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Qubit teleportation between a memory-
compatible photonic time-bin qubit and a
solid-state quantum network node

M| Check for updates

Mariagrazia luliano ® *, Marie-Christine Slater ® 4, Arian J. Stolk ® !, Matthew J. Weaver',
Tanmoy Chakraborty ®, Elsie Loukiantchenko', Gustavo C. do Amaral ®, Nir Alfasi’,

Mariya O. Sholkina', Wolfgang Tittel>® & Ronald Hanson®"

We report on a quantum interface linking a diamond NV center quantum network node and 795nm
photonic time-bin qubits compatible with Thulium and Rubidium quantum memories. The interface
makes use of two-stage low-noise quantum frequency conversion and waveform shaping to match
temporal and spectral photon profiles. Two-photon quantum interference shows high
indistinguishability between converted 795nm photons and the native NV center photons. We use the
interface to demonstrate quantum teleportation including real-time feedforward from an unbiased set
of 795nm photonic qubit input states to the NV center spin qubit, achieving a teleportation fidelity well
above the classical bound. This proof-of-concept experiment shows the feasibility of interconnecting

different quantum network hardware.

The future quantum internet will leverage the principles of quantum
mechanics for ultra-secure communication, enhanced sensing, and dis-
tributed quantum computing’. Progress in the past decade has led to
pioneering experiments on different components of such a network’”. For
instance, entanglement generation between separated quantum memory
systems based on atomic ensembles has recently been reported®’ and the
first multi-node network of rudimentary quantum processors has been
realized inside the lab'®"". As different hardware platforms may be opti-
mized for different network tasks, realizing interfaces that enable quantum
information transfer between heterogeneous devices is a key challenge.

Here, we report on a proof-of-concept demonstration of a quantum
interface between a diamond NV center qubit'*"’ and photonic time-bin
qubits at 795nm that are compatible with Thulium-based solid-state
memories“"® and Rubidium-based atomic gas memories”’ . Such an
interface conceptually corresponds to future quantum Internet scenarios
such as connecting remote qubit processors via a repeater chain’' or rea-
lizing remote state preparation on a quantum computing server from a
photonic client”. We validate the quantum nature of the interface by per-
forming quantum teleportation”** of 795nm time-bin qubits into the NV
center spin qubit with state fidelity beating the classical bound.

A major challenge for linking heterogeneous quantum network
hardware is the matching of their corresponding photonic qubits. Many
leading hardware platforms for quantum memories and quantum network
nodes are based on atom-like systems’**. The properties of the photonic

interface of these platforms, such as temporal profile and wavelength of
emitted photons, are therefore largely determined by the atomic properties
and vary significantly among the different platforms. Our approach to
bridging these differences is depicted in the schematic of our interface in
Fig. 1.

The interface converts the input 795nm photonic time-bin qubit to
match the properties of the NV center photon. In parallel, entanglement is
generated between the spin state of the NV center and the temporal mode of
a single emitted photon. Then, the converted 795nm photon and the NV
photon are interfered on a beam-splitter. Subsequent detection of the
photons in different time bins constitutes a Bell state measurement that
teleports the original 795nm time-bin qubit state to the NV spin qubit. Real-
time feedforward of the Bell-state measurement outcome and application of
the corresponding correction gate on the NV spin qubit completes the
action of the interface.

For this interface to function with high fidelity, it is crucial that the
converted 795nm photons are indistinguishable from the NV center pho-
tons. In particular, the 795nm photons need to match the NV photons’
637nm wavelength, polarization and exponential temporal profile set by
NV’s 12 ns optical lifetime. In this proof-of-concept work, we create pho-
tonic time-bin qubits at 795nm from weak coherent states by using an
intensity modulator and a phase modulator. We calibrate the intensity
modulator to mimic the NV photon’s temporal profile within a 30ns time
window. The photonic states obtained through this method are compatible
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Fig. 1 | Overview of the quantum interface between 795nm photonic time-bin
qubits and an NV center processing node. The interface consists of a low-noise
two-step frequency conversion module including a frequency stabilization module,
an interference station containing a balanced beam splitter with output ports con-
nected to avalanche photodiodes (APDs), and an FPGA for real-time feedback. The
interface can be visualized in three steps: A a 795nm time-bin qubit with a temporal
shape matching the spontaneous emission profile of the NV center is sent to the
input of the interface. The NV spin qubit is prepared in a balanced superposition
state. B The 795 nm photonic qubit is converted to 637 nm (details on the conversion
setup are in Fig. 2), while the NV center generates a 637 nm photonic time-bin qubit
entangled with the spin qubit. The generation of the 795 nm photonic qubit is timed
to ensure maximum overlap at the beam splitter with the NV center photonic qubit.
C Upon detecting one photon in each time bin, feedback of the correct phase flip to
the NV spin qubit of the NV completes the state teleportation. For the experiments
reported in this paper, we employed the NV qubit setup, called “Alice,', described in
Refs. 10,11, that includes a micro-controller unit (MCU) and a fast waveform
generator (AWG). Dashed gray lines represent the optical path.

