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The search for macroscopic quantum phenomena is a fundamental pursuit in quantum mechanics. It allows
us to test the limits of quantum physics and provides new avenues for exploring the interplay between quantum
mechanics and relativity. In this work, we introduce a novel approach to generate macroscopic quantum systems
by demonstrating that the creation process of a quantum system can span a macroscopic distance. Specifically, we
generate photon pairs in a coherent superposition of two origins separated by up to 70 meters. This new approach
not only provides an exciting opportunity for foundational experiments in quantum physics, but also has practical
applications for high-precision measurements of distributed properties such as pressure and humidity of air or
gases.
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I. INTRODUCTION

In quantum mechanics, if two alternatives cannot be
distinguished—even in principle—then interference can oc-
cur. Feynman said that this property “has in it the heart of
quantum mechanics” [1]. In 1994, Herzog et al. [2] demon-
strated that this phenomenon can not only be observed for
properties of individual or entangled photons, but for the
creation process of photons themselves. Expanding an experi-
ment by Zou, Wang, and Mandel [3], they have overlapped the
paths of a photon pair generated by one creation process with
the paths generated by another creation process in such a way.
The setup, depicted in Fig. 1 has been aligned in such a way
that there is no information (not even in principle) to find out
in which of the two creation process the photon pair has been
generated. Therefore, the photon pair is in a coherent position
of being created in the first or second process. By adapting a
phase between the two processes, constructive and destructive
interference can be observed. For constructive interference,
the total number of generated photon pairs can be enhanced
by a factor of four compared to a single crystal, while for
destructive interference, the number of generated photon pairs
is zero. A conceptual sketch of this experiment can be seen in
Fig. 1.

This peculiar quantum phenomenon has been employed
in recent years for numerous applications [4], ranging from
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spectroscopy [5] to sensing [6] and entanglement generation
[7,8]. So far, this process has only been observed with very
small spatial distance between the two creation processes.
Either, the two creation processes occur at the same location
(for instance, by pumping the same nonlinear crystal from two
directions [2,9]), or they are separated at the millimeter scale
(for instance, at an integrated photonic chip [10–12]).

Here, we observe coherent quantum superposition between
the origins of two macroscopically separated photon creation
processes. Specifically, we use two nonlinear crystal, spatially
separated by up to 70 m. Each crystal can create photon pairs.
Importantly, by overlapping the paths of the photons from the
two crystals, we create a scenario in which the generated pho-
ton pairs cannot reveal any distinguishing information about
their origin.

Pushing the distance between two creation processes has
multiple motivations. First, on a technical side, one can en-
vision highly sensitive, quantum enhanced sensing methods
for large scale properties such as air pressure or tempera-
ture fluctuations, which is an interesting theoretical question
in quantum metrology [13]. Second, spatially separating the
creation process is necessary for demonstrating the nonlocal
nature of a new multiphoton quantum interference effects
without explicit entanglement, which has been theoretically
proposed in Refs. [4,14] and observed at a local scale in
Refs. [9,11]. Third, at a fundamental physics level, the un-
usual feature of our experiment is that the entire generation
process of the quantum state scales over a macroscopic dis-
tance. As such, our experiment is a different way to observe
quantum coherence over large distances, related to other
physical experiments such as large scale entanglement dis-
tribution [15,16] and quantum information tasks [17,18] or
long-distance interferometers [19,20]. Thus, our experiment
is a first step towards a new way of testing the limits of ever
larger and more complex quantum systems and the concept

2643-1564/2024/6(1)/013294(9) 013294-1 Published by the American Physical Society

https://orcid.org/0000-0002-3207-0121
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.013294&domain=pdf&date_stamp=2024-03-18
https://doi.org/10.1103/PhysRevResearch.6.013294
https://creativecommons.org/licenses/by/4.0/


PSEINER, ERHARD, AND KRENN PHYSICAL REVIEW RESEARCH 6, 013294 (2024)

FIG. 1. A schematic picture of the simplified experimental ar-
rangement is depicted. A continuous-wave pump laser was used to
create a down-converted photon pair in a nonlinear crystal in the
modes s1 and i1. Within the same modes the pump beam propagated
collinearly to the second crystal so an additional possibility for
creating photon pairs indicated by s2 and i2 arises. Aligning both
signal and idler beams such that the which-crystal information is
removed, interference fringes can be observed while scanning the
phase difference between the pump and down-conversion beams.
These effects shall be observed with increased spatial separation of
the crystals. Taken from Ref. [25].

of macroscopicity [21], complementary to quantum systems
with large masses [22], photon numbers [23], or angular mo-
mentum [24].

