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It has recently been shown that counter-intuitive
Franson-like second-order interference can be observed
with a pair of classically correlated pseudo thermal
light beams and two separate unbalanced interferom-
eters (UIs): the second-order interference visibility
remains fixed at 1/3 even though the path length dif-
ference in each UI is increased significantly beyond
the coherence length of the pseudo thermal light
[Phys. Rev. Lett. 119, 223603 (2017)]. However, as
the pseudo thermal beam itself originated from a long-
coherence laser (and by using a rotating ground disk),
there exists the possibility of a classical theoretical model
to account for second-order interference beyond the coher-
ence time on the long coherence time of the original laser
beam. In this work, we experimentally explore this counter-
intuitive phenomenon with a true thermal photon source
generated via quantum thermalization, i.e., obtaining a
mixed state from a pure two-photon entangled state. This
experiment not only demonstrates the unique second-
order coherence properties of thermal light clearly but may
also open up remote sensing applications based on such
effects. © 2020 Optical Society of America

https://doi.org/10.1364/OL.413287

Optical interferometry has been a key workhorse in various
fields of astronomy, metrology, communication, information
processing, and fundamental studies. Especially, the second-
order intensity correlation between two light beams measured
with two detectors, commonly known as Hanbury Brown and
Twiss (HBT) interferometry [1], has prompted novel under-
standing of optical coherence [2–4] and marked the beginning
of quantum optics [5]. Second-order interference based on
HBT interferometry is in fact at the heart of numerous modern
applications of quantum optics, namely, quantum interfer-
ometry for fundamental studies [6–9], characterization of
single-photon sources [10,11], quantum imaging [12–15],
photonic quantum gate operation [16–20], quantum optical
metrology [21–26], quantum communication [27], etc.

It is commonly understood that the coherence time of light,
classically determined by the spectral bandwidth from the

Wiener–Khinchin theorem, is the timescale over which interfer-
ence can be observed [28], although the N-photon coherence
time in quantum interferometry (N ≥ 3) depends on the num-
ber of interfering photons and the specific measurement scheme
used to detect the photons [29]. Surprisingly and seemingly in
contradiction to the common understanding of temporal coher-
ence [28,30,31], the intensity correlation between the outputs
of two unbalanced interferometers (UIs) with two classically
correlated beams of pseudo thermal light at the input exhibits
unique second-order interference that does not degrade with the
UI path length difference increase [32–34]. In fact, the second-
order interference visibility is shown to be fixed at 1/3 no matter
how much the path length difference in each UI is increased
beyond the coherence length of the pseudo thermal light [32–
34]. However, for the experimental observation in Ref. [33],
the pseudo thermal light source was implemented by making
use of a long-coherence laser beam and a rotating ground disk.
This method merely gives an arbitrary phase to the laser beam
depending on the rotating speed of the ground disk, so a resid-
ual coherence laser beam could in principle be measured with
extremely fast detectors. Thus, there exists the possibility of a
classical theoretical model to account for second-order interfer-
ence beyond the coherence time on the long coherence time of
the original laser beam. In this work, we experimentally explore
the counter-intuitive second-order interference, in which the
interference visibility is completely irrespective of the path
length differences, with a true thermal photon source generated
via quantum thermalization, i.e., obtaining a mixed state from a
pure two-photon entangled state [35,36]. The thermal (mixed)
state of the photon was obtained by tracing out one subsystem
of a pure two-photon entangled state generated via the atomic
spontaneous four-wave mixing (SFWM) process. This exper-
iment not only clarifies the unique second-order coherence
properties of true thermal (mixed state) photons but may also
open up remote metrology applications based on such prop-
erties, i.e., coherence-time-insensitive and turbulence-robust
second-order interference of thermal photons [37–39].

The overall experimental schematic for observing second-
order interference beyond the coherence time with true thermal
light is shown in Fig. 1. The true thermal light beam, labeled
as the idler in Fig. 1, is generated from spontaneous emission
of 87Rb atoms. The thermal idler beam is then split into two
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Fig. 1. Experimental schematic. The true thermal photon source
is generated via quantum thermalization, i.e., obtaining a mixed state
from a pure two-photon entangled state through atomic cascade decay.
In unbalanced interferometers (UIs), the path length differences 11

and12 are significantly larger than the coherence length of the thermal
light. BS, beam splitter; FBS, fiber beam splitter; PZT, piezoelectric
transducer; TCSPC, time-correlated single-photon counting module.

correlated beams of light with a fiber beam splitter (FBS),
and these beams are fed into two separate UIs. Here, the long
and short paths are noted as L1(L2) and S1(S2) for the UIs,
respectively. The path length differences11 = 2(L1 − S1) and
12 = 2(L2 − S2) are significantly larger than the coherence
length of the thermal idler beam so that there is no first-order
interference observed at two detectors D1 and D2. Note that
this condition is similar to that of the entangled-photon-based
Franson interference [8,9]. When the coincidence between
the two detectors is measured, however, unique second-order
interference of thermal light emerges [33]. In the photon pic-
ture, the emergence of second-order interference in this setup
can be explained as quantum interference of four two-photon
probability amplitudes due to the transit of the photons through
the path-pairs (L1, L2), (S1, S2), (L1, S2), and (S1, L2)
[32,34]. The indistinguishability condition requires that the
length differences |L1 − L2| and |S1 − S2| be kept less than the
coherence length of the thermal light.