with the storage and retrieval from Thulium-doped solid-state quantum
memories'*”” as well as Rubidium-gas-based quantum memories™”. These
platforms are capable of multiplexing by storage and retrieval of multiple
photonic modes in different degrees of freedom”*”, and therefore have
attracted interest for quantum repeater applications™’.

To achieve wavelength indistinguishability, we employ a low-noise
two-stage quantum frequency conversion process”, depicted in Fig. 2A. In
the first step, the 795nm shaped weak-coherent state is overlapped with a
1064nm pump laser and coupled into a temperature-stabilized periodically-
poled Lithium Niobate (ppLN) waveguide crystal, generating 455nm light
via a sum-frequency conversion process with conversion efficiency of 32%
(Fig. 2B), measured free-space to free-space between the output of the input
fiber and before the coupling into the output fiber. Subsequently, the 455nm
light is down-converted to 637nm using a 1596nm pump laser, with con-
version efficiency of 22%. At the output of each ppLN crystal we include
dichroic mirrors and filters to remove residual unconverted light and pump
light. The overall process efficiency including in- and outcoupling from
fibers and filtering is 3%, which is sufficient for the current proof-of-concept
but should be further improved in future designs. Importantly, having both
pump lasers red-detuned from the signal photons results in a negligible

amount of added noise in the conversion stages, obtaining a signal-to-noise
ratio>1250, when only the conversion setup is considered. To ensure that
the converted light precisely matches the NV photon frequency, despite
unavoidable component drifts, the frequency of converted 795nm light is
locked to the NV excitation laser light. To this end, an identical two-stage
conversion setup is employed with 1 mW at the input derived from the same
795nm source (Fig. 2A). Details on the frequency locking procedure and the
employed electronics are discussed in the Supplementary Information. The
resulting spread of the beat signal is 75 kHz, pushing the corresponding
contribution to teleportation infidelity well below 1% (see below).

Results

Two-photon quantum interference between converted 795nm
photons and NV center photons

To investigate the degree of indistinguishability of the NV photons and the
converted 795nm photons, we perform a two-photon quantum interference
(TPQI) experiment, also known as Hong-Ou-Mandel interference. Per-
fectly indistinguishable photons interfering on a balanced beam-splitter
show bosonic coalescence leading to zero probability of detecting photons in
both output ports of the beam-splitter”. In such an experiment, on one side
we employ the NV center in its negatively charged state NV . The ground
state of NV~ is a spin-1 system whose spin sublevels are split by the zero-field
splitting and the applied magnetic field of 25.3 mT". We employ the mg= 0
(-1) spin state as the |0) (]1)) qubit state. The N'V optical transitions are spin-
dependent, allowing for spin-selective optical excitation and photon emis-
sion. In the current work, we use the cycling transition [0) — |g), where |g)
represent the |Ex> excited state. In the TPQI experiment, the NV center can
be modeled as a single-photon source parametrized by the probability of a
photon detection per optical excitation pyy (counts per shot).

On the other side, the 795nm photonic states constitute a multi-photon
source, featuring Poissonian photon statistics. Up to the second order, the
emission probability can be approximated through the mean-photon
number |a|” as |a|* + 1/2|a|***. The consequences of having two photonic
sources with different statistics are discussed in detail in the SL.