II. METHODS

In our work, we choose two interfering quantum processes
as an experimental demonstration for macroscopically large
quantum systems (see Fig. 2 for the experimental arrange-
ment). The idea is simple: Investigate how much we can
expand a seemingly coherent quantum system without los-
ing the associated quantum effects. Our system is composed
of two quantum processes that create pairs of photons in
a nonlinear optical process called spontaneous parametric
down-conversion (SPDC). The reason for choosing such a
system is manifold. It can be used for long-distance experi-
ments and multiphoton experiments. Hence, it is extendable in
terms of space, the number of photons, and the dimensionality
of information contained in the system. The principle of path
identity allows for a conceptually simple implementation of
the proposed idea. The SPDC process can be approximated
by a power series expansion [26]

Sab = 1 + gab(a†b†) + g2
ab/2(a†b†)2 + O

(
g3

ab

)
, (1)

where the generation rate g is proportional to the second-order
nonlinear coefficient and the pump power, and a†, b† refer
to the creation operator of photons in the paths a and b. We
neglect all higher orders [� O(g2)] for further discussions
by operating our experiment at low pump powers, see the
Appendix for details.

Inserting another nonlinear crystal into the path of the first
according to the path identity principle with a general phase
Uφ between the two processes leads to

ScdUφSab = [1 + gcd (c†d†)][1 + eiφgab(a†b†)]

= 1 + gcd c†d† + eiφgaba†b† + O(g2),

with φ denoting a phase between the two nonlinear processes.
Finally, using the principle of path identity (i.e., overlaying

FIG. 2. A schematic picture of the experimental setup, which
contains the coherent pumping of two nonlinear crystals (NL I at
the sending station and NL II at the receiving station) with pump and
down-converted beams propagating collinearly, is shown. The phase
difference �φ was introduced via a trombone system (TS) within
a Mach-Zehnder interferometer after splitting up the pump and the
down- converted beam and combining them again with a dichroic
mirror (DM). To avoid chromatic aberration of the lenses between
pump and SPDC photons, two concave mirrors (CM I and II) for
both sending and receiving the signals were used. To filter out the
undesired pump signal as well as to narrow down the wavelength dis-
tribution, bandpass filters (BPF) were implemented in the detection
system. The recorded detection events were labeled with a timestamp
provided by a time tagging module. Simultaneous clicks within a
coincident timing window tc, which was chosen to be 1.5 ns, were
identified as coincidences. Taken from Ref. [25].

the paths of the single photons such that c → a and d → b),
we arrive at

ScdUφSab|vac〉 → [1 + gcd c†d† + eiφgaba†b†]|vac〉
→ |0, 0〉a,b + gab(1 + eiφ )|1, 1〉a,b,

where in the first step the quantum system ScdUφSab acts on
the vacuum mode |vac〉, with |1, 1〉a,b and |0, 0〉a,b denoting
one or no photon pair in the paths a and b, respectively.