The coincidence between the two detectors D1 and D2 is pro-
portional to the second-order correlation function g(2)(t1, t2),
which is calculated to be

g(2)(t1, t2)∝ 2+ γ
(

1+ cos
(ω

c
(11 −12)

))
, (1)

where ω is the central frequency of thermal light, and c is the
speed of light in vacuum. The parameter γ represents experi-
mental degradation of the measured autocorrelation function of
thermal light (i.e., γ = g(2)auto(0)− 1) and is included to reflect
the limited timing resolution of the detectors. Ideally, for the
thermal light, g(2)auto(0)= 2 so that the second-order interference
visibility is fixed at 1/3 completely irrespective of the path length
differences in the UIs.

For generating the true thermal statistics of photons, we make
use of quantum thermalization: while the two-photon entan-
gled state is a pure state, the respective states of the subsystems
(i.e., the signal and idler photons) are not. The quantum states
of the individual signal and idler photons are both in thermal
(mixed) states [35,36]. The detailed experimental setup for true
thermal photon generation via quantum thermalization, i.e.,
obtaining a mixed state from a pure two-photon entangled state
through atomic cascade decay, is shown in Fig. 2(a). The hori-
zontally polarized pump beam and vertically polarized coupling

Fig. 2. (a) Schematic for a true thermal photon source generated
via quantum thermalization, i.e., obtaining a mixed state from a pure
two-photon entangled state through atomic cascade decay. The pump
and coupling beams excite the 87Rb atoms from the ground state |g 〉
to the excited state |e 〉 via the two-photon transition shown in (b).
Due to the ladder-type spontaneous four-wave mixing process, the
energy–time entangled two-photon pure state is generated. The signal
photon is discarded so that the resulting quantum state of the idler
photon is thermalized. E, fused-silica etalon filter; IF, interference
filter; P, Glan–Thompson polarizer; M, mirror. (b) Energy level dia-
gram (δ = 900 MHz, |g 〉 = |5S1/2, F = 2〉, |m〉 = |5P3/2, F ′ = 3〉,
|e 〉 = |5D5/2, F ′′ = 4〉).

beam propagate in opposite directions through the Rb vapor
cell, which is heated at 60◦C and covered by a µ metal shield.
The two beams generate energy–time entangled photon pairs,
the signal and idler photons, via the ladder-type SFWM process;
see Fig. 2(b) for the energy level diagram. The SFWM photon
pair itself is in a two-mode squeezed state, but if one subsystem
is traced out, the other subsystem is in a thermal (mixed) state
[35,36]. According to Ref. [35], this process is “thermalization
that is intrinsically quantum mechanical.” In experiment, only
the idler photon in a thermal (mixed) state is collected and used
for the experiment. The angle between the idler photon and
the pump laser beam is 1.43◦. To further minimize the effect of
the scattered photons from the pump laser, a solid etalon (E) of
1 GHz bandwidth and an interference filter (IF) of 1 nm band-
width are used. Also, the horizontal polarization components
are filtered out by using a polarizing beam splitter (PBS) and a
Glan–Thompson polarizer (P).

The thermal nature of the idler photon is measured with
the HBT setup in Fig. 2(a), and the result of the HBT auto-
correlation measurement, g(2)auto(0), is shown in Fig. 3. The
experimental data show that g(2)auto(0)= 1.74, which is less
than the ideal value of two. This is due to the relatively large
bandwidth of the idler photon with respect to the timing res-
olution of the detectors (Excelitas, SPCM model) [40,41].
By deconvoluting the obtained autocorrelation function with
the detectors’ temporal response function, the autocorrelation
function for the idler photon can be obtained [42,43]. The
deconvoluted autocorrelation function for the idler photon
shows g(2)auto(0)= 1.99, confirming the thermal nature of the
idler photon. The coherence time τc of the thermal idler photon
is estimated to be τc = 1.63 ns, and the corresponding coher-
ence length is cτc = 0.48 m. Note that the coherence time of
pseudo thermal light is dependent on the rotation speed of the
ground disk, so the typical coherence time of pseudo thermal
light is between a few microseconds to milliseconds [15,33].
Since the atomic thermal light source based on quantum ther-
malization offers almost ideal thermal light, g(2)auto(0)= 1.99,
with a very large bandwidth (i.e., very short coherence time), it is
well-suited for thermal-light-based remote sensing applications
[37–39].
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Fig. 3. Autocorrelation g(2)auto(τ ) of the idler photon. The exper-
imental data show g(2)auto(0)= 1.74. The blue dashed line shows the
autocorrelation function after deconvoluting the detectors’ timing
resolution, g(2)auto(0)= 1.99, confirming the thermal nature of the
idler photon. The coherence time τc of the thermal idler photon is
estimated to be τc = 1.63 ns, and the corresponding coherence length
is cτc = 0.48 m.

