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Targeting at the realization of scalable photonic quantum technologies, the generation of many photons, their
propagating in large optical networks, and a subsequent detection and analysis of sophisticated quantum corre-
lations is essential for the understanding of macroscopic quantum systems. In this experimental contribution,
we explore the joint operation of all mentioned ingredients. We benchmark our time-multiplexing framework
that includes a high-performance source of multi-photon states and a large multiplexing network, together with
unique detectors with high photon-number resolution, readily available for distributing quantum light and mea-
suring complex quantum correlations. Using an adaptive approach that employs flexible time bins, rather than
static ones, we successfully verify high-order nonclassical correlations of many photons distributed over many
modes. By exploiting the symmetry of our system and using powerful analysis tools, we can analyze corre-
lations that would be inaccessible by classical means otherwise. In particular, we produce in the order of ten
photons and distribute them over sixty-four modes. Nonclassicality is verified with correlation functions up to
the one hundred and twenty-eighth order and statistical significances of up to twenty standard deviations.

Introduction.— We are in the midst of the second quan-
tum revolution [1]. That is, quantum systems are increasingly
recognized as a means to establish next-generation informa-
tion technologies [2—-8]. Currently, several physical platforms
compete for providing the basis for advancing fundamental re-
search to such practical implementations, including supercon-
ducting, atom- and ion-based, and photonic systems. Scalabil-
ity, i.e., going from quantum processing with a few to many
qubits, is one of the main concerns when it comes to assessing
the future success of any realizations; see, e.g., Refs. [9-13]
for experiments in different large-scale quantum systems.

Proof-of-concept studies often require the generation of
complex forms of entanglement [14-21]. However, nonclas-
sicality as introduced by Glauber and others in quantum op-
tics [22-25] can be an equally valuable resource for applica-
tions in quantum information in photonic systems as recently
shown in Refs. [26, 27]. For example, sophisticated types of
entanglement can be obtained when propagating single-mode
nonclassical states in optical networks [28-30]. Furthermore,
applications in quantum metrology can significantly benefit
from nonclassical correlations as well [31], such as achieved
when propagating high photon-number states in interferome-
ters and detecting them with single-photon counters [32, 33].
Also, fundamental quantum interference phenomena can be
studied on the basis of nonclassical photon states, e.g., via the
generation of Schrodinger cat states [34].

Because of the demands of quantum information science
and the widespread availability of photonic systems in exper-
iments, it is not surprising that studying quantum effects in
optical scenarios has recently gained an enormous momen-
tum. In particular, quantum-optical interference [35] of many
photons in many modes appeals to the demand of scalability;
see, e.g., Refs. [36—42] for recent theoretical and experimen-
tal investigations. For this purpose, and because of the impor-
tance for fundamental and applied sciences, a number of non-
classicality criteria for photon-number quantum correlations
in multimode systems have been established and successfully
applied in experiments over many decades [43-57].

In addition, the scaling behavior of nonclassical correla-
tions is vital for the future success of optical platforms. This
led to the first protocol that demonstrates quantum enhance-
ments of quantum processors over classical systems, boson
sampling [58—63]. This protocol exactly utilized the resources
mentioned previously, many photons that are distributed over
many modes and eventually measured with photon counters.
The core idea of such a scenario is that, for systems that
are large enough, classical simulations are infeasible because
of the exponentially growing demand for classical resources.
Again, it was proven that quantum-optical nonclassicality is a
prerequisite for the function of boson sampling [64, 65]. To
answer how one can classically assess if a quantum protocol
was successful, benchmarks have been developed and applied
to overcome the impractical increase of classical resources
by identifying statistical signatures of quantum enhancement
rather than looking at individual outcomes [66—71].

In this contribution, the scaling problem is addressed by
preparing and analyzing the required nonclassical resources,
i.e., generating many photons, providing a network for the
quantum-coherent distribution over many modes, and detect-
ing the outcomes with high-performance single-photon coun-
ters. We devise and implement a benchmark protocol (Fig.
1) for assessing the readiness of such a photonic system for
demanding tasks in quantum information science. High-order
nonclassical correlations are verified with high significance
using directly accessible multimode nonclassicality criteria.
In contrast to earlier studies, we benchmark all vital compo-
nents jointly—not separately—to characterize the scaling of
nonclassicality in our experiment. Whilst it is not our intent
to present a fully fleshed, universal photonic quantum com-
puter in this work, we can nonetheless certify the potential of
our time-multiplexed optical quantum systems as a platform
that operates reliably with highly correlated nonclassical light
beyond the limitations of classical computational resources.

