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We report the demonstration of a second-order interference experiment by use of thermal light emitted from a

warm atomic ensemble in two spatially separated unbalanced Michelson interferometers (UMIs). This novel mul-
tipath correlation interference with thermal light has been theoretically proposed by Tamma [New J. Phys. 18,
032002 (2016)]. In our experiment, the bright thermal light used for second-order interference is superradiantly
emitted via collective two-photon coherence in Doppler-broadened cascade-type ¥ Rb atoms. Owing to the long
coherence time of the thermal light from the atomic ensemble, we observe its second-order interference in the two
independent UMIs by means of time-resolved coincidence detection. The temporal waveforms of the interfering
thermal light in the two spatially separated UMISs exhibit similarities with the temporal two-photon waveform of
time-energy entangled photon pairs in Franson interferometry. Our results can contribute toward a better under-
standing of the relation between first- and second-order interferences that are at the heart of photonics-based

quantum information science.
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1. INTRODUCTION

Two-photon interference (TPI) lies at the heart of quantum
optics research and quantum information applications such
as quantum communication, quantum simulation, quantum
computing, and quantum metrology [1-4]. In particular,
Franson interference beyond the single-photon coherence
length in twin nonlocal unbalanced interferometry (UI) experi-
ments is considered a counterintuitive phenomenon from the
viewpoint of classical physics [5—7]. The famous Franson in-
terference experiment is important for understanding both
the nonlocal nature of entanglement and the characteristics
of time—energy entangled photons via coincidence detection
according to the phase difference between the two two-photon
amplitudes in Uls [5]. Thus far, several Franson interference
experiments have been demonstrated with the use of entangled
photon pairs, keeping in mind that Franson interference is re-
garded as evidence of the nonclassical nature of photon sources
with time—energy entangled photons [5-10].

In this context, multipath correlation interference with ther-
mal light based on twin Uls has been theoretically proposed by
Tamma [11]. Unlike the Franson interference of entangled
photon pairs, multipath correlation interference offers interest-
ing points of the proposed interference. One is the path-length
difference of each UI for emerging interference in no limitation
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beyond the coherence length of the thermal light, and another
is that interference fringe is dependent on the path-length dif-
ference between the two Uls [11,12]. Recently, second-order
temporal interference with pseudo-thermal light, using a rotat-
ing ground disk, has been experimentally demonstrated in two
unbalanced Mach—Zehnder interferometers with one common
long-path [13]. Although such an experimental method for
pseudo-thermal light can imitate real thermal light with a high
degree of fidelity, the realizable spectral bandwidth is limited to
the range of a few megahertz because of the rotation speed,
average grain spatial size of the ground disks, and the laser focal
spot size [14]. Moreover, it is difficult to temporally maintain
the phase difference between the two independent Uls with
long-paths of hundreds of meters (spectral bandwidth of a
few megahertz) because of the phase drift of the two Uls arising
from thermal fluctuation, air flow, and acoustical vibration.
Here, we experimentally demonstrate second-order interfer-
ence (SOI) with thermal light superradiantly emitted from
warm ®'Rb atoms using two nonlocal unbalanced Michelson
interferometers (UMIs). In our system, bright thermal light
with a spectral bandwidth of the order of hundreds of mega-
hertz is generated via spontaneous four-wave mixing (SFWM)
in a Doppler-broadened cascade-type atomic ensemble [15,16].
The counting rate of the thermal light obtained via the
two-photon transition of the cascade-type atomic system is
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significantly higher than that of spontaneously emitted photons
for one-photon transition because of the collective two-photon
coherence effect [15]. In particular, we investigate the Franson-
type interferometry of thermal light under the condition that
the UMI path-length difference is larger than the coherence
length of the thermal light. Moreover, we observe the SOI
fringe according to the various conditions of the path-length
difference between two independent UMIs.