In Fig. 3A, the experimental sequence for the TPQI experiment is
depicted. In the first step, a Charge-Resonance (CR) check is performed™,
which ensures that the NV center is in the correct charge state (namely,
NV7) and the lasers are on resonance with the relevant NV transitions.
When the CR check threshold is satisfied, the actual TPQI experiment is
triggered. Two trains of 10 optical 7-pulses each, which we define as 10
different bins, are sent to the NV, which leads to 20 possible emission
windows (10 per train). Each train is preceded by an optical spin-reset pulse
that prepares the NV in the |0) state. In parallel, two trains of 10 decay-
shaped pulses each are sent from the 795nm laser. The mean-photon
number can be manipuleted via a variable optical attenuator (VOA). As
illustrated in Fig. 3A, the first train of pulses constitutes the indistinguishable
sequence, with the two photonic states overlapping in time on the beam
splitter. The second train is the distinguishable sequence: each 795nm
photonic state is delayed by 50ns with respect to the corresponding NV
photon, rendering the photons fully distinguishable. The sequence of two
trains is repeated 100 times before returning to the CR check. The next CR
check validates both the previous TPQI sequence and, in case the threshold
is satisfied, directly triggers the next sequence. In case the validation round of
CR check fails, the experiment iteration is discarded in the analysis, while the
CR check is repeated until success to trigger the next experiment iteration.
The emitted photons from both sides impinge on a 50:50 in-fiber beam
splitter, whose output ports are connected to two single-photon detectors. A
timetagger registers the detection times of the photons in the two output
ports, enabling the reconstruction of the histograms in Fig. 3B. Each bin of
the histogram counts the number of coincident clicks in the two beam
splitter output arms for the respective bin differences.

From the histograms in Fig. 3B we extract the visibility Vzl—%, where
Pind (Pais) is the probability of a coincidence detection if the ph(‘)‘itons are
indistinguishable (distinguishable) in the 0-bin difference. Taking into
account that the photonic states follow different statistics and introducing
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Fig. 2 | Quantum frequency conversion setup. A Overview of the frequency con-
version setup. To generate converted weak-coherent states at 637nm, the input light
at 795nm undergoes two-step frequency conversion (QFC1 and QFC2), after pas-
sing through an intensity modulator (IM) to obtain the typical decay time-shape of
the NV spontaneous emission, a variable optical attenuator (VOA) to manipulate
the mean photon number, and a phase modulator (PM) for imprinting a phase on
the time-bin qubits (only for quantum teleportation experiments). At the output of
each conversion step, a dichroic mirror (DM) and a set of filters suppress residual
unconverted light and pump light. A copy of the two-step frequency conversion
setup (QFC3 and QFC4) is used for frequency stabilization. A higher power tap-off

from the 795nm laser is converted and the resulting 637nm light is mixed with the
light coming from the excitation laser of the NV. An error signal is computed and fed
back to the frequency modulator of the 1593nm pump laser to match the converted
light to the excitation wavelength of the NV. B Measured efficiency for each step of
the conversion while sweeping the power of the corresponding pump laser. The
dashed lines represent the respective fit of the data points to a saturation curve, to
extrapolate the optimal pump power, that in both cases is 310 mW. The relative error
on each data point is 1%.

the indistinguishability #, the visibility can be expressed as

— x
38P(0) + 3% +x +

1

2 (14%) | 2,
L T
Pnv

Prnv
(see SI for the derivation), where x is the ratio |a|*/pyy and p. is the
probability of a background (noise) click per 30ns window in one detector.
By performing the TPQI experiment and extracting the visibility for 6
different values of x, we can reconstruct the visibility function as shown in
Fig. 3C. We also plot the expected visibility function, using the indepen-
dently measured values for the NV g of 0.011 + 0.004 and pyy of (5.76 +
0.20)e*, for several values of 1. The value of p,,; is discussed in the SI. We
observe that the data follows the model closely over the full range. From a fit
to the data we obtain the indistinguishability #=(0.895 + 0.019), showing
that we have matched all the relevant degrees of freedom of the two photonic
states to a high level. The limited indistinguishability can be due to a residual
mismatch between the temporal profile of the NV photons and the 795nm
photons, as well as an imperfect coherence of the NV photons, that from
previous NV-NV TPQI experiments showed limited indistinguishability
of 0.9".

Qubit teleportation from a 795nm photonic time-bin qubit to the
NV center spin qubit

Having established the high indistinguishability of the photonic states
involved, we exploit the interface to perform quantum teleportation of
795nm time-bin qubits to the NV electron spin qubit, as illustrated in the
diagram in Fig. 4A. Real-time feed-forward is included to complete the
teleportation, enabling the correction of phase-flipped outcomes in the Bell-
state measurement and delivery of the teleported state “alive”.