Benchmark protocol.— For benchmarking the quantum
characteristics of a full optical systems, we devise the follow-
ing test; see also Fig. 1. Suppose our source produces N-
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FIG. 1. (a) Benchmark protocol in its spatial representation. Prob-
ing the future proofedness of our system consists of three steps: the
heralded generation of high photon-number (/) states via a high-
performance parametric down-conversion (PDC) source, the propa-
gation of many photons in optical networks with many modes (M),
and the photon-number-resolved detection to determine high-order
correlations within and between the modes. (b) Efficient implemen-
tation as a time-bin multiplexing setup. Instead of spatial modes, we
employ time bins which are separated by using “+n7t” fiber-loop de-
lay lines. Two on-off detectors, which are superconducting nanowire
single-photon detectors in our case, record incident photons. At dif-
ferent levels, the multiplexing network can be separated (vertical
line) to achieve a certain number of network modes, M, and a desired
photon-number resolution via multiplexing of D single-photon coun-
ters [72—74]. (c) Assigned time bins. With this separation approach,
each time bin can be assigned to a network mode, and the number
D of possible joint clicks per mode identifies the order of correlation
functions that are thereby accessible. Note that, in our experiment,
the number of network and detection modes for the signal is much
larger, MD = 128, than the depicted case, where MD = 16.

photon states, |N) with N > 1. A lossless and noise-free op-
tical network distributes these photons over M modes, where
M > 1. Then, one obtains the output
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being a highly entangled state. Afterward, we measure the
joint photon-number distribution. For the state in Eq. (1), this

results in correlation functions of the form
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assuming ideal detectors with full photon-number resolution.
From these correlations, we can finally infer the nonclassical
quantum correlations in one output mode or, more interest-
ingly, over K < M output modes.

Our experiment does follow this conceptual idea but is
clearly restricted by imperfections. Most importantly, we
measure coincidences using D detection bins and single-
photon detectors, limiting our photon resolution to D photons,
or clicks, per output mode. To describe this scenario, a click-
counting theory has been developed [74]. For the purpose of
identifying K-mode nonclassical correlations, we use the ma-
trix of moments that can be directly obtained from the mea-
sured click-counting coincidence statistics [53],

FI( — (G(m1+m’1,....mK+m}(,0,...,O)) , (3)

where the rows and columns are identified through the multi-
indices (mj,...,mg) and (m},...,mj), respectively, that can
take values mj,m’j € {0,...,D/2} when measuring up to Dth
order correlations in the jth mode. For the K-mode correla-
tions under consideration, we trace over the remaining M — K
modes, i.e., taking zeroth moments (ﬁo = i) only. For K-mode
classically correlated light, we have a positive semidefinite
matrix of moments, 'y > 0. Conversely, whenever the mini-
mal eigenvalue of 'k is less than zero, nonclassical K-mode
nonclassical correlations are certified [54].

The results of the described analysis demonstrate the quan-
tum performance of the full system. Namely, the higher the
nonclassicality, the better the quantum characteristics of the
source, the propagation in the network, and the subsequent
measurement for verifying quantum features. The distribu-
tion of the nonclassical states results in the expectation that
nonclassical correlations should increase with increasing K.

Scaling behavior and exploiting symmetry.— Besides the
experimental challenge of having a compatible source of
quantum light and a nonclassicality-preserving spreading in
the optical network from which the ultimate output photons
have to be detected sufficiently well, a core feature for our
benchmark protocol is the exponential scaling in the data
processing. Even when focusing on the signal alone, i.e.,
ignoring the herald for the time being, we would need to
record 2'?8 ~ 10 different counting patterns for each pos-
sible scheme of coincidence clicks from the MD = 128 time
bins for the two employed single-photon detectors (~ 10
yottabyte of data). Clearly, this is infeasible on commonly
accessible, classical computers.