2. EXPERIMENTAL SETUP

We briefly describe the setup used to realize SOI with thermal
light (Fig. 1). Figure 1(a) shows the conceptual schematic of the
Hanbury Brown—Twiss (HBT) experiment employed to ob-
serve the photon statistical properties with thermal light.
From the measurement results of the HBT experiment, we
can obtain the normalized second-order autocorrelation func-
tion g@(z) of thermal light, where 7 denotes the time delay
between two photon-counting events measured using two
single-photon detectors (SPDs). The ¢ (0) value of thermal
light is ~2, which is a characteristic photon statistical property
of bunched photons, and the full-width at half-maximum
(FWHM) of the g? (7) spectrum corresponds to the coherence
time of the thermal light.

Meanwhile, as shown in Fig. 1(b), the proposed setup to
realize SOI with thermal light includes two independent unbal-
anced Mach—Zehnder interferometers positioned after a beam
splitter (BS). For coincidence detection between the two SPDs
without one-photon interference of the thermal light, the op-
tical path-length difference between the short and long arms of
both unbalanced interferometers is set to be sufficiently longer
than the coherence length of the incident thermal light. The
conceptual schematic of the SOI experiment of Fig. 1(b) is
the same as that of the Franson interference experiment except
for the BS.

In this study, the thermal light for our experiment is ob-
tained from a Doppler-broadened cascade-type atomic ensem-
ble based on the 5S,/, - 5P3/, - 5Ds, transition of 87Rb, as
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Fig. 1. Experimental configuration. (a) HBT experiment. (b) SOI
with two independent unbalanced Mach—Zehnder interferometers.

shown in Fig. 2(a). Under the two-photon resonant condition
with a far detuning frequency (6) of 1 GHz from one-photon
transitions, the superradiantly emitted photons are due to the
collective two-photon coherence of the warm atomic ensemble
with the two-photon resonant interaction [15].

As shown in Fig. 2(b), with the use of the counterpropagat-
ing geometry of the two contributing fields in the 8Rb vapor
cell, thermal light is generated in the phase-matched direction
of the photon pairs from the Doppler-broadened atomic en-
semble. Therefore, in our experiment, the superradiant pho-
tons emitted via the two-photon transition in the SFWM
process are 20 times brighter than the scattered photons of the
one-photon transition from the atomic ensemble. Relative to
the idler photons, the signal photons of the 5P5, - 5Ds /, tran-
sition are more dominant of the thermal light due to the col-
lective two-photon coherence effect because of low population
of the 5P3, state and low single-emission fluorescence.

Figure 2(c) shows the temporal statistical spectrum of the
signal photons as obtained from the HBT experiment. The
spontaneous emission time of the photon is estimated to be
~1.9 ns, which is significantly shorter than the excited-state life-
time (26 ns) of the ¥ Rb atom. This emission-time shortening of
the thermal light can be understood as the coherent superposi-
tion of the two-photon amplitudes from different velocity classes
in the Doppler-broadened atomic ensemble [17].

The normalized second-order correlation ¢ (0) was esti-
mated to be ~1.75, which is close to the bunched light ¢ (0)
value of 2 [14]. However, our SPD time jitter of ~0.4 ns is less
than the g (z) FWHM of 1.9 ns. The dominant cause
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Fig.2. Superradiant photons from Doppler-broadened cascade-type
87Rb atoms. (a) Cascaded three-level atomic system of 5S; 72 =503/~
5Ds, transition of 8’Rb atoms. (b) Superradiant photon generation
via SFWM process in the 8 Rb atomic vapor cell with counterpropa-
gating pump and coupling lasers. (¢) Temporal statistical spectrum of
signal photons obtained via HBT setup for accumulation time of
180 s.




Research Article

L1

L2
(1.5m) (1.5m)

Fiber Mirror | ] SPD2 Fiber Mirror

Fig. 3. Experimental setup for second-order interference with ther-
mal light. SOI obtained with the use of unbalanced Michelson inter-
ferometers with large path difference: M, mirror; POL, polarizer; Q,
quarter-wave plate; H, half-wave plate; PBS, polarizing beam splitter;
SPD, single-photon detector.

limiting the ¢® (0) value is the time jitter of the employed
SPDs. Considering the convolution of the ¢?(7) function
and the time jitter (0.4 ns) of the employed SPDs, we can con-
firm that the calculated ¥ (0) value is identical to 1.75.

