratio at n = 0.2.

A long photon coherence time and fast detector response
are both essential for observing these effects. Coherent pho-
tons of different frequencies in the same spatial mode can
interfere because their temporally extended, phase-stable
wave packets overlap despite spectral distinguishability. The
long coherence time ensures a slowly varying relative phase,
while the fast detector response resolves the beat-frequency
fringes arising from detuning, thereby avoiding temporal
averaging due to jitter and preserving both TPI and beat
visibilities. When the frequency separation between the laser
and single photons exceeds the inverse detector resolution
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FIG. 5. Enlarged views of (a) g(ngLu (tr)and (b) Vypi(t)neart =0
for different frequency separations (time-bin size 100 ps). All data
are taken at § = 0.01 with a fixed laser-to-single-photon intensity
ratio of n = 0.2.

[57], the beat fringes—though still present—can no longer be
resolved, resulting in a simultaneous reduction of both TPI
and beat visibilities (Fig. 5).

IV. CONCLUSIONS AND OUTLOOK

In summary, we have demonstrated TPI between single
photons with ultralong coherence time and an independent
laser, achieving frequency separations up to 10* times the
single-photon linewidth—the highest ratio reported to date.
Using a quantum dot coupled to a double-sided microcav-
ity in the Purcell regime, we coherently convert the driving
laser into single photons with coherence time exceeding 10 ps.
The measurements reveal a sharp antibunching dip set by the
single-photon correlation time and a broad HOM dip whose
half-width is determined by the mutual coherence time of
the two sources. We obtain a maximum TPI visibility of
72 £ 2%, surpassing the 50% classical threshold and con-
firming the quantum nature of TPI, while a broad visibility
background and a beat visibility below 50% reveal the ac-
companying classical feature. These signatures persist across
all tested frequency separations below the inverse detector
resolution, with no distinction between indistinguishable and
distinguishable photons. A theoretical analysis based on both
wave superposition and quantum field approaches reveals that
TPI between independent photons—formally a fourth-order
effect—arises from second-order temporal interference within
the mutual coherence time. Thus, photon indistinguishability
is a sufficient but not necessary condition for TPI.

The maximum TPI visibility of 72 4+ 2% achieved here
is limited primarily by the mode mismatch between the two
different lasers. Further improvement is possible by employ-
ing mode-matched sources, such as photons derived from the
same laser [58].

These results broaden the fundamental understanding of
TPI and open further opportunities for quantum photonic
technologies. In particular, our approach offers a pathway
to interface weak coherent lasers—widely used in quan-
tum key distribution (QKD)—with single-photon sources,
a key ingredient for quantum state transfer, quantum re-
lays [59], quantum repeaters, and quantum memories in the
emerging quantum internet [24,25,27]. Beyond networking,
ultralong-coherence single photons may also enable advances
in quantum sensing [30] and in interference-based photonic
quantum technologies, such as mode-pairing and asyn-
chronous measurement-device-independent QKD [60-65].

ACKNOWLEDGMENTS

This research was funded by the Beijing Natural Sci-
ence Foundation (Grant No. 1S23069) and the National
Key Technology R&D Program of China (Grant No.
2018YFA0306101).

DATA AVAILABILITY

No data were created or analyzed in this study.

043128-5



LI, WANG, ZENG, LIU, NI, NIU, AND HU

PHYSICAL REVIEW RESEARCH 7, 043128 (2025)

[1] C. K. Hong, Z. Y. Ou, and L. Mandel, Measurement of subpi-
cosecond time intervals between two photons by interference,
Phys. Rev. Lett. 59, 2044 (1987).

[2] L. Mandel, Quantum effects in one-photon and two-photon
interference, Rev. Mod. Phys. 71, S274 (1999).

[3] A. Zeilinger, G. Weihs, T. Jennewein, and M. Aspelmeyer,
Happy centenary, photon, Nature (London) 433, 230 (2005).

[4] J.-W. Pan, Z.-B. Chen, M. Zukowski, H. Weinfurter, and A.
Zeilinger, Multiphoton entanglement and interferometry, Rev.
Mod. Phys. 84, 777 (2012).

[5] F. Bouchard, A. Sit, Y. G. Zhang, R. Fickler, F. M. Miatto,
Y. Yao, F. Sciarrino, and E. Karimi, Two-photon interference:
The Hong-Ou-Mandel effect, Rep. Prog. Phys. 84, 012402
(2021).