Thus, we exploit the expected symmetry of this system un-
der exchanges of modes [cf. Egs. (1) and (2)] to reduce
this number significantly, leaving us with an exponentially de-
creased value of 129 distinguishable counting patterns, 0—128
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FIG. 2. Benchmark of K-mode nonclassicality via negative minimal eigenvalue of the matrix of moments I'x for N € {I,...,10} photons

distributed over M = 64 modes. The classical-quantum boundary, null, is shown as a gray horizontal line. The pump power for the PDC
process is 500 uW, and the adaptive time-bin width is twice width of the Gaussian pulse width (i.e., 20) after propagation through fibers. One
standard-deviation error margin is shown as shaded area and includes random and systematic uncertainties. Mean values and random errors are
obtained from raw coincidence counts, without any correcting post-processing for imperfections. For most of the 640 analyzed cases shown

here, nonclassicality is verified and increases with the number of photons N and modes K between which correlations are probed.

clicks from the signal bins. This enables us to restrict our-
selves to the number of joint clicks for our statistical bench-
marking. Nevertheless, this number is still comparably high
when compared to other correlation-function-based measure-
ments. To account for deviations from the symmetry, we mea-
sure the single-count rates from the individual time bins and
assign a systematic uncertainty by analyzing the uniformity
of the single count rates over the detection bins. This sys-
tematic error estimated from our data sets is in the range 4%—
7%. See the Supplemental Material (SM) for details [75]. Itis
worth emphasizing that symmetry and nonclassicality are un-
related concepts; meaning, classical states—such as a mixture
of M-mode coherent states [dP(a)(|a)(a|)® for a proba-
bility distribution P—can be symmetric as well. Thus, this
approach does not introduce any bias in the data processing.
Another essential point of the scaling behavior is that data
processing becomes impractical, again, because of the expo-
nential increase of information with the number of quantum
systems. For determining the minimal eigenvalue of the cor-
relation matrix ['x in Eq. (3), we have to analyze this matrix
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columns and rows. This results from the previously mentioned
fact that each row (likewise, column) for each of the K modes
consists of correlations functions with orders ranging from 0
to D/2 [53]. For example, a ~ 10' x 102 matrix of moments
'k has to be processed for D =2 and K = M = 64. Again, the
measured mode-exchange symmetry can be used to overcome
this exponential scaling for our benchmark (see SM [75] for
technical details), leaving us with a maximal size of 65 x 65
for the probing the overall nonclassicality of our system.
Experiment and adaptive time bins.— To explore the
challenging regime of large quantum states spread over many
modes, we use type-II parametric down-conversion in a peri-
odically poled potassium titanyl phosphate waveguide. This
source has shown single-mode emission [76, 77] at a wave-
length of around 1550nm, as well as high brightness val-

ues [78], being critical for this experiment. Detecting bright
quantum states is an even more challenging problem. To
achieve photon-number resolution, various approaches in the
few photon regime have been shown that involve, for exam-
ple, transition-edge sensors or time multiplexing [79-81]. We
expand these approaches and show time-multiplexing beyond
100 discrete bins while keeping a high, uniform bin efficiency.
Our custom designed time-multiplexing unit features high av-
erage transmission values of 86.1% and 81.3% (first and sec-
ond input modes, respectively) in combination with a high
bin uniformity (< 7% variation over all bins) and no intrin-
sic cross-talk between time-bins. These unique specifications
render our demanding study possible. Finally, both output
ports from the time multiplexing are connected to supercon-
ducting nanowire single-photon detectors, which can record
joint click patterns over the time bins.

For analyzing the resulting coincidence counts, one typ-
ically employs static time bins for extracting coincidence
counts. Our following analysis, however, shows that it is ben-
eficial to consider a dynamic binning instead. This is due to
the dispersion in optical fibers, which result in a broadening
of the pulses of light that carry the photons. A static time
bin becomes too narrow because a prolonged propagation in
a dispersive fiber causes significant broadening, resulting in
too few photons in the relatively narrow coincidence time-bin
window. Conversely, a too broad static coincidence window
leads to many counts that stem from uncorrelated background
noise, decreasing the impact of signal photons in earlier time
bins. This issue can be resolved by considering an adaptive
scheme in which the binning is chosen according to the width
of the traveling pulses of light, being related to approaches
from Refs. [82—84]. With this advanced binning strategy, the
relative width of coincidence windows for all time bins re-
mains constant with respect to the pulse width, rather than
having an unfavorable constant absolute width.

Results and discussion.— 1In Fig. 2, the results for one
measured data set is shown. We discuss up to N = 10 photons
that have been distributed over M = 64 modes. The depicted
results show the nonclassicality in terms of a negative minimal



eigenvalue of the matrix I'xy for benchmarking nonclassical
correlations between 1 < K < M modes.

