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Randomness-based macroscopic
Franson-type nonlocal correlation

Byoung S. Ham

Franson-type nonlocal correlation is related to Bell inequality violation tests and has been applied
for quantum key distributions based on time bin methods. Using unbalanced Mach-Zehnder
interferometers, Franson correlation measurements result in an interference fringe, while local
measurements do not. Here, randomness-based macroscopic Franson-type correlation is presented
using polarization-based two-mode coherent photons, where the quantum correlation is tested by
a Hong-Ou-Mandel scheme. Coherent photons are used to investigate the wave properties of this
correlation. Without contradicting the wave-particle duality of quantum mechanics, the proposed
method provides fundamental understanding of the quantum nature and opens the door to
deterministic quantum information science.

Over the last several decades, the Bell inequality"* has been a guideline and a testing tool for nonlocal quantum
correlation in quantum mechanics®*-!°. Franson-type nonlocal correlation has been studied with respect to the
Bell inequality violation using noninterfering Mach-Zehnder interferometers (MZIs)'!-'*, where the Franson-
type correlation has been widely adapted for quantum key distributions'*™'¢ and quantum random number
generation'” based on time bin methods. Unlike Bell inequality violations based on measurement projections!, the
Franson correlation uses a polarization-independent interferometric scheme satisfying the randomness of path
choices for photon selections in local measurements. On the other hand, nonlocal coincidence measurements
between remotely separated parties result in strong correlations between the path choices due to individually cor-
related photon pairs. Besides, dynamics of diffusion problems have also been discussed using nonlocal effects'®2!.
Here, we present a coherence model of the Franson-type correlation compatible with a macroscopic (coher-
ence) regime using the wave nature of a photon, which is incompatible with the conventional particle nature of
quantum mechanics. This coherence interpretation of the quantum correlation does not contradict quantum
mechanics of the wave-particle duality, where both features are mutually exclusive?’. For this, randomness of
the original Franson scheme is accomplished by polarization bases in a balanced MZI. Instead of coincidence
detection between two remotely separated parties, a Hong-Ou-Mandel (HOM) type detection scheme is used
to understand this coherence-based correlation®.

Recently, a coherence version of anticorrelation, the so-called a HOM dip has been proposed?* to revisit the
quantum nature of two-mode entanglement®, where anticorrelation is redefined with a definite phase relation
between the interfering paired photons on a beam splitter (BS). According to the coherence interpretation of
anticorrelation?, a new understanding of HOM dips has been established with a specific phase relation between
the signal and idler photons, as experimentally demonstrated in a pair of trapped ions®. Considering the ran-
domness of photon choices for HOM experiments, however, the fringe in each output port disappears, while
coincidence measurements between the two ports shows strong anticorrelation for the paired photons*?%. The
fundamental physics of HOM dips has also been studied for independent light sources, in which the HOM-type
quantum correlations are induced by a coherence control between independent photons®*?’. Like the entangled
photon pairs resulting in no fringes for local measurements, macroscopic quantum correlation has been suggested
recently using phase basis randomness in a double MZI scheme®®. Thus, the HOM type correlation method is
appropriate for investigating correlated photon’s characteristics in terms of coherence. Here, the interference
fringe of the Franson correlation is interpreted using polarization bases for both the local randomness and
quantum correlation.

Analysis

Figureyla shows the original scheme of Franson-type nonlocal correlation'*"?, whereas Fig. 1b shows the cor-
responding coherence version discussed herein. The noninterfering MZIs in Fig. 1a are mimicked by a PBS-BS
composed noninterfering MZIs in Fig. 1b, where the short-short (S-S) and long-long (L-L) path superposition
in Fig. la is replaced by polarization superposition between horizontal (H-H) and vertical (V-V) ones. For
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Figure 1. Schematic of Franson-type correlation. (a) an original version. (b) a coherence version. E: an
entangled photon pair generation light source, S/L: short/long optical path, D: detector, BS: nonpolarizing
beam splitter, PBS: polarizing beam splitter, H (V): horizontally (vertically) polarized photon. ¢ = 27”8x and
Y = 2 8y, where A is the wavelength of the light. The phases nand £ are due to relative path-length difference
between Alice and Bob except for the noninterfering PBS-BS MZI in each side. The initial polarization of laser
light is vertical (V) with respect to the plane of incidence.

proof of principle, a typical interference scheme by a BS (see the red dotted box) is adapted. Here, it should be
noted that coincidence measurement in Fig. 1a is a way to trace the nonlocal correlation of coupled photons
via quantum superposition between the S-S and L-L paths. For the investigation of the nonlocal correlation,
however, the cross-interference scheme of the red-dotted box between correlated photons (A and B) is used to
understand coherence features of the Franson correlation. Here, it should be emphasized that Fig. 1b is effec-
tive not only for the conventional particle nature of photons, but also for the wave nature of photons due to the
coherent control of randomness®.