[6] X. Ding, Y. He, Z.-C. Duan, N. Gregersen, M.-C. Chen,
S. Unsleber, S. Maier, C. Schneider, M. Kamp, S. Hofling,
C.-Y. Lu, and J.-W. Pan, On-demand single photons with high
extraction efficiency and near-unity indistinguishability from a
resonantly driven quantum dot in a micropillar, Phys. Rev. Lett.
116, 020401 (2016).

[7] H. Wang, Z.-C. Duan, Y.-H. Li, S. Chen, J.-P. Li, Y.-M. He, M.-
C. Chen, Yu He, X. Ding, C.-Z. Peng, C. Schneider, M. Kamp,
S. Hofling, C.-Y. Lu, and J.-W. Pan, Near-transform-limited
single photons from an efficient solid-state quantum emitter,
Phys. Rev. Lett. 116, 213601 (2016).

[8] N. Somaschi, V. Giesz, L. De Santis, J. C. Loredo, M. P.
Almeida, G. Hornecker, S. L. Portalupi, T. Grange, C. Anton,
J. Demory, C. Gomez, I. Sagnes, N. D. Lanzillotti Kimura,
A. Lemaitre, A. Auffeves, A. G. White, L. Lanco, and P.
Senellart, Near-optimal single-photon sources in the solid state,
Nat. Photon. 10, 340 (2016).

[9] H. Wang et al. Towards optimal single-photon sources from
polarized microcavities, Nat. Photon. 13, 770 (2019).

[10] N. Tomm, A. Javadi, N. O. Antoniadis, D. Najer, M. C.
Lobl, A. R. Korsch, R. Schott, S. R. Valentin, A. D.
Wieck, A. Ludwig, and R. J. Warburton, A bright and fast
source of coherent single photons, Nat. Nanotechnol. 16, 399
(2021).

[11] X. Ding, Y.-P. Guo, M.-C. Xu, R.-Z. Liu, G.-Y. Zou, J.-Y.
Zhao, Z.-X. Ge, Q.-H. Zhang, H.-L. Liu, L.-J. Wang, M.-C.
Chen, H. Wang, Y.-M. He, Y.-H. Huo, C.-Y. Lu, and J.-W. Pan,
High-efficiency single-photon source above the loss-tolerant
threshold for efficient linear optical quantum computing, Nat.
Photon. 19, 387 (2025).

[12] C. Santori, D. Fattal, J. Vuckovic, G. S. Solomon, and Y.
Yamamoto, Indistinguishable photons from a single-photon de-
vice, Nature (London) 419, 594 (2002).

[13] R. Kaltenbaek, B. Blauensteiner, M. Zukowski, M. Aspelmeyer,
and A. Zeilinger, Experimental interference of independent
photons, Phys. Rev. Lett. 96, 240502 (2006).

[14] A.J. Bennett, R. B. Patel, C. A. Nicoll, D. A. Ritchie, and A. J.
Shields, Interference of dissimilar photon sources, Nat. Phys. 5,
715 (2009).

[15] Y. H. Deng et al., Quantum interference between light sources
separated by 150 million kilometers, Phys. Rev. Lett. 123,
080401 (2019).

[16] L. Zhai, G. N. Nguyen, C. Spinnler, J. Ritzmann, M. C. L&bl,
A. D. Wieck, A. Ludwig, A. Javadi, and R. J. Warburton,
Quantum interference of identical photons from remote GaAs
quantum dots, Nat. Nanotechnol. 17, 829 (2022).

[17] X. You et al., Quantum interference with independent single-
photon sources over 300 km fiber, Adv. Photon. 4, 066003
(2022).

[18] C. Dangel, J. Schmitt, A. J. Bennett, K. Miiller, and J. J.
Finley, Two-photon interference of single photons from dissim-
ilar sources, Phys. Rev. Appl. 18, 054005 (2022).

[19] J. L. O’Brien, A. Furusawa, and J. Vuckovi¢, Photonic quantum
technologies, Nat. Photon. 3, 687 (2009).

[20] E. Pelucchi, G. Fagas, I. Aharonovich, D. Englund, E. Figueroa,
Q. H. Gong, H. Hannes, J. Liu, C.-Y. Lu, N. Matsuda, J.-W. Pan,
F. Schreck, F. Sciarrino, C. Silberhorn, J. W. Wang, and K. D.
Jons, The potential and global outlook of integrated photonics
for quantum technologies, Nat. Rev. Phys. 4, 194 (2022).