The values depicted as solid curves in Fig. 2 are in agree-
ment with our intuition that the nonclassicality increases with
increasing photon number; please mind the different scaling
of the vertical axes. Also, the more modes are correlated,
i.e., increasing K, the higher the verified nonclassical cor-
relations, which is maximized when considering all modes,
K = M = 64. Because of impurities in the generation of our
heralded photons states, the nonclassicality also varies with
N. For instance, for N = 1 and N = 2, the single-mode case
K =1 does not exhibit nonclassicality as the accumulated
noise contributions are too high when tracing over all other
M — 1 modes. For large photon numbers, e.g., N = 10, the
error bars are too high to make statistically meaningful state-
ments; this effect further increases for even higher photon
numbers, hence not being depicted here. For the chosen pump
power, the states with N from three to seven exhibit the high-
est quality of nonclassicality when including error margins.

In summary, this sample of our vast data analysis (see SM
[75] for additional studies) demonstrates a successful bench-
mark concerning our system’s scalability. Namely, without
performing any correcting post-processing of our data and rig-
orously including random and systematic uncertainties, we are
able to achieve the goal of our proposed protocol to certify the
nonclassical features of our system together with their func-
tional dependencies that resemble the theoretical predictions
of the ideal model.

Furthermore, we can also characterize the source and de-
tection system to infer how well they allow us to detect non-
classicality in general. In Fig. 3, we particularly study the im-
pact of the dynamically chosen bins when compared to static
ones. Therein, the shown statistical significance is the dis-
tance of the minimal eigenvalue of the single-mode matrix of
moments, including correlations up to the 128th order, to the
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FIG. 3. Significance of verified nonclassicality of heralded N pho-
ton states for a pump power of 150 uW. An adaptive binning with 1o
pulse width is compared to static time bins with 100ps and 1000 ps.
A five-standard-deviation significance threshold is shown as horizon-
tal line for reference. For this source characterization, we have 128
detection bins, allowing us to determine single-mode (i.e., M = 1)
nonclassicality with moments up to the 128th order.

classical bound zero in units of the error margin. We observe
that the adaptive binning is, in general, favorable for detect-
ing nonclassicality when compared to the commonly applied
case of static bins. In particular, a 100ps window is too nar-
row for later, thus dispersed, pulses, negatively affecting the
number of recorded coincidences. Conversely, a 1000ps win-
dow is too broad for earlier pulses, thus recording too much
of uncorrelated background light. In both cases, we find a
diminished significance of the probed N-photon states com-
pared to the adaptive binning. The latter renders it possible to
certify nonclassicality with a significance up to ~ 20 standard
deviations for the data set under study.

It is worth mentioning that, in comparison with Fig. 2, the
experiment in Fig. 3 is carried out for a smaller pump power
of the PDC process, resulting in a lower N. A very detailed
analysis of all binnings and pump powers, 15 uW-1000 uW,
can be found in the SM [75], including a detailed discus-
sion of data processing, error estimation, and a joint non-
classicality characterization between signal and idler [54]. In
addition, theoretical studies about heralding of multi-photon
states, including the impact of higher photon-number contri-
butions and losses of the heralding detectors, can be found in
Refs. [85, 86]. Again, we emphasize that our data have not
been corrected for those or any other imperfections, and our
nonclassicality analysis is purely based on the sampled mo-
ments from the measured raw click-counting statistics.

Conclusion.— In summary, we experimentally analyzed
the scalability of a photonic quantum system by benchmark-
ing the joint operation of source, optical network, and single-
photon counters. For assessing the nonclassical features of our
system, we probed nonclassical correlations measured with
single-photon detectors between the output modes when dis-
tributing heralded multi-photon states obtained from a PDC
source. In this way, we analyzed up to 64 quantum correlated
modes for up to 10 photon states with correlations functions
with a maximal order of 128.

By exploiting the symmetry of our system, we were able
to reduce the problem of analyzing a 10" x 10'° matrix
of moments—being infeasible on a classical computer—to a
problem of a 65 x 65 matrix with the same information con-
tent. We accounted for deviations from the symmetry assump-
tion by measuring a systematic error. Nonclassicality has been
verified with a statistical significance of up to 20 standard de-
viations. This was achieved by an adaptive approach to defin-
ing time-bin modes which accounts for the dispersion in opti-
cal fibers. This method supersedes static time bins which are
either too narrow to record spread-out photons or too wide,
resulting in a high background noise contribution.