Figure 3 shows the experimental setup for SOI realization
with the use of Franson-type interferometry consisting of two
UMIs. In our experimental scheme, the bunched photons of
the thermal light (signal photons) separated by the BS do
not interact with each other and are spatially separated in
the two UMIs.

The long (Z; and Z,) paths of both UMI; and UMI, in-
clude an optical fiber mirror with a length of 1.5 m. The optical
path length of the long path is estimated to be 4.8 m consid-
ering the refractive index of the optical fiber. We note here that
the coherence length of the thermal light from the Doppler-
broadened atomic ensemble is approximately 0.5 m, and thus,
the optical path-length difference between the short and long
arms of the UM is sufficiently larger than the coherence length
of the thermal light. The adjustable path length differences Ax;
and Ax, of both short arms can be varied in steps of 0.1 pm
with the use of two independent translator stages. Moreover,
the SOI fringes were examined as a function of the Ax; and
Ax, values of the short arms.

3. THEORY

The second-order correlation function G®(z;,#,) of the
bunched thermal light in the two UMIs can be expressed
as [11]

G(Z)(ﬁ:h) = G(])(ﬁ:fl)G(l)(fz:lz) + 77|G(1)(f1,f2)|2’
(1)

where G (#,,1,) denotes the first-order correlation function
and #; and #, the detection times of these photons in SPD1 and
SPD2, respectively. Moreover, thermal fraction coefficient 7 is
related to the maximum second-order correlation value
GY(t, = t,) of our thermal light, including the time jitter of
the employed SPDs. When the detection time difference 7 ~ 0,
the ¢/¥(0) value as per Eq. (3) corresponds to the interference
term. Parameter ¢ (0) can be simply expressed as
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We can obtain sinusoidal SOI fringes according to the path-
length difference between the long (L; - L,) and short
(§1 - S,) arms of both UMIs. Unlike the general Franson in-
terference with entangled photon pairs, the SOI fringe with
thermal light is dependent on the path-length difference be-
tween the two UMIs [6-9].

4. RESULTS

Figure 4 shows the temporal waveform of thermal light in
Franson interferometry with twin nonlocal unbalanced inter-
ferometers. The temporal waveform was measured via coinci-
dence counting for an accumulation time of 180 s using the
TCSPC. For the first time, to the best of our knowledge,
we could observe the time-resolved temporal waveform of ther-
mal light from a warm atomic ensemble in both UMIs.

We note that the temporal waveform of thermal light con-
sists of two side peaks due to the long—short (Z£,S, and Z,S)
path mismatch of the UMIs and the central interference peak at
7 = 0. We can infer that the two side peaks are phase-indepen-
dent; however, the central interference peak is phase-sensitive
according to the path-length difference between UMI,; and
UMI,. This central peak at 7 = 0 is related to the four cases
of short—short (§,5,), long—long (LL,), long—short (Z,S,),
and short-long (S,L,) paths. In particular, the contribution
at the central peak via both the £;S, and S|, paths is due
to temporally separated thermal photons, with the temporal
separation arising from the time difference between the short
and long arms of both UMIs.