The 795nm time-bin qubit is constituted by an early and late weak-
coherent state separated by 300 ns and generated in the same way as in the
TPQI experiment. Additionally, we include a phase modulator (PM) to
manipulate the phase difference between the early and late temporal modes.
The resulting qubit state is therefore in the general form of y|E) + €?B|L))
with |E) (|L)) denoting the early (late) time bin. For this experiment, we
prepare time-bin qubits in an unbiased set of states (the cardinal states) that
we indicate as: |Z), | — Z), |X), | — X), |Y), | = Y), referring to their
position on the Bloch sphere.

On the N'V’s side, the electron spin qubit is optically initialized in
|0). A microwave 71/2 rotation along X axis of the Bloch sphere brings the
qubit into a balanced superposition state. An optical 7-pulse excites the
NV’s population in |0), enabling the spontaneous emission of a photon
in the early time bin. Subsequently, the electron spin goes through a
microwave 7 rotation along y axis, and another optical - pulse enables
the NV to spontaneously emit the late time-bin photon. The resulting
NV-photon entangled state is 1/+/2(|1)|E) +|0)|L)). Throughout the
teleportation experiment we keep the ratio |a|*/pyyv constant at 1.20 +
0.24 by regular recalibration.

The converted 795nm photonic state and the NV photon interfere on
the balanced beam splitter, erasing the which-path information. Successful
teleportation is heralded by the detection of a photon in each of the two
time-bins. We can discriminate between the Bell states |‘I’+> and |¥7) by
the double-click pattern: two clicks on the same detector for [¥'* ) and two
clicks on two different detectors for |¥~). The valid detector clicks are
detected by an FPGA in a 50ns window around the corresponding photons’
time of arrival. In data analysis, we further shorten the valid teleportation
time window to 20ns for an improved signal-to-noise ratio. The tele-
portation sequence is repeated for a maximum of 50 times before going back
to the CR check.
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Fig. 3 | Two-photon quantum interference. A Experimental sequence for the two-
photon quantum interference experiment. The top line refers to the NV, while the
bottom refers to the 795nm weak-coherent state. Dashed lines represent the spon-
taneous emission of single photons, while filled lines represent coherent light
emission. B Histograms of the coincident clicks in the two sequences (magenta) for
the ratio x = |a|*/pyv of 1.19 + 0.14. Each bar of the histograms represents coincident
clicks in the two detectors within 30ns windows for all the possible combinations of a
given time bin difference. As a reference, we also include, in both histograms, the
expected coincidences in the case of perfectly distinguishable photons (in pink). In
both diagrams, the gray line connects the expected values of the distinguishable
prediction. In the distinguishable case, we consider two pulse windows: one around

10!
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the NV photons and one around the converted 795nm photonic states. Therefore,
the histogram contains the contribution of coincident clicks for three possible cases:
coincident clicks in the NV window, in the converted 795nm window and in the
combined windows. C Extracted visibility for different values of x. The values are
fitted according to the visibility model included in the SI. The error bars (10) on the
horizontal axis are obtained by propagating the errors from directly measuring |a|*
and pyy in the distinguishable sequence and computing the ratio, whereas the
vertical error bars are obtained via error propagation on the visibility formula. The
dashed line represents the fit result, corresponding to indistinguishability of 0.895 +
0.019, while the colored lines show our model of the visibility for different values of
indistinguishability.

When the FPGA detects a valid click pattern, it sends a two-bit message
to the AWG. The AWG jumps out from the teleportation attempt sequence
(Fig. 4A) and starts the feedback and tomography sequence for the electron
spin state. This sequence is composed of an XY4 dynamical decoupling
sequence” followed by a basis selection pulse for the tomography. The latter
is selected in real-time, taking the detector click pattern into account by
applying a phase-flip correction when necessary. Finally, a single-shot
readout of the NV spin qubit is performed. Throughout the measurement, a
set of automated measurement and calibration routines detect anomalies in
the converted frequency and in the reset frequency, declaring those datasets
as failed when the required parameters are not met (more details in the SI).
In Fig. 4B, the results for the teleportation of the six cardinal states are
reported together with the average state fidelity. The average fidelity is
obtained as F,,=1/3Z+1/3X+1/3Y, where Z, X, Y represent the average
fidelity along the respective axis. The resulting fidelity of (75.5 + 1.0)%. is
well above the classical bound, which is set taking into account the use of a
multi-photon source (see SI). Additionally, we also calculate the average
fidelity for the equatorial states in the absence of feed-forward. In this case,
the fidelity is consistent with a fully mixed state, confirming the critical role
of feedback in the teleportation protocol. In the measured fidelities, we also
filter based on the CR checK’s validation.

