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The Question

Can ordinary laser pulses reproduce selected correlation patterns of light detections
associated with quantum light?
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BACKGROUND

Quantum Light
All light has a quantum description. Here, nonclassical lightmeans statistics beyond a classical
fluctuating-field description.
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BACKGROUND

What are correlations?

For two detector responses separated by a delay τ ,

g(2)12 (τ) =
E[D1(t)D2(t + τ)]

E[D1(t)]E[D2(t + τ)]
.

Numerator: average product of responses separated by some time lag τ . Denominator: baseline
expected under independence.

Higher orders:measure more detections together.

g(m)(t1, . . . , tm) =
E
[︁∏︁m

i=1 Di(ti)
]︁∏︁m

i=1 E[Di(ti)]
.

Independence implies g(m) = 1. The converse does not necessarily hold. If g(m) > 1, enhanced
joint responses (bunching) are implied; if g(m) < 1, suppression is implied.
The correlation described here is distinct from Pearson correlation.
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BACKGROUND

Why study correlations?

Average brightness does not determine how detections occur together.

▶ Characterize a source: Determine whether the source produces thermal, coherent,
or quantum light.

▶ Measure time scales: Study how correlations change with delay to reveal memory or
recovery dynamics.

▶ Determine spatial structure: Compare signals at separated detectors to estimate a
source’s physical properties.

Historical example: Hanbury Brown and Twiss used intensity correlations to measure the
angular diameter of Sirius (1956).

Next: what can three or four detector responses reveal beyond pairs?
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BACKGROUND

When is higher-order important?

▶ Characterize rare multiphoton events.

▶ Distinguish models consistent with lower-order
measurements.

▶ Test multi-detector measurement and its time-delay
structure.

ARMAND RUNDQUIST et al. PHYSICAL REVIEW A 90, 023846 (2014)

transition-edge sensors [17] or superconducting nanowires
[18–20], could provide an alternative technique for the
characterization of multiphoton Fock states; however, these
devices are still under experimental investigation and are not
yet widely available.

Here we report the observation of nonclassical third- and
fourth-order photon correlations in an originally coherent
probe after it was transmitted through a semiconductor
nanocavity containing a single quantum emitter. Our system
consists of a self-assembled InAs quantum dot (QD) embedded
in a three-hole linear defect nanocavity (L3) [21] in a two-
dimensional GaAs photonic crystal, fabricated as described
in previous work [22]. The QD–cavity system is maintained
at cryogenic temperatures (between 4 K and 50 K) using
a continuous-flow liquid helium cryostat. We excite this
system with focused pulses from a mode-locked Ti:sapphire
laser tuned near the bare cavity resonance, and the emitted
light was collected with a high numerical aperture objective
lens (NA = 0.75). We employ the cross polarized reflectivity
technique (input source orthogonal to the collected reflected
signal and at 45◦ relative to the cavity mode) that mimics the
results of a transmission measurement [2]. This experimental
setup is depicted in Fig. 1(a).

II. STRONG COUPLING OF A QD TO A
PHOTONIC-CRYSTAL NANOCAVITY

We verify the strong coupling between the cavity and the
QD by observing an anticrossing in the reflectivity (taken using
a superluminescent broadband diode as a source) when the
QD is temperature tuned through resonance with the cavity
[Fig. 1(c)]. By fitting the observed spectrum [Fig. 2(a)] (see
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FIG. 1. (Color online) Experimental setup for detecting photon
correlations. (a) A scanning electron microscope image of the
photonic-crystal nanocavity (left) and the schematics of the cross-
polarized microscopy setup [2]. The polarizing beam splitter (PBS)
in combination with the half-wave plate (HWP) allows us to filter and
select only the light that circulated inside the cavity. (b) Schematics of
the generalized HBT setup used to detect arrival times of three-photon
events, from which the third-order autocorrelation function g(3)(τ1,τ2)
is then extracted. (c) As the QD is temperature tuned across the
resonance of the cavity, an anticrossing is observed in the system’s
spectrum (the cross-polarized reflectivity curves are obtained by using
a superluminescent broadband diode as the source).

Appendix A) and assuming that the QD radiative and dephas-
ing rates are γ /2π = γd/2π = 1 GHz based on previous work
[4], we extract the experimental parameters of the system: the
decay rate of the cavity field κ/2π ≈ 26 GHz (corresponding
to a quality factor Q ≈ 6,200), the QD–cavity coupling rate
g/2π ≈ 21 GHz, and the fraction of the time the dot spends
in a dark state (not interacting with the cavity) due to blinking,
pdark ≈ 0.38. As mentioned earlier, when probed near reso-
nance with coherent light from a laser, such a system can act
as an adjustable photon-number filter thanks to the anharmonic
Jaynes-Cummings ladder [4]. Prior to this work, however, only
measurements of the second-order autocorrelation function
have been performed on such a system [2,3].