Therefore, the derived equation shows that our proposed
system either produces pairs of photons or not, depending
only on the relative phase φ between the two processes. Most
importantly, there is no theoretical evidence that the spatial
distance between the two processes reduces the quantum
behavior of the suppressed or enhanced emission of pho-
tons. The suppressed and enhanced photon pair emission also
shows the fundamental difference between our system and
other spatially extended interference or quantum experiments.
Our entire setup consists of two spatially distant quantum
processes, which, dependent on their relative phase, either
produce pairs of photons or not. In this case, it is not the
product of a process measured at a large distance from one
another, as is the case, for example, with loophole-free bell
experiments [27–30]. Instead, the processes are separated far
from one another such that the quantum system extends over
a large distance. Theoretically, there is no upper limit to the
distance between the two creation processes.
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FIG. 3. The results of the quantum-interference experiment are depicted. (a) The coincident count rates of down-conversion photons while
moving the trombone system and hence changing �L (the biphoton path length difference between downconversion and pump photons) after a
propagation distance of 70 m is shown. The fringe period is given by half the wavelength of the pump photons. (b) The scaling behavior of the
system with increasing distance between nonlinear crystals are shown in terms of the visibility. The red dots correspond to the peak value of
the respective distribution and the red error bars equal the standard deviation of the estimated distributions. (c) A summary of all distributions
of visibilities over the respective propagation distances is shown.

From an experimental perspective, the question arises what
does the coherence of the two processes depend on physi-
cally? Here, two conditions must be met. The first condition,
which is analogous to Eq. (6), is that the optical pathlength dif-
ference between the pump beam and the two down-converted
photons must be smaller than the coherence length of the
pump laser,

∣∣Lp − La
DC − Lb

DC

∣∣ � Lcoh-len
p , (2)

where Lp denotes the path length of the pump laser, La,b
DC

describes the path length of the down-converted photon from
the process a or b, and Lcoh-len

p the coherence length of the
pump laser.

The second condition is given by the following optical
pathlength difference of the down-conversion photons and
their coherence length:

∣∣La
DC − Lb

DC

∣∣ � Lcoh-len
DC , (3)

with Lcoh-len
DC the coherence length of the down-converted pho-

tons.
Additionally, all degrees of freedom of the down-converted

photons must be identical to achieve perfect indistinguisha-
bility. Hence, to ensure path indistinguishability, we overlay
the down-converted photons from the two processes and
remove residual path information by coupling them into
single-mode optical fibers. To ensure identical spectral prop-
erties, we utilize narrow-band optical bandpass filters. We
use a quarter-half-quarter (QHQ) waveplate combination to
align the polarisations of both down-converted photon pairs.

Finally, we control the brightness of both photon creation pro-
cesses by altering the polarization of the pump beam before
the second nonlinear crystal.

We split the down-conversion and pump beam using
dichroic mirrors and introduce path length differences with
a trombone system to change the phase between the two
quantum processes.

III. RESULTS

We confirm the quantumness of the system by measuring
the interference between the two distant quantum pair cre-
ation processes. The visibility of the interference is defined
as V = (max − min)/(max + min), where max describes the
two-photon count rate at phase setting φ = 0, and min the
two-photon count rate φ = π .

For a classical, incoherent system, we would expect a van-
ishing visibility. For a perfect quantum system, we expect to
observe interference patterns in the two-photon coincidence
events by varying the relative phase between the pump and
down-converted photons, according to equation (3). In prin-
ciple, measuring 2 phase settings (φ = 0 and φ = π ) over
a sufficiently long time interval increases the statistical sig-
nificance of the visibility measurement. To minimize phase
fluctuations from turbulent air, we chose to modulate the
relative path delay (thus relative phase φ) with the trombone
system at a total speed of 360 nm/second.

Figure 3 shows the observed interference pattern of two
quantum processes separated by 70 m. The visibility pattern
is clearly evident, and we employed a sinusoidal curve fitting
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technique to model the observed data. The visibility was cal-
culated by extracting the maximas and minimas over a total
period of 70 s. This resulted in approximately 70 measure-
ment points per minima and maxima setting. Calculating the
average visibility from those measurement points results in
83% ± 15%. This main result demonstrates the interference
of two spatially distant quantum processes. The oscillation pe-
riod of the coincidence fringes is given by half the wavelength
of the photons in the beam whose mirrors was translated,
which in this case were the path of the pump photons.