In Fig. 4C we report the comparison between the measured fidelities
and the predicted values of our model as a function of the ratio |a|*/pny- The
model includes the effect from leakage of the intensity modulator, resulting
in a preparation error for the Z states of around 4%. In general, the Z states
only require classical correlations for the teleportation to work while tele-
portation of the X, Y states also depends on the phase coherence, leading to
sensitivity to different error sources. As the most relevant error sources in
our work (double NV excitation, imperfect photon indistinguishability,
imperfect preparation of the photonic time-bin qubit’s phase and the fact
that the photonic qubit is not a true single photon) all affect the phase
coherence but not the classical correlations, the Z states maintain much
higher fidelity than the X, Y states. More details on the simulated curves and
the error sources are included in the SI. The small discrepancy between the X
and Y data points and the simulation may be due to errors not captured by
the model. On one side, the model does not consider imperfections in the
microwave pulses that implement the NV quantum gates, which we esti-
mate to cause an accumulated error below 1.5%. On the time-bin qubit side,
our model does not take into account phase errors due to imperfections in
the fast phase modulation, which affect the preparation of the X and Y states.
Correcting for the input photonic qubit preparation errors for the Z states
yields a best estimate for the teleportation fidelity of (78.3 + 0.9)%.
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the NV center goes back to CR check. If a valid click pattern is detected by the FPGA
in the Bell-state measurement, the AWG jumps out from the teleportation sequence
and starts the feedback and tomography sequence. This sequence contains an

XY4 set of pulses, where the first pulse is played after a time 7 with respect to the /2
rotation pulse in the teleportation sequence. The value 7 is a multiple of the Larmor
period of the electron spin, optimized taking into account the effects of the spin bath.
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After the XY4 sequence, the base selection pulse is played taking into account the
input state and the Bell-state measurement outcome. Finally, the tomography single-
shot readout of the NV electron spin is performed at the MCU level. B Histogram
showing the individual fidelities per each cardinal state, as well as the average and the
resulting fidelity when no feedback operations are applied to the NV electron spin
qubit. The results are corrected for tomography errors, but not for preparation
errors. C Simulation curves based on the model described in the SI. The data points
in black represent the average fidelity for the states along the three axes of the Bloch
sphere. The dashed line indicates the corrected classical bound.

Discussion

We have benchmarked a photonic interface between 795nm converted
time-bin qubits and an NV center-based quantum processor. The time-bin
qubits are compatible with Thulium-doped crystals employed for quantum
memories as well as Rubidium gas quantum memories. The interface
exhibits a high photon indistinguishability, thanks to a low-noise two-step
quantum frequency conversion setup, that leads to beating the classical
bound for the quantum teleportation protocol, together with the capabilities
of the NV center as quantum processor, which shows long coherence time
and a reliable optical interface. Additionally, the implementation of control
scripts made the setup to be operable at distance and for long periods. Our
results demonstrate the realization of interfaces between heterogeneous
platforms that constitute the building blocks of the future Quantum
Internet.

The interface presented in this work is versatile, as the methods and
results presented can be transferred to platforms with similar functionalities.
For emitters with different lifetimes, bandwidth matching needs to be
considered by e.g. frequency filtering or emitter lifetime engineering in
cavities via the Purcell effect. Additional improvements can be targeted at
the application field (e.g. photonic clients protocols) and experimental rate.
In regard to the latter, some examples might include the use of actual
quantum memories that can be synchronized with the photon emission
from the NV center, along with the integration of NV centers into optical
cavities” for higher photon rate. Another possibility is the use of different
color center defects in diamonds, like the group-IV, that promise higher
photon emission rates and the possibility of integration into nanophotonic
structures™™'. Other promising quantum processor platforms might

include defect centers in SiC”, Si*’ and optical quantum dots**. Addi-
tionally, higher efficiency frequency conversion setups to telecom
wavelengths'>'* can be employed to convert the photons emitted from both
parties, leading towards the real-case scenario of quantum networks over
long distances.

Methods
Fidelity calculation .
The fidelity for each teleported state is calculated as F = (1 + ':’) RZ:'>) /2,

given that we prepared the time-bin qubit in the state |i) and we measure in
the state |i) and in its orthogonal state |j). The quantity Ry, represents the
tomography-related single-shot readout outcome, including the correction
for known errors (see Supplementary of Ref. 10).

Data availability
The data used to produce the results in this manuscript are available at 4TU.
ResearchData.
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