Fig. 4. Path length difference of11 =12 = 1 m is larger than cτc =

0.48 m of the thermal idler photon. No first-order interference occurs
when11 is decreased at the speed of 11.9 nm/s, but second-order inter-
ference occurs at the visibility of 25.2± 2.5%.

We now show the results of the second-order interfer-
ence experiment of the setup shown in Fig. 1 with the true
thermal (mixed) photon source shown in Figs. 2 and 3. The
second-order correlation function is experimentally obtained
by measuring the coincidence count rate Nc with a narrow
coincidence window of 1 ns at the equal detection time. The
single count rates, N1 and N2, of the detectors D1 and D2 as
well as the coincidence count rate, Nc , are measured while
scanning PZT1, thereby scanning the path length difference
11, in Fig. 1. PZT1 is scanned by applying a linearly increas-
ing voltage at the rate of 0.10 V/s, corresponding to the scan
speed of 11.9 nm/s. Considering the coherence length of the
thermal light, cτc = 0.48 m, the path length differences are set
at11 =12 = 1 m so that there is no first-order interference. As
seen in Fig. 4, the single count rates show no interference fea-
tures. Small fluctuations on the single count rates come from the
power fluctuation of the frequency-locked pump and coupling
lasers. The coincidence count exhibits sinusoidal interference
fringes at the visibility of 25.2± 2.5%. Although the theoretical
maximum visibility according to Eq. (1) is 33.3%, due to the
fact that the measured g(2)auto(0)= 1.74 in Fig. 3, the maximum

Fig. 5. Path length differences are set at11 =12 = 1 m, and both
11 and 12 are scanned at the speed of 11.9 nm/s. (a) When 11 and
12 are scanned in opposite directions, second-order interference
is observed at the visibility of 29.5± 4.1%. (b) When 11 and 12

are scanned in the same direction, no second-order interference is
observed, as expected from Eq. (1).

observable second-order interference visibility reduces to 27%.
Thus, our experimental observation is consistent with Eq. (1).

Another interesting feature of this experiment is that,
even though the experimental setup in Fig. 1 resembles the
entangled-photon-based Franson interferometer [8,9], the
phase response of the interference is quite different. For the
Franson interferometer, the second-order interference is depen-
dent on the phase sum 11 +12, but for the thermal photon,
the second-order interference is dependent on the phase differ-
ence11 −12, as shown in Eq. (1). To explore this feature, we
scan PZT1 and PZT2 in the same and in the opposite directions
at the same speed of 11.9 nm/s. As shown in Fig. 5(a), when the
path length differences are oppositely scanned, second-order
interference with the visibility of 29.5± 4.1% is observed. Since
the thermal photon second-order interference is related to the
phase difference,11 −12, scanning11 and12 in the opposite
directions at the same speed is effectively the same as scanning
only 11 at twice the speed, as evidenced in the horizontal axis
of Fig. 5(a). When both 11 and 12 are scanned in the same
direction, second-order interference does not appear since
the phase difference 11 −12 is constant, as confirmed in the
experimental data shown in Fig. 5(b).

Perhaps the most unique feature of thermal photon second-
order interference in the setup in Fig. 1 is that the interference
visibility is completely irrespective of the path length differences
in the UIs. To probe this feature for the true thermal pho-
ton used in our experiment, we measured thermal photon
second-order interference for increased path length differences,
11 =12 = 1.5 m and11 =12 = 2 m, by scanning11 at the
speed of 13.2 nm/s. As shown in the experimental data in Fig. 6,
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Fig. 6. Path length differences11 =12 are set to be (a) 1.5 m and
(b) 2.0 m.11 is decreased at the speed of 13.2 nm/s. The second-order
interference visibility is (a) 27.7± 4.4% and (b) 24.2± 4.4%.

thermal photon second-order interference is still observed
irrespective of the path length differences.

In summary, we have experimentally demonstrated counter-
intuitive second-order interference beyond the coherence time,
in which the interferometric path length difference is much
larger than the coherence length of the light, with a true thermal
photon source generated via quantum thermalization, i.e.,
obtaining a mixed state from a pure two-photon entangled
state. The thermal (mixed) state of the photon was obtained
by tracing out one subsystem of a pure two-photon entangled
state generated via the atomic SFWM process. In addition to the
fundamental importance to broader understanding of optical
coherence, the second-order interference effect beyond the
coherence time reported in this work could have significant
remote sensing applications, as the thermal light second-order
interference has some inherent robustness to atmospheric
turbulence [38,44,45].
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