The relevant features of the photon correlations in this
system occur at a time scale given by the lifetime of a photon
inside the cavity [2], which is significantly shorter than the time
resolution of the SPCMs. To resolve these features, we sample
the correlations by a train of pulses from the mode-locked
Ti:sapphire laser (∼80 MHz repetition rate). The linewidth
of the original ∼3-ps pulses was reduced to �λFWHM ≈ 0.04
nm (corresponding to a bandwidth of roughly 14 GHz) by
passing the pulses through a monochromator. This allows us
to resolve the relevant spectral features of the system while
retaining the fast sampling. The average optical power in the
pulse train was measured to be P̄probe ≈ 0.2 nW in front of
the objective lens, which at an frep ∼ 80 MHz repetition rate
and with a coupling efficiency of η ∼ 0.01 corresponds to an
approximate intracavity photon number (during the on time of

the pulse) of n = ηP̄probe

frep�ω
≈ 0.12.

We first tune the pulses to be on resonance with the
QD–cavity system [red arrow in Fig. 2(a)] and record the
arrival times of the transmitted photons using the three-SPCM
setup from Fig. 1(b), with the system held at a temperature
of T ≈ 30 K. From this data we can extract the second-
order autocorrelation function g(2)(τ ) via the two-photon
coincidence counts G̃(2)(τ ) (here G̃(2) means we have time
binned the raw detection events but not yet normalized them)
detected between SPCM1 (start) and SPCM2 (stop) [Fig. 2(b)].
In addition to two-photon bunching caused by photon-induced
tunneling, this data also reveals the presence of classical bunch-
ing resulting from QD blinking [2,23]. The latter manifests
itself as an exponential decay of coincidence counts G̃(2)(τ )
for increasing τ . The time constant of this decay, Tdecay ≈ 0.5
μs, is much longer than the decay of the bunching from
photon-induced tunneling, and we extract it together with the
normalization constant Ḡ

(2)
∞ by fitting the histogram with the

function G̃(2)(mTrep) = [Ḡ(2)(Trep) − Ḡ
(2)
∞ ]e−mTrep/Tdecay + Ḡ

(2)
∞ .

Note that this decay time is determined by the mean switching
rate between the bright and dark states and is independent of the
fraction of time pdark the QD actually spends in the dark state.
A more detailed analysis of the dark-state dynamics can be
obtained using a rate equation approach [24], but that is beyond
the scope of this work. Unfortunately, because of the much
faster time scales of our system compared to conventional
atom–cavity experiments [13], we cannot resolve the decay
rate of photon bunching caused by photon-induced tunneling,
as this happens within the time scale of the individual
pulses. After normalization, the second-order autocorrelation
is ḡ(2)(0) = G̃

(2)
0 /Ḡ

(2)
∞ = 1.141 ± 0.003 (we use the notation

023846-2

A quantum-dot cavity: measure its
multiphoton output. Rundquist et al.
(2014), Fig. 1(a), SEM crop.

Cost:multiple channels, timing alignment, long stable acquisition.
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BACKGROUND

What is Emulation?
Use a simpler, controllable system to reproduce select measurements of another system.
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BACKGROUND

What is Emulation?

Previous optical examples:
▶ B92 and six-state quantum key distribution: emulate state preparation and
measurement protocols.[1,2]

▶ Quantum state tomography and Bell-test emulation: reconstruct states and
analyze polarization correlations.[3]

[1] Gandelman, Maslennikov and Rozenman, Photonics 12, 220 (2025). B92 protocol.
[2] Gandelman and Rozenman, Eur. Phys. J. Spec. Top. 235, 2967–2975 (2026). Six-state protocol.
[3] Arbel et al., Results in Optics 21, 100847 (2025). Quantum state tomography and Bell-test emulation.
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RESEARCH QUESTION AND APPROACH

The question

Research Question

Can an optical apparatus with random routing reproduce expected correlation
measurements of higher orders?

The Goal
Create an apparatus that emulates coincidence-exclusion patterns in third- and
fourth-order correlations, providing an accessible platform for further experimentation on
and teaching of higher-order correlations.
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RESEARCH QUESTION AND APPROACH

The optics implement a random choice

▶ We use pulsed lasers, half-wave plates, and polarizing
beam splitters.

▶ Half-wave plate rotates the polarization; polarizing
beam splitter separates the two orthogonal ones.

pulse router 1

router 2

router 3

D1

D2

D3

D4

Three routers, four detectors.
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RESEARCH QUESTION AND APPROACH

A probabilistic routingmodel

Di,n = Inχi,n, χi,n ∈ {0, 1},
4∑︂
i=1

χi,n = 1.