In addition, we also show two visibility measurements at
shorter distances of 2 m and 20 m, respectively. The average
visibilities are 96% ± 3% for 2 m and 92% ± 6% for a 20-m
distance. The apparent drop in visibilities with increasing dis-
tance between the two quantum processes can be explained in
the following way. Due to atmospheric disturbances caused by
the air conditioning system in the laboratory, the pump beam
(with a wavelength of 400 nm) was subject to varying arrival
angles at the second nonlinear crystal. These variations in the
arrival angles led to a significant difference in the number of
photon pairs produced, thereby affecting the amplitudes of the
two-photon creation processes. The different amplitudes ef-
fectively lead to decreasing visibility, analogously to standard
single photon interference experiments, see the Appendix for
details.

IV. DISCUSSION

A summary of the visibilities of the coincident count rates
in dependency of the distance between the crystals is dis-
played in Fig. 3. While the width of distribution for coincident
counts was relatively narrow for 2 m, for longer distances
the error bars increased, and the position of the peak went
to lower visibilities. Note that due to the high number of
evaluated statistics, i.e., high number of photons n, during
measuring (70 s total measurement time per measurement
session) and the accumulated high sampling number in post-
processing, the error of the mean value was negligibly small.
The broadening of the error of the visibility distributions could
be explained with the fact that, as for the three measurements
the measurement times were equal, the count rates over 2 m
and 20 m were higher in magnitude (∼102 counts per tint, see
Fig. 6 and Fig. 7) compared to the ones for largest measured
distance of 70 m (few counts per integration time tint = 70 ms,
see Fig. 8). Obviously, higher statistical significance could
have been achieved by focusing on the single count rates,
which, however, proved to be more experimentally challeng-
ing, as the visibility of single count rates was highly dependent
on the information about the partner photon. By definition,
within the coincident count rates, no information was leaked
to the environment and coherence was conserved.

V. OUTLOOK

In our experiment we show that the birth place of a quan-
tum state can be spatially spread over a distance of 70 m. With
linear extrapolation and without additional control mecha-
nisms, it should be possible to extend the experiment to more
than 125 m (see the Appendix). An interesting future research
question is how effects from special or general relativity affect

FIG. 4. Proposed experimental setup for observing a nonlocal
quantum interference phenomenon of the origins of a photon-
quatruple. Here, four photons are created either in crystals I and
III or II and IV, with a large distance L between the crystals which
could lead to the observation of the nonlocal features of a multipartite
quantum system. The experiment has been proposed in Refs. [4,14]
and recently demonstrated for small L in Refs. [9,11].

the interference in these systems, for example by dephasing or
decoherence, as investigated in related proposals [31].

The results presented here are a crucial first step for the
observation of new nonlocal multiphoton interference effects,
proposed in Refs. [4,14]. There—similar to the experiment
demonstrated here—a four-photon quantum state is generated
in a coherent superposition of two locations. At each loca-
tion, two photon-pair creation can lead to four photons; see
Fig. 4. While the four-photon interference has been observed
experimentally [9,11], the observation of its nonlocal nature
would require a spatial separation of the four crystals. Our
experiment therefore can be seen as a pilot feasibility study for
future studies of nonlocal multiphoton quantum phenomena.
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APPENDIX

The detailed experimental arrangement is shown in Fig. 5.
The photon pairs were created via the SPDC interaction within
a nonlinear medium, which was pumped by a coherent laser
source. The pump light source was a single-mode continuous-
wave (cw) laser beam produced in a compact laser diode
module manufactured by Ondax with a central wavelength
(CWL) of around 405.5 nm. The pump’s spectral distribution
had a full-width at half-maximum (FWHM) bandwidth of
�ν =160 MHz according to the manufacturer, resulting in
a coherence time of t p

coh = 2 ns and a coherence length of
l p
coh = 596 mm.