To make it conceptually identical to the original scheme of Franson correlation in Fig. 1a '*!%, a 45 degree-
rotated half-wave plate (HWP) is used for random polarization bases in both parties with PBS-BS based MZIs as
shown in Fig. 1b. Here the 45-degree rotated HWP stands for random polarization photons even if actual rota-
tion is 22.5 degrees. The random generation of polarized photons provides quantum superposition between two
independent bipartite orthonormal bases, where coherence between paired bases plays a key role for quantum
correlation. Specifically, the present wave nature-based approach can expand the scope of conventional micro-
scopic quantum correlation into a macroscopic one via collective control of individual photons or atoms?-*°.

Starting from a coherent ensemble of photons generated from the laser in Fig. 1b, neutral density filters
(Attenuator) are inserted right after the laser to reconfigure the coherent scheme into a microscopic one com-
posed of doubly-bunched photon pairs governed by Poisson statistics. The ratio of doubly bunghed photons to
single photons is determined by the mean photon number (n) for coherent state |o): |or) = e~ = > % |n). For
(n) = 0.012, the double-to-single photon generation ratio has been experimentally demonstrated to be 0.005,
where its temporal distribution is nearly sub-Poissonian via coincidence measurements due to the elimination
of vacuum and single photon states. Each photon pair is split into two paths for Alice and Bob equally by the
first BS, where each photon’s polarization is randomly provided by a half wave plate. This random polarization

12,13

Scientific Reports |

(2022) 12:3759 | https://doi.org/10.1038/s41598-022-07740-0 nature portfolio



www.nature.com/scientificreports/

of H (horizontal) and V (vertical) in Fig. 1b is similar but not identical to the SPDC type-II case, in terms of
entanglement®'°. Single photons in Fig. 1b do not contribute to the coincidence measurements. Three or more
bunched photons are also neglected due to Poisson statistics corresponding to ~ 1% generation ratio to the
doubly-bunched photons.

The H-V polarization-based Franson correlation scheme of Fig. 1b is now analyzed using the polarization-
basis superposition for the PBS-BS MZIs:

(W), = (IH)a +ie|V)4)/V2, 1)

W) = ie'? (|H)p + ie'V |V)5) /+/2 )

where the amplitude of H and V is set equivalent to Eg, and the term ie’ is due to the total relative path-length
difference (6 = n + &) between Alice and Bob. For coincidence measurements, the last BS for « and f interference
(see the red-dotted box) is removed to satisfy the original nonlocal correlation scheme between Alice and Bob
in Fig. 1a. The subscript A and B in Egs. (1) and (2) indicate Alice and Bob, respectively. Due to the Fresnel-
Arago law’!, however, H-V interference terms are automatically removed??. Here, the relative phases ¢ and { are
related with the path-length (§x; 8y) difference inside the PBS-BS MZIs, which are precisely controlled without
violation of the uncertainty principle.

For analysis of the coherence version of Franson correlation in Fig. 1b, we first show single photon-based
coincidence measurements and then expand it to a general case of a coherent ensemble. The analytic expres-
sion for the coincidence detection R4p measured by both detectors remotely located in Alice’s and Bob’s sides is
directly obtained from Egs. (1) and (2):

1 . . ) .
(Rag) = Z(({Hla —ie™*(VIs) ((Hlp — ie”V(VIp) (IH)a + i€ V) 4) (1H)p +ie [V)5))

1 : .

= 2 ((HIE 5+ VIV ) (HIHYgs + 7 (VIVI4) ) 3)
2

= (14 cos (o~ )

where Iy = EoEj, ¢ = 27”8x, and{ = 27”8)/. Thus, Eq. (3) shows the same result as the original Franson-type
nonlocal correlation'?'?, With precise control of ¢ and s, the coincidence measurement in Eq. (3) shows a definite
Bell inequality violation with a visibility greater than 1/+/2'-1.

