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We describe the full temporal and spatial characterization of polarization-entangled pho-
tons produced by Spontaneous Parametric Down Conversions using an intensified high-
speed optical camera, Tpx3Cam. This novel technique allows for precise determination
of Bell inequality parameters and for new characterization methods for the spatial dis-
tribution of entangled quantum information. We also discuss a technique to synchronize
multiple cameras separated by vast distances, which will be required for a distributed
quantum network.
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1. Introduction

Quantum networking, one of four pillars of Quantum Information Science along
with quantum computing, quantum sensors, and quantum algorithms, has seen
a great deal of development over the past several years, both in its goals and
its techniques™ 3 Most generally, quantum networking is the ability to take two
(or more) physical qubits in an entangled, e.g. non-factorizable, state and reliably
transport them across large macroscopic distances (~meters to multi-kilometers)
while preserving the multi-particle quantum state. In the experiments described
here the macroscopic quantum state is a two-photon pair produced through a stan-
dard spontaneous parametric down-conversion with their polarizations entangled
at creation, and then transported over meter-length fiber optics. The preservation
of two-particle entanglement after transport is demonstrated via a standard analy-
sis with adjustable polarizers to show violation of a Bell inequality®*® (specifically
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the Clauser-Horne-Shimony-Holt (CSHS) inequality, see below) and thus the per-
sistence of non-classical long-distance correlations.

Two-mode entanglement can be extended to more complex situations, involv-
ing multiple modes in spatial, temporal and polarization degrees of freedom©10 In
our study we also investigate, beyond the two-channel analysis, the entanglement
correlation signature between photons detected at different spatial locations within
the two beams after being released from their optical fiber channels "9 This is
accomplished using a “fast camera”, single-photon-sensitive pixel detectorl® with
nano-second scale arrival time resolution to separate detections within a single
camera sensor. The result is a simultaneous spatial and temporal coincidence mea-
surement of polarization entanglement between a pair of macroscopically separated
photons.

2. Spatially resolved Bell State Measurement

We discuss here the experimental technique used and the results obtained, with
topics in the following order:

e Experimental setup; description of the entangled pair source and the fast
pixel camera detector (Sec.

e Basic demonstration of entanglement via polarization analysis for the CSHS
inequality, using one camera for both detections (Sec.

e Measurement of pair entanglement between pairs at different spatial loca-
tions in pixel detector (Sec.

The extension of the measurement to use two pixel cameras at separate loca-
tions, including techniques for remote synchronization, are then discussed further
in Section [31

2.1. Ezxperimental Setup

The SPDC source (QuTools QuED) utilizes a blue pump laser diode tuned to the
wavelength of 405nm, and a pair of Type I non-collinear BBO crystals with optical
axes perpendicular to one another to generate signal and idler photons entangled
in polarization at a wavelength of 810 nm. The first crystal optical axis and the
pump beam define the vertical plane, so an incoming photon which is vertically
polarized gets down-converted and produces two horizontally polarized photons in
the first crystal. In contrast, a horizontally polarized photon produces two vertically
polarized photons. Signal and idler photons are spatially separated and collected
using single-mode fibers, with a linear polarizer used for projective measurements.
The rate of entangled photon pairs from the source is about 10kHz.

Registration of single photons and characterization of the sources in the experi-
ments was performed using an intensified time stamping camera with single photon
sensitivity, Tpx3Cam .18 The camera is a hybrid pixel detector: an optical sensor
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with high quantum efficiency* is bump-bonded to a Timepix3 ASIC2Y a time-
stamping readout chip with 256x256 55x55 pm? pixels. The processing electronics
in each pixel records the ToA (time of arrival) of hits that cross a preset threshold
with 1.6ns resolution and stores it as a timecode in a memory inside the pixel.
The information about ToT (time-over-threshold), deposited energy in each pixel,
is also stored. The readout is data driven with only T'= 475ns + TOT pixel dead
time, which allows multi-hit functionality at the pixel level and fast, 80 Mpix/sec,
throughput. Tpx3Cam can also accept and time stamp an external trigger pulse, in-
dependent of the Timepix3 pixels. The granularity of the trigger time measurement
is 0.26 ns.