We found that the certified nonclassicality of distributed
photon-number states increases with the number of output
modes which are correlated. This is in agreement with the
ideal model of a highly multimode entangled output state for
the network under study. Furthermore, our results of the non-
classicality analysis have been directly obtained from the mea-
sured data, without performing any post-processing to correct
for unwanted impurities.



Therefore, we successfully benchmarked the nonclassical
behavior by investigating the scaling of nonclassical correla-
tions. Although the initial problem scales exponentially in
the number of multimode photon correlations, our method en-
abled us to certify nonclassicality with high statistical signif-
icance for heralded many-photon states. Thus, by exploiting
the symmetry and dynamic binning, we demonstrated the high
quality of our platform for future fundamental and applied in-
vestigation in quantum sciences and technology.
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Here, we provide additional technical details to complement the key findings reported in the main text. In
Sec. A, the theoretical description for higher-order, multimode correlation functions, including nonclassicality
criteria, are reviewed. In Sec. B, a more detailed description of the experimental setup is given. In Sec. C,
systematic errors are discussed. In Sec. D, joint nonclassical correlations between signal and idler are analyzed
for all data sets. In Sec. E, the impact of selecting static and dynamic time bins is studied. In Sec. F, an extended

nonclassicality analysis of heralded states is provided.

Appendix A: Click-counting detection theory and higher-order,
multimode nonclassicality criteria

For our statistical analysis, we utilize a previously devised
method for theoretically describing the finite photon-number-
resolution and the resulting correlation functions [1, 2]. With
this method, the click-counting statistics for an ensemble of
D on-off detectors in a multiplexing configuration for each
mode is given by the positive operator-valued measure defined
through the elements

fI,,::(D>fc” [1-#]"",

n

(AL)

where 0 < n < D is the number of clicks, :---: denotes the
normal-ordering prescription, and the expectation value of :7:
yields the probability that a single detector produces a click,
including imperfections. Note that the click-counting descrip-
tion approaches the standard photoelectric detection model in
the limit of many detectors D and for low photon numbers [1].

From the joint detection of multiple modes, M-mode cor-
relation functions can be inferred [2]. They can be obtained
from a recorded click distribution as
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where (;1) =0 for m > x and 0 < m; < D for each mode,
Jj=1,...,M. In this formula, ¢(ny,...,ny) is the joint click-
counting distribution for n; clicks for the jth mode. Note that
the moments simplify to (:A]"" -~ ApM:) = (:A™ ) for
a symmetric system as discussed in the main text.

From these multimode correlation functions, nonclassical-
ity criteria can be formulated in terms of matrices of moments
[2]. Specifically, the matrix I" of (higher-order) multimode
moments is given by

= (G(ml—‘rm/l,...,mM—&-m;W)) , (A3)

(myyeecsmpg),(ml,.mly)

where rows and columns are defined by the multi-indices
(my,...,my) and (m},...,m),), respectively, each taking val-
ues from (0,...,0) to (D/2,...,D/2). Then, the product MD
defines the maximal order of correlations which are used to

obtain I'; in our experiment, we have MD = 128. For classical
states, the matrix of moments satisfies

o ocClL o
FITFS 0 for all vectors f. (A4)

A violation of this constraint certifies nonclassicality [2]. In
particular, we can choose f to be the normalized eigenvector
to the minimal eigenvalue A of I', which has to be nonnegative
eigenvalue for classical light [3].

Furthermore, and as introduced in the main text, we con-
sider certain K-mode submatrices of I', indicated as Ik,
to quantify the correlations between 1 < K < M modes
of the full multimode systems. Because of symmetry,
where GUmtmymg+n 0,...0)  —  G([my+tmg+[m+tmi])
holds true, entries of the submatrix 'y can occur several
times. Let d,, be the number of rows and columns for which
my + -+ mg =m, where 0 < m < k¥ = KD/2 for the rows
and columns. Then, the submatrix of moments can be put in a
block form of identical entries,

G(O+O)ﬁd0ﬁjlo G(0+K>fid0ﬁ2)(
T = : ) : . (AS)
G(K+O)ﬁdxﬁjlo G(K+K)ﬁdkﬁ2
where 7i; = [1,...,1]T is a d-dimensional vector of ones.