The maximum power of the pump beam at the loca-
tion of the first nonlinear medium was measured with a
powermeter [Thorlabs Photodiode Power Sensors (C-Series)]
and yielded 15.40 mW ± 0.05 mW, resulting to an intensity

013294-4



QUANTUM INTERFERENCE BETWEEN DISTANT CREATION … PHYSICAL REVIEW RESEARCH 6, 013294 (2024)

FIG. 5. A sketch of the experimental and important points for
the alignment is depicted. The pump beam is indicated by the blue
straight line, the SPDC photons (and the alignment laser) are il-
lustrated in red. The three black dots in the multireflection mirror
system indicate that more mirrors than depicted were used in the final
experiment over longer distances (<20 m). Taken from Ref. [25].

of 7740.88 W/cm2 ± 25.13 W/cm2 at the focal point. The
above laser intensity and the choice of the properties of the
nonlinear crystal (see below) led to a brightness of B = 4.8 ×
105 s−1, which indicates the photon pairs created at the source
per second.1 The laser module was operated at maximum
output power, ensuring a strong SPDC signal, but keeping in
mind that the impact of higher emission SPDC photons on
the visibility is detrimental. Two identical nonlinear ppKTP
crystals produce co-linear photon pairs via a type 2 SPDC
process.

The pump beam, which is assumed to have a Gaussian
beam intensity profile,2 passed a quarter-wave (QWP) and a
half-wave plate (HWP) to increase the conversion efficiency
of the down-conversion beam, as only the projection of lin-
early polarized light contributes to the conversion efficiency.
In the presented case, maximum efficiency was achieved for
vertically polarized light (s-polarized).

The outcoupling stage of the pump beam composed of
a five-axis single-mode fiber aligner (Newport 9131-M) and
an achromatic objective (Olympus RMS40X), which leads
with its optical parameters to a collimated beam radius of
1.55 mm. Subsequently, the beam was focused into the non-
linear medium with a UV-coated f = 300 mm lens, with f
being the focal length. The focusing condition resulted in
a beam waist of ω

p
focus = 25 µm, in agreement to the focal

parameter of ξp = 0.056, with the crystal length L = 1 mm.
Hence, the Rayleigh length (zR= 2πλ

ω
), which determines the

1The brightness B was estimated with the single count rates CA,B

and coincident count rate Cc via B = CA·CB
Cc

, where preliminary back-
ground induced counts � and accidental coincident counts Cacc are
ignored. Note that these assumptions require measuring the bright-
ness with low ambient light and sufficiently low pump power.

2A Gaussian beam profile was ensured by coupling the laser beam
into a single-mode fiber (Thorlabs S405HP).

length across which the beam can be regarded as a plane wave,
was approximately 4.85 mm. Therefore, the assumption that
the pump beam was a plane wave throughout the 1-mm-long
medium, was valid. To avoid chromatic aberration3 between
SPDC (λs/i = 810 nm) and pump (λp = 405 nm) photons,
two dielectric concave mirrors (Thorlabs CM750-500) with
a diameter of 75 mm (one each on the sending and receiving
site) were implemented.

Regarding the propagation in free space, a focal length of
fCM =500 mm ensured a Rayleigh length of 51.6 m for the
pump beam, which suffices in terms of the divergence angle
with respect to the aperture diameter of the optical elements
(1′′ = 25.4 mm) used in the setup.

The focal lengths of the two concave mirrors were chosen
to be fCM = 500 mm throughout all propagation distances.
This ensured, with the pump waist at the position of the first
nonlinear crystal being ωp = 25 μm and a resulting colli-
mated beam radius of ωcoll

p = 2.58 mm, a Rayleigh length
of 51.6 m for the pump beam. Close-to-optimal coupling
efficiency for a given pump beam waist ωp was found experi-
mentally for the following relationship between the pump and
SPDC focal parameters: ξs/i ≈ √

2.84ξp [32]. Hence, the the-
oretical SPDC beam waist with ξs/i = 0.40 was ωs/i = 13.6
μm, leading to a collimated beam radius of ωcoll

s/i = 9.48 mm,
resulting in a Rayleigh length of 348.6 m. In theory, after
70 m the beam radii reach ωcoll70

p = 4.35 mm and ωcoll70
s/i =

9.67 mm, respectively. Hence, over a maximum distance of
70 m, the diffraction limit for the Gaussian-shaped beams
does not exceed the diameter of 25.4 mm, the maximum
aperture diameter of the optical elements used in the setup.
In reality, the beam divergence exceeds the diffraction limit,
which, in combination with misalignment and the used align-
ment technique for greater distances, could lead to loss of the
signal.