[21] K. Alexander et al., A manufacturable platform for photonic
quantum computing, Nature (London) 641, 876 (2025).

[22] H.-S. Zhong et al., Quantum computational advantage using
photons, Science 370, 1460 (2020).

[23] L. S. Madsen et al., Quantum computational advantage with
a programmable photonic processor, Nature (London) 606, 75
(2022).

[24] H.J. Kimble, The quantum internet, Nature (London) 453, 1023
(2008).

[25] S. Wehner, D. Elkouss, and R. Hanson, Quantum internet: A
vision for the road ahead, Science 362, ecaam9288 (2018).

[26] F. H. Xu, X. F. Ma, Q. Zhang, H.-K. Lo, and J.-W. Pan, Se-
cure quantum key distribution with realistic devices, Rev. Mod.
Phys. 92, 025002 (2020).

[27] C.-Y. Lu and J.-W. Pan, Quantum-dot single-photon sources
for the quantum internet, Nat. Nanotechnol. 16, 1294
(2021).

[28] C.-Y. Lu, Y. Cao, C.-Z. Peng, and J.-W. Pan, Micius quantum
experiments in space, Rev. Mod. Phys. 94, 035001 (2022).

[29] K. Azuma, S. E. Economou, D. Elkouss, P. Hilaire, L. Jiang,
H.-K. Lo, and I. Tzitrin, Quantum repeaters: From quantum
networks to the quantum internet, Rev. Mod. Phys. 95, 045006
(2023).

[30] C. L. Degen, F. Reinhard, and P. Cappellaro, Quantum sensing,
Rev. Mod. Phys. 89, 035002 (2017).

[31] V. Giovannetti, S. Lloyd, and L. Maccone, Advances in quan-
tum metrology, Nat. Photon. 5, 222 (2011).

[32] S. Pirandola, B. R. Bardhan, T. Gehring, C. Weedbrook, and S.
Lloyd, Advances in photonic quantum sensing, Nat. Photon. 12,
724 (2018).

[33] P. G. Kwiat, A. M. Steinberg, and R. Y. Chiao, Observation
of a “quantum eraser”: A revival of coherence in a two-photon
interference experiment, Phys. Rev. A 45, 7729 (1992).

[34] T. B. Pittman, D. V. Strekalov, A. Migdall, M. H. Rubin, A. V.
Sergienko, and Y. H. Shih, Can two-photon interference be
considered the interference of two photons? Phys. Rev. Lett. 77,
1917 (1996).

[35] T. Legero, T. Wilk, M. Hennrich, G. Rempe, and A. Kuhn,
Quantum beat of two single photons, Phys. Rev. Lett. 93,
070503 (2004).

[36] T.-M. Zhao, H. Zhang, J. Yang, Z.-R. Sang, X. Jiang, X.-H. Bao,
and J.-W. Pan, Entangling color-different photons via time-
resolved measurement and active feed-forward, Phys. Rev. Lett.
112, 103602 (2014).

[37] V. Tamma and S. Laibacher, Multiboson correlation interferom-
etry with arbitrary single-photon pure states, Phys. Rev. Lett.
114, 243601 (2015).

043128-6


https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1103/RevModPhys.71.S274
https://doi.org/10.1038/nature03280
https://doi.org/10.1103/RevModPhys.84.777
https://doi.org/10.1088/1361-6633/abcd7a
https://doi.org/10.1103/PhysRevLett.116.020401
https://doi.org/10.1103/PhysRevLett.116.213601
https://doi.org/10.1038/nphoton.2016.23
https://doi.org/10.1038/s41566-019-0494-3
https://doi.org/10.1038/s41565-020-00831-x
https://doi.org/10.1038/s41566-025-01639-8
https://doi.org/10.1038/nature01086
https://doi.org/10.1103/PhysRevLett.96.240502
https://doi.org/10.1038/nphys1373
https://doi.org/10.1103/PhysRevLett.123.080401
https://doi.org/10.1038/s41565-022-01131-2
https://doi.org/10.1117/1.AP.4.6.066003
https://doi.org/10.1103/PhysRevApplied.18.054005
https://doi.org/10.1038/nphoton.2009.229
https://doi.org/10.1038/s42254-021-00398-z
https://doi.org/10.1038/s41586-025-08820-7
https://doi.org/10.1126/science.abe8770
https://doi.org/10.1038/s41586-022-04725-x
https://doi.org/10.1038/nature07127
https://doi.org/10.1126/science.aam9288
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1038/s41565-021-01033-9
https://doi.org/10.1103/RevModPhys.94.035001
https://doi.org/10.1103/RevModPhys.95.045006
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1038/s41566-018-0301-6
https://doi.org/10.1103/PhysRevA.45.7729
https://doi.org/10.1103/PhysRevLett.77.1917
https://doi.org/10.1103/PhysRevLett.93.070503
https://doi.org/10.1103/PhysRevLett.112.103602
https://doi.org/10.1103/PhysRevLett.114.243601

TWO-PHOTON INTERFERENCE BETWEEN AN ...