The camera was calibrated to equalize the response of all pixels by adjusting
the individual pixel thresholds. After this procedure, the effective threshold to fast
light flashes from the intensifier is 600 — 800 photons per pixel depending on the
wavelength. A small (= 0.1%) number of hot pixels was masked to prevent logging
large rates of meaningless data.

In the single photon sensitive operation, the camera is coupled to a cricket with
an intensifier and relay optics to project the light flashes from the intensifier output
screen directly on to the optical sensor in the camera. The image intensifier is a
vacuum device with a photocathode followed with micro-channel plate (MCP) and
fast scintillator, which ensures single photon sensitivity. The quantum efficiency
(QE) of the intensifier hi-QE-red photocathode (Photonis) is 18% at 800 nm. The
MCP efficiency is close to 100% and light flashes produced by each photon in
the intensifier have plenty of signal to cross the Timepix3 threshold so the overall
detection efficiency of single photons in the setup should be mostly determined by
the photocathode QE. Similar configurations of the intensified Tpx3Cam was before
used for the quantum illumination® and lifetime imaging?? studies.

2.2. Characterization of polarization entanglement

We used the camera to spatially characterize photonic polarization entanglement of
the SPDC photon source mentioned above*®! The two beams of photons from the
fibers were detected by the same camera. Figure [I|shows a photograph of Tpx3Cam
with two fibers pointing to the photocathode. The graph on the right in the same
figure shows the occupancy map of the sensor (256 x 256 pixels) for the full statistics
of a five-minute run, the color encodes the number of times a particular pixel was
hit in decimal log scale. The two beam spots coming from the optical fibers are
clearly visible, corresponding to the areas of highest occupancy. The graph also
shows how the round 18 mm diameter output window of the intensifier is mapped
onto the 14mm x 14 mm optical sensor in the camera. This is visible due to the
intensifier dark count rate, about 20kHz over the full area at room temperature for
the used photocathode.

To identify pairs of simultaneous photons we selected areas of the sensor cor-
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Fig. 1. Left: Photograph of Tpx3Cam with two fibers pointing to the intensifier photocathode.
Right: Occupancy map of the sensor (256 x 256 pixels) showing the photon hits for the full statistics
of a five-minute run, the color encodes the number of times a particular pixel was hit in decimal
log scale.

responding to regions illuminated by the fibers. Then, for each photon detected
in one region, we looked for its associated pair at the closest time in the second
region. This procedure as well as other data processing steps are discussed in detail
elsewhere 1@ The distribution of the time difference of the two photons has a peak
at 0 corresponding to the pairs of entangled photons as shown in the left graph of
Figure [2] for several combinations of photon polarization. Each distribution was fit
to a function consisting of two Gaussians and a constant accounting for the flat
background of random coincidences.

The next step consists in studying the dependence of the coincidence measure-
ments on the polarization projective measurements of the two-photon state. In the
measurements, one polarizer was varied in 20° steps for four fixed values of the
other polarizer: 0°, 45°, 90° and 135°. The dependence of the number of coinci-
dences versus the polarizer angle is shown in the right graph of Figure [2] The data
points were fitted with a sine function with the period, phase, amplitude and off-
set as free parameters, which gives the dependence of the coincidence signal on
polarization projective measurements of the two photon state. We note that there
is a difference in amplitudes for different cases since the produced state is not a
pure (HH + VV)//2 state but has a small admixture of (HH — VV)/v/2 due to
non-ideal experimental conditions.