This maximum propagation distance of 70 m was cho-
sen in consideration of the finite length of the optical table
and the finite number of ultrabroadband coated BK7 mirrors
[Semrock MM2-311S-25.4] which were used to let the beams
propagate from the sender to receiver. Multiple 25.4 mm ul-
trabroadband mirrors were placed at both ends of the optical
table in the laboratory to let the beams travel from the send-
ing station to the receiving station, while the mirrors were
arranged in such a way, that the beam was reflected from one
end to the other multiple times. In fact, for the maximum prop-
agation distance (70 m), the mirrors were implemented such
that double reflections per mirror were possible. To exploit the
whole area of the mirror, double reflections per mirror, which
are located in two rows on either end of the optical table, were
implemented.

One of the requirements of the coherence length of the
SPDC photons lDC

coh being much smaller than �L is ensured
automatically, as the idler and signal beams of the two dif-
ferent crystals are within the same mode and hence not
manipulated independently (see Fig. 1; other requirements
are discussed in detail in Ref. [8]). The biphoton path length
difference between down-conversion and pump photons �L

3Chromatic aberration describes shift of a lense’s focal length de-
pending on the impinging beam’s wavelength.
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can be changed in the presented experimental arrangement
(see Fig. 2) by splitting the down-conversion fields from the
pump field in between the two SPDC sources. Then, the
path lengths can be changed with an interferometer, where
the photons are combined again before propagating through
the second source. The nondynamical phase difference �	

includes wavefront distortions acquired through free-space
propagation and considers the fact that the group velocities
of the pump and the SPDC photons are not equal, leading
to walk-off effects, caused by the difference in velocities and
directions of energy and phase propagation [33,34].

1. Additional details on measurement results

In the following section, the measurement results of the
single and coincident count rates for interfering SPDC photon
pairs created in the down-conversion crystals I and II, with
three different distances in between, namely, 2, 20, and 70 m,
are shown.

Equation (1) predicts an oscillating behavior of the count
rates while scanning the phase difference between the SPDC
photons created in the first crystal and the pump photons.
However, the most crucial limitation was distinguishability
between the interfering particles, which leads to the fact that
the expected visibility was lower than 1. Any information that
led to the exclusive knowledge about one of the interfering
particle’s state resulted in a decrease in visibility. Limitations
regarding the uncertainty of the visibility were of technical
and systematic nature such as shot noise4 and turbulences in
the air which introduced fluctuations to the signal.

The distributions of visibilities and hence the mean values
of V with respective errors were evaluated by considering
the extrema of the overall coincident and single count rates.
Then, a high number sampling (∼105) with their respective
statistical distributions was performed, which were expected
to follow a Poissonian distribution. The mean values of the
extrema gave the mean value of the visibility V by sim-
ply calculating (max − min)/(max + min), where max (min)
denotes the mean value of the maxima (minima) of the os-
cillating SPDC signal. The extrema for each data set were
evaluated by the FindPeaks-function of the mathematical pro-
cessing software Wolfram Mathematica,5 which returned a list
of values of local extrema. The expected oscillation period
of the interference fringes within the count rates can be es-
timated by calculating the expected coincidence count rate
of overlapping SPDC signals [35] and considering the motor
velocity vm of the trombone system. By performing a Monte
Carlo simulation via combining the sampled distributions of
the extrema of one data set, a high number of visibilities was
calculated.

2. Data analysis for propagation distance of 2 m

The error bars in the plot of the count rates correspond
to counting statistics assuming Poissonian distribution given

4Shot noise can be equated to quantum noise and was caused by the
intrinsic discreteness and randomness of the SPDC process.