To find the minimal eigenvalue A to Ik for the aforemen-
tioned nonclassicality condition, we can also put the corre-
sponding eigenvector in a block form, f = [f,..., £T]T. This
yields the eigenvalue equation

Yo7iq, fo
Ikf=Af < =2,

,YK'ﬁdx fK‘

(A6)

where 7; = Y%, G(Hl)ﬁ; fi. The eigenvalue equation then
implies that ]_‘; o< ﬁdj holds true for nonzero eigenvalues.
Specifically, we can set f] = fjﬁdj /+/d; such that fjf; =
|£i|>. We can then rewrite y; = Y5, GUT)\/d, f; and define
the smaller matrix Ik = (GU™); 1cq0.. ) the vector f =
(fi)jeqo,....x}> and a scaling matrix S = diag[v/do, . .., /d]|.

With these definitions, the initial eigenvalue problem can be
rewritten as

Tkf=Af & TxST=AS"'F & (STkS)F=A], (A7)
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A pulse train from a Ti:Sapp laser is picked with an electro-optic modulator (EOM) and used as a pump for parametric-down

conversion inside a periodically poled potassium titanyl phosphate (PPKTP) crystal. Both modes from the down-conversion process are
split on a polarizing beam splitter (PBS). Half-wave plates (A/2) and quarter-wave plates (A/4) are used to adjust the polarization for the
time-multiplexing device, which is finally connected to the superconducting nanowire single-photon detectors (SNSPDs).

resulting in the minimal eigenvalue A, i.e., the same out-
come for the classicality constraint in Eq. (A4), fTFK f =
Yo GUH fgdiy i = E50GY D nana 2170 =
f'STkSf. Thus, we can study the rescaled and smaller
matrix of moments ST xS whilst not changing the outcome of
our nonclassicality analysis.

What is left is determining the multiplicities d,, for 0 <
m < Kk = KD/2. Meaning that we want to determine how
many combinations of (my,...,mg) yield the same sum m =
my + ---+mg. For this purpose, we can apply a generating
function approach,
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showing that the sought-after parameters are the coefficients
for the monomials z”. Also note that the higher-order deriva-
tive can be rater efficiently determined through an iteration of
13[ 1 a'"*l}f 1o

> mdz | (m—1)! 9zn=T| — ml dz""

first-order derivatives

Appendix B: Additional details on the experimental
implementation

A schematic overview of our setup is shown in Fig. 1.
A two-mode squeezed vacuum state is generated in a peri-
odically poled potassium titanyl phosphate (PPKTP) crystal
through a type-II parametric down-conversion process (PDC)
[4, 5]. The process is pumped with a Ti:Sapphire laser at
775nm and a repetition rate of 76 MHz. Using an electro-
optic modulator (EOM) and a polarizing beam splitter (PBS),
the repetition rate is down-sampled to a final measurement
rate of 50kHz. In contrast to typical configurations, we do not
apply any spectral filtering, neither for the pump spectrum nor
the output state in order to increase the source brightness and
efficiency. This leads to a spectrally multimode state, which
does not derogate the results as only photon-number corre-
lations are investigated. Only a silicon filter was inserted to
block the 775 nm pump light.

The two orthogonal polarizations, namely signal and idler
(likewise, modes A and B), from the PDC state are spatially
separated with a PBS and adjusted with waveplates to cou-
ple them to the main axes of a polarization-maintaining fiber.
Both fibers are connected to a home-build time-multiplexing
device (TMD) that separates both input modes into 128 time
bins each. Both output ports of the TMD are connected to
superconducting nanowire single-photon detectors (SNSPDs)
for single-photon detection. The time bins have a 100ns time
separation to account for the SNSPD dead time. In front of the
SNSPDs, fiber polarization controllers maximize the detector
efficiency with a value of around 90% + 5%. The SNSPD
response is measured with a time tagger and stored on a com-
puter for further processing.

Different time windows (see Table I) are applied in the eval-
uation to optimize quantum efficiency and dark count rate,
which is nonnegligible because of the pulse-picking extinc-

TABLE 1. Width of time-bin windows for a static binning (left) and
an adaptive binning (right). The latter is given in units of the Gaus-
sian pulse width o after propagation through the fibers.

static dynamic
20ps 0.1c
50ps 0.20
100ps 0.50
150ps 0.80
200ps 1.00
500ps 1.50
1000ps 2.00
1500ps 2.50
2000ps 3.00
2500ps 3.50
5000ps 4.00
6000ps 6.00
8000ps 8.00
10000ps 15.00
15000ps 20.00
30000 ps 40.00




tion ratio. We differentiate between static windows with a
fixed time duration for all bins and dynamic windows that are
adjusted for each individual bin. To adapt the windows for the
latter, we fitted all 256 bins for signal and idler with Gaussian
functions, where a multiple of the extracted standard devia-
tion o is used define the dynamic window size. In addition,
the measurement was carried out for various pump powers,

P e {15uW,50uW, 150 uW, 500 uW, 1000 uW}.  (B1)

Conditioning to a given signal or idler event realizes a herald-
ing of a multi-photon quantum state in the remaining mode.