PHYSICAL REVIEW RESEARCH 7, 043128 (2025)

[38] X.-J. Wang, B. Jing, P-F. Sun, C.-W. Yang, Y. Yu, V. Tamma,
X.-H. Bao, and J.-W. Pan, Experimental time-resolved interfer-
ence with multiple photons of different colors, Phys. Rev. Lett.
121, 080501 (2018).

[39] P. Yard, A. E. Jones, S. Paesani, A. Mainos, J. F. F. Bulmer,
and A. Laing, On-chip quantum information processing with
distinguishable photons, Phys. Rev. Lett. 132, 150602 (2024).

[40] A. E. Jones, A. J. Menssen, H. M. Chrzanowski, T. A. W.
Wolterink, V. S. Shchesnovich, and I. A. Walmsley, Multiparti-
cle interference of pairwise distinguishable photons, Phys. Rev.
Lett. 125, 123603 (2020).

[41] B. Seron, L. Novo, and N. J. Cerf, Boson bunching is not
maximized by indistinguishable particles, Nat. Photon. 17, 702
(2023).

[42] Y. F. Li et al., Converting laser light into single photons via
interference, arXiv:2403.17253.

[43] J. G. Rarity, P. R. Tapster, and R. Loudon, Non-classical in-
terference between independent sources, J. Opt. B: Quantum
Semiclass. Opt. 7, S171 (2005).

[44] H. Paul, Interference between independent photons, Rev. Mod.
Phys. 58, 209 (1986).

[45] A. Faraon, 1. Fushman, D. Englund, N. Stoltz, P. Petroff, and J.
Vuckovi¢, Coherent generation of non-classical light on a chip
via photon-induced tunnelling and blockade, Nat. Phys. 4, 859
(2008).

[46] A. Majumdar, M. Bajcsy, A. Rundquist, and J. Vuckovic,
Loss-enabled sub-Poissonian light generation in a bimodal
nanocavity, Phys. Rev. Lett. 108, 183601 (2012).

[47] J.-T. Shen and S. H. Fan, Strongly correlated two-photon trans-
port in a one-dimensional waveguide coupled to a two-level
system, Phys. Rev. Lett. 98, 153003 (2007).

[48] Y.J.Luand Z. Y. Ou, Observation of nonclassical photon statis-
tics due to quantum interference, Phys. Rev. Lett. 88, 023601
(2001).

[49] J. Dalibard and S. Reynaud, Correlation signals in resonance
fluorescence: interpretation via photon scattering amplitudes,
J. Phys. France 44, 1337 (1983).

[50] L. Masters, X. X. Hu, M. Cordier, G. Maron, L. Pache, A.
Rauschenbeutel, and J. Volz, On the simultaneous scattering of
two photons by a single two-level atom, Nat. Photon. 17, 972
(2023).

[51] H. S. Nguyen, G. Sallen, C. Voisin, Ph. Roussignol, C.
Diederichs, and G. Cassabois, Ultra-coherent single photon
source, Appl. Phys. Lett. 99, 261904 (2011).

[52] C. Matthiesen, A. Nickolas Vamivakas, and M. Atatiie, Subnat-
ural linewidth single photons from a quantum dot, Phys. Rev.
Lett. 108, 093602 (2012).

[53] C. Matthiesen, M. Geller, C. H. H. Schulte, C. Le Gall,
J. Hansom, Z. Li, M. Hugues, E. Clarke, and M. Atatiire,

Phase-locked indistinguishable photons with synthesized wave-
forms from a solid-state source, Nat. Commun. 4, 1600
(2013).

[54] L. Hanschke, L. Schweickert, J. C. L. Carrefio, E. Scholl, K. D.
Zeuner, T. Lettner, E. Z. Casalengua, M. Reindl, S. F. C. da
Silva, R. Trotta, J. J. Finley, A. Rastelli, E. del Valle, F. P.
Laussy, V. Zwiller, K. Miiller, and K. D. Jons, Origin of an-
tibunching in resonance fluorescence, Phys. Rev. Lett. 125,
170402 (2020).