In: pulse energy. χi,n: indicator that pulse n reaches detector i.

χi,nχj,n = 0 (i ̸= j)

▶ Destination probabilities qi > 0, fixed across pulses.
▶ Routing choices independent across pulses and of pulse energies.
▶ Pulse energies i.i.d., with finite positive mean µ.

The detector indicators within one pulse are mutually exclusive.
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RESEARCH QUESTION AND APPROACH

What do we expect to see?

Figure: (a) Expected second-order correlation function; (b) Expected third-order correlation
function; (c) Expected fourth-order correlation function
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RESEARCH QUESTION AND APPROACH

Second order: suppression between two outputs

500-second run
Timing jitter: δ = 333 ms.

Suppression near zero
delay; fitted minimum
approximately 0.125.

A routed pulse favors one output. This cross-correlation dip does not certify nonclassical light.
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RESEARCH QUESTION AND APPROACH

The three-detector case checks the same argument
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Three suppressed lines; pair-product Pearson r = 0.997; 9817 valid pulses.
Origin (all three responses from one pulse): measured 0.22 vs. pair-product 0.12—a joint third
moment is not a product of pair moments.
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RESEARCH QUESTION AND APPROACH

A short proof of the five-line pattern

Fix t4 − t1 = T = 6 pulse periods: a 2D slice of a three-delay function. Use x = t4 − t3,
y = t2 − t1, with pulse indices (s1, s2, s3, s4) = (n, n+ y, n+ T − x, n+ T),

G(x, y) =
E[
∏︁4

i=1 Di,si ]
µ4

∏︁4
i=1 qi

.
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Repeated index: si = sj implies χi,siχj,sj = 0, so G = 0.

Distinct indices: independence givesE[
∏︁

i Di,si ] = µ4
∏︁

i qi, so G = 1.
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RESEARCH QUESTION AND APPROACH
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s1 = s2⏞ ⏟⏟ ⏞
y=0

s3 = s4⏞ ⏟⏟ ⏞
x=0

s1 = s3⏞ ⏟⏟ ⏞
x=T

s2 = s4⏞ ⏟⏟ ⏞
y=T

s2 = s3⏞ ⏟⏟ ⏞
x+y=T

s1 = s4⏞ ⏟⏟ ⏞
never: T>0

Zero set: five lines in the (x, y) plane; value 1 elsewhere.
Zeros do not require balanced routing or a particular energy distribution. The off-line value uses
independence across pulses.
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RESEARCH QUESTION AND APPROACH

The predicted lines appear in themeasuredmaps

▶ Five suppressed lines, reproduced in three runs on two days.
▶ Line means 0.41–0.75: imperfect routing gives partial suppression.

Themeasured geometry agrees with the routing model.
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RESEARCH QUESTION AND APPROACH

Howmuch does a product of pair moments explain?

Gpair =
∏︁

i<j g
(2)
ij (sj − si); three-hour run: Pearson r = 0.987, RMSE 0.043.

▶ Memoryless model: distinct pulse indices split into independent groups; a group of
≤ 2 responses is fixed by pair moments.

▶ Three coincident times leave a third-order moment, which pairs do not determine.
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REFLECTION AND SUMMARY

Comparison with quantum-dot experiment

Quantum-dot–cavity experiment

Rundquist et al., Phys. Rev. A 90, 023846 (2014), Fig. 2(c).

Third-order correlations in a bunching regime.

Classical optical emulator

This work: Third-order coincidence exclusion.

Measured three-detector correlation, 3-hour run.
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REFLECTION AND SUMMARY

What themodel and experiment establish

▶ Exclusivity determines the predicted zero set.
▶ Independence across pulses gives a flat ideal background.
▶ Imperfect routing produces partial suppression in the data.

Emulation: a controllable test bed for estimators, background handling, calibration and
teaching.

Classical routing produces this pattern; it does not certify quantum light. The present
emulator does not reproduce emitter recovery dynamics or interference.

Next: faster switching and lower leakage (deeper walls, same positions); programmable
memory (other source classes); fourth-order-only correlations, alongside a quantum
processor.
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REFLECTION AND SUMMARY

What themodel and experiment establish
▶ Exclusivity determines the predicted zero set.
▶ Independence across pulses gives a flat ideal background.
▶ Imperfect routing produces partial suppression in the data.

Emulation: a controllable test bed for estimators, background handling, calibration and
teaching.

Classical routing produces this pattern; it does not certify quantum light. The present
emulator does not reproduce emitter recovery dynamics or interference.

Next: faster switching and lower leakage (deeper walls, same positions); programmable
memory (other source classes); fourth-order-only correlations, alongside a quantum
processor.

Thank you!
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REFLECTION AND SUMMARY
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REFLECTION AND SUMMARY
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