Appendix C: Symmetry considerations for a systematic error
estimation

The main assumption for our model is that the intensity is
distributed uniformly over all detection bins. In reality, how-
ever, there are slight deviations from the ideal case. Those
impurities are used to estimate a systematic error.

In Fig. 2, we exemplify one scenario of measured single
counts from each detector for one given value of pump power
P and one choice of dynamic detection window. Therein, the
first 64 detection bins are the time bins from first detector (i.e.,
the top detector in Fig. 1) for the signal light; the next 64
detection bins are those from the same detector but for the
idler; and the last two collections of 64 detection bins each
represent a similar separation for the second detector (bottom
detector in Fig. 1) into signal and idler bins.

The standard deviation in the counts determines the un-
wanted fluctuations over the detection bins. Scaling this vari-
ance to the mean number of single counts then provides an
estimate for how much the premise of a uniform distribution
is violated [6, 7], which is ~6% for the scenario depicted in

singles distribution over detection bins
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FIG. 2. Single counts (magenta) from each detection bin for a pump
power P = 500 uW and dynamic coincidence window of 3 times the
pulse width o. The first, second, third, and fourth sectors (bin num-
bers 1-64, 65-128, 129-192, and 193-256, respectively) include the
events from the first detector for the signal, the first detector for the
idler, the second detector for the signal, and the second detector for
the idler, respectively. The dashed horizontal line depicts the mean
value and the orange region shows a 95% confidence interval (i.e.,
two standard deviations), which relates to the systematic error to ac-
count for deviations from the symmetry assumption.

Fig. 2. This quantity also defines the relative systematic error
to account for symmetry imperfection, which is obtained for
each pump power and each detection window separately and
combined with other statistical (i.e., random) uncertainties, re-
sulting in the full error bars as used throughout this work.

Appendix D: Data sets and analysis of joint correlations

In the following, we analyze the quality of our setup by
studying the joint correlations between signal and idler [3]. A
typical data set of the joint click-counting events is shown in
Fig. 3. The events may be collected in the matrix C(n4,np),
where n; denotes the number of clicks for the signal (j = A)
and idler (j = B). Then, the joint click-counting proba-
bility can be estimated via c¢(na,ng) = C(na,ng)/C, where
C =Y, 1y C(na,np) is the total number of events. As de-
scribed in Sec. A, this joint click-counting distribution can
be used to construct a two-mode matrix of moments I" and
determine its negativity via its minimal eigenvalue [3]. The
highest order of joint moments is 128 for A and B, resulting in
a 652 x 65 matrix T".

Figure 4 depicts the resulting negativity of the matrix of
moments I for static and dynamic coincidence windows (top
and bottom plot, respectively) for various pump powers. The
plots include a =+1-standard-deviation error margin which
combines random errors of the determination of moments
from the measured click-counting statistics, as well as sys-
tematic errors discussed in Sec. C. One can clearly identify
the nonclassical character of the joint signal-idler correlations
which is certified with high statistical significance.

Furthermore, and anticipating the discussion in the follow-

measured joint click-counting events

logio(counts)

FIG. 3.  Example of recorded events for the pump power P =
500 W and dynamic 3¢ coincidence window, shown on a logarith-
mic scale as a function of the click numbers for signal and idler (A
and B). For click numbers larger than the depicted ones, and less
than the maximum of 128, no events have been recorded.
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FIG. 4. Highest detectable nonclassicality (magenta bullet points)
from joint click-counting statistic as a function of pump power for
static (top) and dynamic (bottom) coincidence windows, including
error bars (orange) consisting of random and systematic uncertain-
ties. Within each power setting (separated by vertical lines), the
negativities given from left to right correspond to the coincidence
windows listed in Table I from top to bottom.

ing Sec. E, it can be seen that the chosen detection win-
dows cover similar ranges of nonclassical correlations for the
static and dynamic cases. However, the static scenario comes
with significantly increased error bars. Compare, for exam-
ple, static and dynamic windows for P = 1000 uW, top and
bottom plot in Fig. 4. There are points in which both exhibit
comparable negativities (= — 4 x 107>), yet with rather differ-
ent error margins attached to them, resulting in a verification
of nonclassicality with a significance of ~4 and ~18 stan-
dard deviations for the static and dynamic case, respectively.
This corresponds a more than four-fold increased performance
when comparing static with dynamic time bins.