5Wolfram Mathematica version 11.0.1.0

FIG. 6. The coincident count rates of SPDC photon pairs created
in two coherent nonlinear crystals while moving the trombone sys-
tem and hence changing �L after a propagation distance of 2 m are
shown. The red dots represent the experimental results. The error
bars assume Poissonian distribution. The inset shows the visibility
distribution calculated by a Monte Carlo simulation. The dots indi-
cate the data points and the straight lines are fitting curves to the
cos-function.

by �n = ±√
n where n is the number of photons being used

in the process of measurement. Note that the typical dark
count rates for the APDs used in this experiment were not
exceeding 2 × 102 counts per second (cps), which, compared
to the single count rates yielded here, were negligible (CA,B ∼
104 cps). Moreover, accidental coincident counts Cacc, which
contributed to the coincidence signal in the form of uncorre-
lated photon pairs and therefore a nonzero background, could
have ultimately led to a decrease in visibility in the coinci-
dent count rates. The accidental coincident count rates Cacc =
CACBtc were around 0.5 cps and 0.036 counts per integra-
tion time tint = 70 ms, which, compared to the measurement
counts in the order of 50 counts per 70 ms, had negligible
impact on the visibility.

Throughout the measurements with a propagation distance
of 2 m, the velocity of the stepper motor had been chosen to
be 180 nm/s and the measurements were taken over a time
window of 70 s. The measured visibilities for the single and
coincident count rates were

V2 m
idler = 19.90% ± 2.61%,

V2 m
signal = 18.79% ± 2.70%,

V2 m
coincidences = 96.15% ± 2.86%. (A1)

As can be seen in the inset of Fig. 6, the visibility dis-
tribution of the coincident count rates is equipped with an
asymmetric error bar, as the value 1 represents the maximum
bound by definition.

Note that due to the high number of evaluated statistics dur-
ing measuring (70 s total measurement time per measurement
session) and the accumulated high sampling number, the error
of the mean value was negligibly small. The effects from sys-
tematic influences such as phase fluctuations and wavefront
distortions due to propagation in free space could be neglected
over the distance of 2 m. This could be extracted from the
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comparison of the measured and the ideally expected error
bars of the visibilities. Assuming solely deviations arising
from Poissonian distributed shot noise effects (standard de-
viation equal to �n = ±√

n̄, with n̄ being the average number
of photons) within the count rates would result in following
visibility errors by performing Gaussian error propagation:

�snV2 m
idler = ±1.88%,

�snV2 m
signal = ±2.03%,

�snV2 m
coincidences = ±2.70%. (A2)

As can be seen, these deviations in visibility compared to
the measured values differed only slightly (by the factors 1.39,
1.33, and 1.06) and were expectedly smaller due to imperfec-
tions of the laser source and phase fluctuations introduced by
the Mach-Zehnder interferometer, hence representing a lower
bound of noise also for larger propagation distances, where
turbulences in the air will have a significant impact. The phase
fluctuations arose through mechanical oscillations within the
optical elements comprising the interferometer.

3. Data analysis for propagation distance of 20 and 70 m

By further increasing the propagation distance of the beams
between the two nonlinear crystals, additional challenges
arose. As discussed in Sec. II, multiple 1, ultrabroadband BK7
mirrors were placed at both ends of the optical table to let
the beams travel from the sending station to the receiving
station.

For the measurements over 20 m (the coincident mea-
surement results are depicted in Fig. 7) the velocity of the
stepper motor vm had been chosen to be, again, 180 nm/s and
the integration time tint of the detection system 70 ms. The
measured visibilities for the single and coincident count rates
were

V20 m
idler = 26.16% ± 7.32%,

V20 m
signal = 35.62% ± 7.08%,

V20 m
coincidences = 92.05% ± 5.65%. (A3)

The post-processing approach for the shown results (also
for 70 m) was equal to the approach presented for the mea-
surements over 2 m. By comparing these results of V20 m with
the ones over 2 m (V2 m) one notices only a slight decrease in
visibility regarding the coincident count rates, in combination
with an increase in error bars in the coincident count rates.