The spectral feature of the three peaks is identical to the
autocorrelation function curve of the thermal light from the
warm atomic ensemble [Fig. 2(c)]. The magnitude of the cen-
tral peak is approximately two times larger than those of both
side peaks. In Fig. 4, the red box represents the 2.5 ns temporal
window used for measuring the SOI fringes as a function of
Ax, and Ax,. Here, the detection time difference (A7) be-
tween the short and long paths is 16 ns, corresponding to
the optical path lengths of both the long arms (Z; = L,).
We note that the time difference between the short and long
arms of the UM is sufficiently larger than the coherence time
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Fig. 4. Temporal waveform of real thermal light in Franson-type
interferometer from Doppler-broadened cascade-type 8 Rb atoms.
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of the thermal light. Interestingly, the temporal waveforms of
the thermal light in the two spatially separated UMISs are similar
to the temporal two-photon waveform of time—energy
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Fig. 5. Second-order interference with thermal light in two unbal-
anced Michelson interferometers. (a) SOI fringe of thermal light as a
function of Ax; with fixed Ax, (coincidence detection of both
SPDs). (b) Absence of first-order interference fringes in both SPD1 (blue
circles) and SPD2 (red circles) as a function of Ax; or Ax;,. (c) SOI fringe
as a function of Ax; when Ax; and Ax, are varied equally in opposite
directions (Ax, = -Ax;). (d) Absence of SOI fringe when Ax; and Ax,
are varied equally along the same direction (Ax; = Ax,).

entangled photon pairs for Franson interferometry with twin
nonlocal unbalanced interferometers [10].

In our experiment, we varied Ax; and Ax, of the short
arms by using the translator stages (shown in Fig. 3) to inves-
tigate the SOI fringe variation according to the path-length dif-
ference of both UMIs. Figure 5(a) shows the sinusoidal SOI
fringe of the thermal light from the warm atomic ensemble
as a function of Ax; under the fixed short-path condition of
SPD2 (Ax, = 0). The SOI fringe visibility was found to be
0.22 +0.01 and the fringe period was estimated to be
0.78 £ 0.05 pm from the sinusoidal fitting of the measured
data points. For the observation of the SOI fringe of the ther-
mal light, we measured the coincidence counting of both SPDs
with a 2.5 ns coincidence window.

However, because the path-length difference between both
arms of both UMIs is 10 times longer than the coherence
length of the thermal light, one-photon interference fringes
of the thermal light are not observed in SPDI and SPD2,
as indicated by the single counts in Fig. 5(b).

For the case in which the translator stages are moved equal
distances in opposite directions (Ax; = -Ax;,), Fig. 5(c) shows
the SOI fringe as a function of Ax. The visibility and period
of the SOI fringe are estimated to be 0.22 £0.02 and
0.36 = 0.05 pm, respectively. This SOI fringe exhibits a period
that is half that in Fig. 5(a), with only a change in Ax,;
(Ax, = 0). This is because the phase difference in Eq. (2) is
due to the adjustable path-length difference (Ax; - Ax,)
between the both UMIs.

Here, we note that the relative ratio of the coincidence win-
dow and the SPDs time jitter to the coherence time of the ther-
mal light affects the visibility of the SOI fringe. Although the
coincidence window is larger than the coherence time of the
thermal light, we can clearly observe sinusoidal SOI fringes
in Figs. 5(a) and 5(c). The SOI visibility is estimated to be
22%, and it is limited by the time jitter of the employed
SPDs and the coincidence window.

On the other hand, in the case of both stages moving in the
same direction (Ax; = Ax;), the path-length difference be-
tween UMI,; and UM]I, is zero, and thus the phase difference
in Eq. (2) is zero. Therefore, in Fig. 5(d), we can confirm the
absence of SOI fringes when both Ax; and Ax, move in the
same direction. These results highlight the features of the sinus-
oidal SOI fringes from the thermal light in comparison with the
original Franson interference with entangled photon pairs.

5. CONCLUSION

In conclusion, we experimentally demonstrate the SOI phe-
nomenon with thermal light generated from a cascade-type
warm atomic ensemble via collective two-photon coherence.
Using the bright thermal light from an atomic ensemble, for
the first time to the best of our knowledge, we observed the
temporal waveform of the thermal light in two independent
UMIs. The temporal waveform of the thermal light is similar
to the temporal two-photon waveform of time—energy en-
tangled photon pairs in Franson interferometry, even though
the path-length difference condition between both UMIs for
the SOI fringes of the thermal light is opposite to that for the
original Franson interference with an entangled photon pair.
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We believe that the interesting difference between the second-
order interferences with the time—energy entangled photon
pairs and the bunched photons of thermal light can aid further

advances in optical quantum information science.
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