On the other hand, the coherence version of Franson-type correlation in Fig. 1b can be described for the
interference of coherent fields A (¥ 4) and B (W) as follows:

Io = i{ [(Ha + e Va — & (Hy + e’ Vi))] [(H} — ie™ V3 — e~ (H} — ie= ¥ Vi)))] }
_ i [HAHj; " VAVE + HpHj + VgV — (HAH; n VAvgeiW’—'/’))e—"@ - (HBH: + VBVXe—"“P—‘”))e’ﬂ

Iy
= 5[2 — cos () —cos(p — ¥ — 0)],
(4)

where V; and H; indicate polarized coherent fields in the Alice’s and Bob’s sides, whose amplitude is Ey:
;= % (H; + el Vj);j = H,V; {1 = ¢; { = . Obviously, the orthogonal polarization bases in Fig. 1 should
include circular polarization bases without the 45 ° half-wave plate. In this case, a 7 phase shift in Vs between
Alice and Bob can be compensated by the control of {s or ¢. According to the wave-particle duality, the phase of
a photon cannot be compatible with a photon number or an energy state. In other words, the coincidence detec-
tion must be replaced by coherence detection. All V;H; interference terms are deleted due to the Fresnel-Arago
law?!. Each output amplitude superposed by Egs. (1) and (2) is as follows: E, = % (\IJA + ief \IJB);
Eg = ﬁ (\IJ 4 — i€t ‘IJB); IjisdefinedasI; = E .Ef. In the view point of coherence optics, Fig. 1b satisfies a general
MZI scheme (see the big square including both noninterfering PBS-BS MZIs). For coherence optics of MZI, Eg
can be either a single photon®® or coherent light governed by Maxwell’s equation. Likewise,

Ig = 150[2 + cos (0) + cos(p — ¥ —0)]. ®)

Although Egs. (4) and (5) are different from Eq. (3), they share the phase sensitive fringe (see Fig. 2)%'%32,
Unlike coincidence measurements for single photons, the coherence version of Franson-type nonlocal correlation
in Egs. (4) and (5) includes both classical and quantum limits depending on the relative phase between ¢ and {r
as well as 6. In other words, the quantum feature of the coherence version of Franson correlation relies on the
relative phase information between the coherent photon pair. In practical situations, however, this phase control
between two parties should be conducted in a trusted-device scenario. Such a scenario can be easily obtained by
a laser locking-based feedback control**. The 6 effect resulting from the BS-BS MZI (see the big square in Fig. 1b)
is viewed for a HOM dip?. Thus, Franson correlation in Fig. 1b has a chance to be compared with an interference
model of a HOM dip for the fundamental physics of quantumness or nonclassicality.

Figure 2 shows numerical simulations for Egs. (3)-(5), where a single-shot near-perfect measurement is
another impotant benefit of the coherence (macroscopic) version. Figure 2a,b are single-photon-level coincidence
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measurements based on Eq. (3) as a reference, whereas Fig. 2¢,d are for the coherence counterparts based on
Egs. (4) and (5). In terms of coincidence measurements for the particle nature of photons, the relative phase-
dependent Ryp in Fig. 2b shows a definite coherence feature as observed in ref. 12. If there is no superposition
between polarization bases in the noninterfering PBS-BS MZIs, then the interference term in Eq. (3) is negated,
resulting in T dependent intensity correlation:

Rap(t) = {(—ie= (V1) (—ie™™ (VIp) (i |V),) (ieV |V)p)) = I3. (6)

Thus, the observed fringe in the original Franson experiment'? is rooted in the superposition between S-S
and L-L paths of a photon pair. In other words, the quantum feature of Franson correlation is due to the coher-
ence between paired photons via random basis superposition (discussed below).

The output intensities of I, and Ig in Fig. 1b are opposite each other, satisfying general MZI physics as shown
in Fig. 2¢,d. The maxima of I, occur at{s + 6 = ¢ % 7 to satisfy MZI physics, whereas Igat |y + 6 = ¢. For6 = 0,
Fig. 2¢,d are identical, as Fig. 2a,b are.