[55] C. L. Phillips, A. J. Brash, D. P. S. McCutcheon, J. Iles-Smith,
E. Clarke, B. Royall, M. S. Skolnick, A. M. Fox, and A. Nazir,
Photon statistics of filtered resonance fluorescence, Phys. Rev.
Lett. 125, 043603 (2020).

[56] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/gsyr-ddw4 for the derivation of Eqgs. (1) and (2) using
both general wave superposition theory and a quantum field
approach.

[57] The practical timing response of the SNSPDs is measured to be
approximately 50 ps, compared to the nominal specification of
20 ps.

[58] M. M. Wang, Y. F. Li, H. Q. Liu, H. Q. Ni, Z. C. Niu, X. G.
Wei, R. F. Yang, and C. Y. Hu, Interference of single photons
with ultralong coherence time, Appl. Phys. Lett. 125, 154002
(2024).

[59] M. Zou et al., Realization of an untrusted intermediate relay
architecture using a quantum dot single-photon source, Nat.
Phys. 21, 1670 (2025).

[60] P. Zeng, H. Zhou, W. Wu, and X. F. Ma, Mode-pairing quantum
key distribution, Nat. Commun. 13, 3903 (2022).

[61] Y.-M. Xie, Y.-S. Lu, C.-X. Wen, X.-Y. Cao, Z.-Y. Jia, Y.
Bao, Y. Wang, Y. Fu, H.-L. Yin, and Z.-B. Chen, Breaking
the rate-loss bound of quantum key distribution with asyn-
chronous two-photon interference, PRX Quantum 3, 020315
(2022).

[62] H.-T. Zhu et al., Experimental mode-pairing measurement-
device-independent quantum key distribution without global
phase locking, Phys. Rev. Lett. 130, 030801 (2023).

[63] L. Zhou, J. Lin, Y.-M. Xie, Y.-S. Lu, Y. Jing, H.-L. Yin, and
Z. Yuan, Experimental quantum communication overcomes the
rate-loss limit without global phase tracking, Phys. Rev. Lett.
130, 250801 (2023).

[64] L. Zhang, W. Li, J. Pan, Y. Lu, W. Li, Z.-P. Li, Y. Huang, X. Ma,
F. Xu, and J.-W. Pan, Experimental mode-pairing quantum key
distribution surpassing the repeaterless bound, Phys. Rev. X 15,
021037 (2025).

[65] S.-F. Shao, L. Zhou, J. Lin, M. Minder, C. Ge, Y.-M. Xie, A.
Shen, Z. Yan, H.-L. Yin, and Z. Yuan, High-rate measurement-
device-independent quantum communication without optical
reference light, Phys. Rev. X 15, 021066 (2025).

043128-7


https://doi.org/10.1103/PhysRevLett.121.080501
https://doi.org/10.1103/PhysRevLett.132.150602
https://doi.org/10.1103/PhysRevLett.125.123603
https://doi.org/10.1038/s41566-023-01213-0
https://arxiv.org/abs/2403.17253
https://doi.org/10.1088/1464-4266/7/7/007
https://doi.org/10.1103/RevModPhys.58.209
https://doi.org/10.1038/nphys1078
https://doi.org/10.1103/PhysRevLett.108.183601
https://doi.org/10.1103/PhysRevLett.98.153003
https://doi.org/10.1103/PhysRevLett.88.023601
https://doi.org/10.1051/jphys:0198300440120133700
https://doi.org/10.1038/s41566-023-01260-7
https://doi.org/10.1063/1.3672034
https://doi.org/10.1103/PhysRevLett.108.093602
https://doi.org/10.1038/ncomms2601
https://doi.org/10.1103/PhysRevLett.125.170402
https://doi.org/10.1103/PhysRevLett.125.043603
http://link.aps.org/supplemental/10.1103/qsyr-ddw4
https://doi.org/10.1063/5.0217815
https://doi.org/10.1038/s41567-025-03005-5
https://doi.org/10.1038/s41467-022-31534-7
https://doi.org/10.1103/PRXQuantum.3.020315
https://doi.org/10.1103/PhysRevLett.130.030801
https://doi.org/10.1103/PhysRevLett.130.250801
https://doi.org/10.1103/PhysRevX.15.021037
https://doi.org/10.1103/PhysRevX.15.021066