Our next step is to calculate the Clauser-Horne-Shimony-Holt (CHSH) inequal-
ity violation®#2% using the above results. The inequality can be written as:

S = B(a, ) + B(o/, 8) — B, 8') + E(o/, 8) < 2 (1)

where
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Fig. 2. Left: Distribution of time difference between two photons in different fibers for selected
pairs of polarization settings combinations: @ = 0° (blue), @« = 40° (orange), o = 80° (red)
and a = 120° (green) with 8 = 90°. The amplitudes for different polarization combinations are
determined by the entangled state projection. Flat background results from uncorrelated photon
background. The total number of coincidences is calculated by integration over the Gaussian
curves. Right: Coincidences as a function of polarization: showing the dependence of the signal
amplitude (number of coincidences) for different settings of a Clauser-Horne-Shimony-Holt type
Bell inequality test.

from the fitted curves in Figure |2l Ny, (o, f) with 2,y =V, H are defined to repre-
sent counting schemes for linear polarizer angles such that Ny («, 8) = N(a, §),
Npv(a,8) = N(a+90°08), Nvg(a,f) = N(a,B8 4+ 90°), and Ngg(a,f) =
N(a+90°, 5+ 90°).

The obtained value is 2.78 + 0.02, well above the classical limit of 2 and close
to the Tsirelson Bound of 2v/2 (2.82). We note that the applied analysis technique
allowed for the better rejection of random background compared to more traditional
analysis. In these measurements, the signal is estimated with a fitting procedure
described in the previous section. This procedure automatically accounts for the
background and the camera time resolution using the same dataset and gives an
unbiased estimate of the signal, which is not the case for the standard analysis.

2.3. Spatial sub-detection

One of the clear advantages of using high-speed cameras for quantum state charac-
terization lies in the capacity to analyze multiple processes simultaneously. In our
next experiment, we probed the ability of the fast camera to analyze 81 entangled
pairs in parallel. To simulate the latter, we divided the areas illuminated by the
fiber’s output into nine subareas, forming a 3 X 3 matrix as shown in the two fiber re-
gions in the right graph of Figure[ll Then, we analyzed each pair-wise combination
(81 total combinations) independently and reproduced the Bell analysis presented
above for each of them. To accumulate enough statistics for these spatially resolved
measurements, we took one-hour-long extended datasets, corresponding to the 16
combinations of the polarizers settings, which are needed to calculate the Bell’s in-
equality violation. Figure [3] shows the results of the parallel evaluation of 81 Bell’s
inequalities.
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Fig. 3. Spatial characterization of S-values as measured by Tpx3Cam. In this configuration the
two areas on the fast camera that are illuminated by photons from the fibers are divided into
subareas, forming two 3 X 3 matrices. The coincidence thus decomposes into that of 81 possible
pairs of a combination of subareas. Using these coincidences, we calculated the CHSH inequality
violation and plotted the resulting S-values in the form of 81 blocks in nine 3 X 3 matrices.

Each point in the graph represents a specific spatial combination of subareas.
The corresponding S-value is color-coded with the corresponding uncertainty shown
in the center of the box. The results show that the S-value is uniform within the
experimental errors with no apparent position dependence as expected. We also
checked that the values of E(«, 3) correlators from Eq.(2) do not have position
dependence either. Thus, since the camera can provide simultaneously spatially
and temporarily resolved photon pairs we were able to perform a multi-dimensional
measurement, of the S-value in a single dataset.

3. Measurements with two fast cameras

Considerable distances could separate the quantum devices, so characterization
techniques that rely on multiple single-photon detectors are essential. For the time-
resolved measurements, those detectors must be synchronized with respect to each
other with reasonable accuracy.

For the fast cameras such as used in the above measurements, the provided time
stamps rely on the internal oscillator with typical stability of a few ppm (part per
million). This corresponds to a few microsecond relative drift of time references for
two cameras only after a second of operation and, therefore, is not acceptable since
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Fig. 4. Signal from the fibers in two Tpx3Cam cameras.

typical measurements can last hours and require nanosecond accuracy.