Figure 3a,b represent output intensities as a function of ¢ for different 6 for Eqs. (4) and (5). For these, Bob’s
phase is fixed at ¢ = 0. As expected, the output intensities show constrasting results, but swings as 6 varies. This
swing effect is due to the H-H correlation indpenedent of the relative phase |¢ — y/|as a common background.
Although the global phase control by 6 in one path (Bob) with resepct to another (Alice) has no effect on the
direct coinicidence measurements in Fig. 2a as shown in Eq. (3) !9, it affects the quantum features in an inter-
ferometric system of Fig. 1b (see also Fig. S1 of the Supplementary Informaton).

For this in Fig. 3¢, both intensities I, and I in Fig. 3a,b are multiplied as a function of 6 for different values of
Yrand fixed ¢ = 0 (see also Fig. S2 of the Supplementary Information). If the anticorrelation condition is satisfied
as shown in the blue curve at 6 = £nx for ¢ = { = 0, photon bunching-caused anticorrelation occurs at every
6 = +n, resulting in a quantum feature?. The degraded anticorrelation such as in the red curve (f = 3; ¢ = 0)
can be fixed if ¢ is compensated to ¢ = { (see the bottom pannels of Fig. S2 of the Supplementary Information).
However, there is no way to fix the correlation degradation if ¢ # { (¢ # £ 7). As a result, the main param-
eters for Franson correlation are ¢ and { even in an interferometric system. This is the fundamental physics of
Franson-type nonlocal correaltion how it can be used for quantum key distribution'*'6.

Figure 3d shows I, versus 0 for different ¢s at fixed ¢ = 0, where phase ¢ increases from 0 (blue curve) toward
2m as indicated by the increasing numbers (color matched). As analyzed in Fig. 3¢, loss of anticorrelation or
degradation of Franson correlation is due to violaiton of the anticorrelation condition: ¢ # V; ¢ # ¥ =+ . This
shows the nonlocal phase-correlation relation between { (Bob) and ¢ (Alice). If 6(= n + £) is shifted by 7t/2,
then either Bob’s phase s or Alice’s ¢ needs to be compensated by the same amount of shift for the condition of
@ = + 6 (see Fig. S3 of the Supplementary Information). However, the 6 compensation cannot retrieve the
visibility fully unless the anticorrelation condition between ¢ and s is satisfied as shown in Fig. 3c. This means
that the quantumness of nonlocal correlation is mainly related with the randomness-based superposition between
two noninterfering PBS-BS MZIs via phase coherence. By the way, another set of PBS-BS MZI outputs A and B’
in Fig. 1 also results in the same features as Eqs. (3)-(6) (see Figs. S4 and S5 of the Supplementary Information):
Iy =1;ly =1 5 The related experimental demonstrations for Fig. 1b are shown separately®”.

Conclusion

In conclusion, the origin of entanglement or nonlocal correlation observed in Franson-type correlation was
investigated for a coherence model using random polarization bases. To make the classical model similar to the
original Franson correlation, random generation of polarized photons was provided by a macroscopic super-
position technique using PBS-BS noninterfering MZI scheme, which is conceptually equivalent to the original
Franson scheme based on path choices. From the analytical calculations, the first conclusion regarding the
origin of Franson correlation was found in the random polarization basis. From numerical simulations, the sec-
ond conclusion regarding the origin of Franson correlation was found in a definite phase relationship between
polarization correlated photons directing to both parties. Lastly, the analytically obtained Franson correlation for
the coherence model of the PBS-BS noninterfering MZIs was tested for anticorrelation, the so-called Hong-Ou-
Mandel dip, where the two remotely separated but coherently coupled polarization-correlated output photons
(or fields) were interfered on a BS. From this, the same phase relationship for anticorrelation was resulted in
between two noninterfering MZIs. Like conventional understanding of nonlocal correlation based on random-
basis superposition in SPDC-generated photon pairs, the same results were obtained in the present coherence
model. Thus, the fundamental question for Franson-type nonlocal correlation was answered for correct definition
of quantumness in terms of basis randomness rather than individual single photons. This answer paves a road to
coherence quantum information for deterministic and macroscopic quantum technologies.

Methods
The numerical calculations in Figs. 2 and 3 were performed by Matlab using equations appeared in the text. The
data that support the findings of this study are available from the corresponding author upon reasonable request.
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