The decrease in visibility, however, was attributed to the
effects of beam wandering through the longer free-space prop-
agation in turbulent air, and hence intensity matching turned
out to be experimentally more challenging. The visibility
therefore would be expected to decrease as the signal detectors
“see” more noninterfering background [2]. Apparently, this
effects also explained the deviations from the mean value of
the visibility distribution, which was emphasized by compar-
ing them to the “shot-noise”-induced deviations:

�snV20 m
idler = ±1.97%,

�snV20 m
signal = ±1.99%,

�snV20 m
coincidences = ±4.97%. (A4)

FIG. 7. The coincident count rates of down-conversion photons
while moving the trombone system and hence changing �L after a
propagation distance of 20 m are depicted.

A significant increase of the deviation in visibility could
not be observed within the coincident count rates (factor
1.17). Moreover, in contrast to the 2 m measurements, the
errors within the coincident count rates were smaller than the
ones for single count rates. This fact came from the intrinsic
property of discrete event counting statistics such as photons
created in an intrinsically random SPDC process. In quantum
optics, counting photons enables detecting and identifying
quantum states. As observed over 2 m, the low photon num-
ber of the coincident count rates (∼102 per integration time
tint) broadens the error bar significantly. Further quantitative
statements regarding the impact of additional noise such as in-
duced by turbulences in the atmosphere can solely be done by
the number of photons n while comparing different measure-
ments (such as 2 with 20 m) with detecting equal intensities.

Figure 8 depicts the results of the count rate measurements
over a traveling distance of 70 m between the two down-
conversion sources. The integration time tint and the stepper
motor velocity vm were chosen to be the same as for the
measurements for 2 m and 20 m. The results reflect, that the
visibilities decreased and reached the following values for

FIG. 8. The coincident count rates of down-conversion photons
while moving the trombone system and hence changing �L after a
propagation distance of 70 m are depicted.
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coincident and for single count rates:

V70 m
idler = 8.42% ± 5.20%,

V70 m
signal = 10.86% ± 3.44%,

V70 m
coincidences = 83.90% ± 12.98%. (A5)

The mean values of the visibilities V70 m compared to 20 m
further decreased but accompanied by decreasing errors for
the signal and idler count rates. The visibility distribution
within the coincident count rates showed a distribution around
the mean value of 83.9%, as during the alignment process
the visibilities were optimized for the coincidences only. Ap-
parently, in contrast to the single count rates, the errors of
the visibility for the coincident count rates increased, signifi-
cantly.

The expected errors arising solely from shot
noise were once more estimated via Gaussian error
propagation:

�snV70 m
idler = ±2.41%,

�snV70 m
signal = ±3.17%,

�snV70 m
coincidences = ±14.20%. (A6)

Unexpectedly, with respect to the measured errors and
comparing them to the results over 20 m, no further increase
of the errors could be observed (factors for singles: 2.16 and
1.09, coincidences: 0.91), as one would have expected due to
the larger propagation distance. Note that a value smaller than
1 signifies that the measured standard deviation is smaller than
the expected standard deviation arising from the shot noise.
This artificial fact could solely be attributed to the imperfect
post-processing method and could be neglected as long the
value differs only slightly from 1. The reason could be found
in the photon count rates n, as within discrete events following
Poissonian distribution, the relative error decreased for high n.
The mean photon number over the 70 m measurements for the

FIG. 9. Extrapolation of measurement results to larger distances.
We see that without adding additional control mechanisms in our ex-
periment, we will be able to see quantum interference with statistical
significance still for more than 120 m.

coincident count rates (few counts per integration time tint) as
well as the single count rates (<103 counts per tint) were sig-
nificantly lower than compared to 2 and 20 m (coincidences:
∼102 counts per tint, singles ∼1.5 × 103 counts per tint).

Compared to the errors in the measured visibility distribu-
tions over 20 m, the decrease in error could be explained by
the dominant shot noise error due to the low photon number.
Finally, these significant fluctuations in intensity due to the
small photon number n resulted in an experimentally chal-
lenging matching of the SPDC intensities, which in the end
represented the main cause for the low visibilities.

Taking all three distances together, we can use a linear
extrapolation, and find that it will still be possible to observe
interference in a statistically significant way with more than
125 m; see Fig. 9.
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