To solve this problem we investigated ways to synchronize the cameras. The
test system employed the same SPDC source as before connected to two few hun-
dred meter long fibers. The photons pairs after the fibers were registered using
two independent Tpx3Cam cameras. Figure [4] shows the occupancy plots from two
Tpx3Cam cameras with the photon signals clearly visible in the center. The first
camera employed the same hi-QE-Red intensifier as described above while the sec-
ond camera had a similar intensifier but with the S25 photocathode (Photonis),
which had a smaller QE of about 8% at 810 nm.

We used the White Rabbit (WR) system? developed at CERN for the synchro-
nization of the cameras. The WR modules are placed in the same locations as the
cameras and are connected to each other via a separate optical fiber. After a cali-
bration the modules start generating a 1 Hz pulses (PPS) and 10MHz clock, which
can be used as absolute time reference and provide sub-ns precision of synchroniza-
tion. The PPS signal was used for the camera’s trigger inputs to be time-stamped
with 0.26 ns precision synchronously with the pixel time-stamping. This ”trigger”
information is inserted into the recorded datasteam together the pixel datad so
can be conveniently used for synchronization.

The data analysis followed the same steps as described in the previous section
but in this case the fiber regions were selected in the two different cameras. Figure[5]
shows the time difference between two photons from both regions of interest in the
cameras. The bottom left graph shows the scatter plot of the time difference between
photon pairs as function of ToF (time of flight after the 1 pps synchronization pulse)
before applying any correction and the top left graph is the corresponding projection
on the time difference axis.

One can see that the temporal drift is considerable, of the order of 1 microsecond
over the duration of one second. However, the dependence has a constant slope so it
can be fitted with a linear function providing an efficient correction of this temporal
drift of synchronization. The graphs on the right show the same information after
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Fig. 5. Effect of the relative clock drift on the coincidence timing resolution. The bottom left plot
shows the scatter plot of the coincidences time difference At as a function of time relative to the
White Rabbit synchronization 1 Hz pulses. One can see that the relative time drift is considerable
— O(1 ps) over the duration of 1s. Since even over long duration of data-taking ©(100s), the slope
of the drift is constant and can be efficiently corrected with a linear function. The bottom right
graphs show the same information after the correction is applied, top plots show projection of At.
The insert in the top right graph shows details of a Gaussian fit to the coincidence peak.

the linear correction is applied, and the improvement is remarkable indeed.
Length of the fibers connecting the cameras to the SPDC source were not equal.
This led to a non-zero time difference for the coincidences of 2067 nanosecond as
shown in the insert in Figure [l The linear correction accounting for the relative
time drift of two cameras recovers the time resolution. The insert in Figure [§] shows
the time difference between two photons from the source after the drift and TOT
corrections. The TOT correction is needed to account for a more subtle dependence
of the measured TOA in the pixel on the signal magnitude in this pixel, and it is
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described in detail elsewhere'8

The coincidence peak and flat background are fit in the same manner as in
the previous section with a Gaussian to account for the coincidence signal and a
constant to account for the flat background of accidentals. The time resolution
(sigma of the Gaussian in the fit) was determined to be equal to 5.6 ns, a factor
of two worse than in the case of shorter fibers 18 most likely due to the residual
non-linearity of the clock drift correction. Work is in progress to improve it.

4. Summary

We have demonstrated a novel technique that provides spatially and temporally re-
solved information for characterization of photonic polarization entanglement em-
ploying the intensified Tpx3Cam camera. The camera can simultaneously time-
stamp multiple single optical photons with MHz throughput and nanosecond tim-
ing resolution while capturing their spatial information. Several cameras can be
efficiently synchronized while preserving their excellent time resolution to single
photons. The S-value results confirm that the fast camera spatial characterization
of quantum-states in parallel is a viable alternative to be used in scaled-up quantum
systems.
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