Appendix E: Statistical analysis of static and dynamic binning

As seen from the previous analysis and as discussed on a
conceptional basis in the main text, one can observe major
benefits from considering a dynamic binning when compared
to a static one. The main idea is that a too narrow window de-
creases the number of coincidences whereas a too broad win-
dow increases the contribution of uncorrelated background
noise. But the propagation in fibers of different lengths can
significantly change the width o of the traveling pulses of
light, meaning that a static window either collects to much
background for shorter travel times (narrower pulses) or does

not collect enough events for longer propagation times be-
cause of the ever increasing pulse width. Here, let us confirm
this intuitive picture with measured data.

In the left column in Fig. 5, systematic errors from asym-
metries are analyzed for different binnings for static and
dynamic windows in the top and bottom plot, respectively.
Whilst the systematic error is roughly constant for the dy-
namic binning in a sensible range, e.g., 0.50-80, the static
case exhibits an increasingly larger systematic error when the
window width is decreased. This effect can be explained by
the fact that fluctuations over the detection bins (see Sec. C)
are much more pronounced when the window is narrower
and an increasingly larger contribution of uncorrelated back-
ground noise for wider windows leads to diminished fluctua-
tions, yet on the expense of the significance of certified non-
classicality (cf. Sec. D).

In the right column of Fig. 5, the ratio of coincidences and
all counts, Y, ,,>1C(na,ng)/C, is shown for static (top) and
dynamic (bottom) bins. In the limit of large windows, both
exhibit the same asymptotic behavior since the background
becomes the dominant contribution in both cases. For nar-
row windowing, however, coincidences are significantly pro-
nounced for the dynamic case because it considers each bin
on the basis of the underlying dispersion (i.e., pulse width
broadening) on the same footing, which is not the case when
it comes to correlating short and long optical wave packets in
a static coincidence window.

signal-idler coincidences
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FIG. 5.  Systematic errors (left column) and coincidence counts

(right column) for static windows (top row) and dynamic windows
(bottom row) for a pump power P = 500 uW.
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FIG. 6. Significance X of verified nonclassicality for heralding of n4 photons in A as a function of the pump power P and size of dynamic
coincidence windows. Nonclassicality is not detectable for parameter pairs for which no significance is depicted.
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FIG. 7. Significance ¥ of verified nonclassicality for heralding of ng photons in B as a function of the pump power P and size of dynamic
coincidence windows. Nonclassicality is not detectable for parameter pairs for which no significance is depicted.



Appendix F: Nonclassicality of heralded states for different
pump powers and dynamic window widths

Figures 6 and 7 depict the nonclassicality analysis of her-
alded states—i.e., the single-mode nonclassicality when con-
ditioned to the number n of clicks in A and B, respectively—
for all measured pump powers, for various dynamic windows,
and for up to twelve clicks from the herald detection. That is,
the conditional click counts C(np|na) = C(na,np)/C(ns) and
C(nA \nB) = C(nA,nB)/C(nB), where C(I’ZA) = an C(nA,nB)
and C(ng) = ¥, C(na,np) are marginals, are used to con-
struct a 65 x 65 matrix of moments (i.e., up to 128th order of
single-mode moments). The resulting negativity in terms of
the minimal negative eigenvalue of this matrix is normalized
to the error estimate (including systematic and random errors)

of that eigenvalue. This results in the shown significance X of
verified nonclassicality. A larger ¥ means a statistically higher
certification of nonclassicality; no nonclassicality could be de-
tected for blank entries in the plot. It is noteworthy that 960
different scenarios are analyzed in Figs. 6 and 7.

As one might expect, for low photon numbers, the most
robust nonclassicality is achieved for lower photon numbers
because the heralding process leads to smaller higher photon-
number contributions which could spoil the photon’s pu-
rity. Conversely, higher pump powers are required to collect
enough data to carry out the heralding to higher photon num-
bers in a statistically meaningful manner. Note that the sym-
metry of A and B is underlined by the similarity of the results
when exchanging n4 in Fig. 6 with ng in Fig. 7.
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