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We propose a quantum information processing platform that utilizes the ultrafast time-bin encoding of
photons. This approach offers a pathway to scalability by leveraging the inherent phase stability of collinear
temporal interferometric networks at the femtosecond-to-picosecond timescale. The proposed architecture
encodes information in ultrafast temporal bins processed using optically induced nonlinearities and
birefringent materials while keeping photons in a single spatial mode. We demonstrate the potential for
scalable photonic quantum information processing through two independent experiments that showcase the
platform’s programmability and scalability, respectively. The scheme’s programmability is demonstrated in
the first experiment, where we successfully program 362 different unitary transformations in up to eight
dimensions in a temporal circuit. In the second experiment, we show the scalability of ultrafast time-bin
encoding by building a passive optical network, with increasing circuit depth, of up to 36 optical modes.
In each experiment, fidelities exceed 97%, while the interferometric phase remains passively stable for
several days.
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Coherence lies at the heart of the nonclassical quantum
phenomena—entanglement and superposition—that under-
pin quantum technologies in computing, sensing, and
communications. Decoherence, in which information leaks
from a target system to its environment, is a persistent
obstacle to the practical realization of these transformative
capabilities. Realizing states that exhibit sustained quantum
coherence necessitates a careful selection of both the
physical system and encoding scheme. In comparison to
many systems, photons exhibit a unique resistance to
decoherence, maintaining their quantum state over
extended periods of time and distances, even in ambient
conditions. This robustness, coupled with their relative ease
of control and detection, renders them exceptional candi-
dates for foundational investigations of quantummechanics
[1,2] and quantum technology applications [3]. A particu-
larly promising strategy lies in the development of photonic
quantum systems that operate on ultrafast timescales, as
short as femtoseconds. Such a rapid operational timeline
ensures that quantum information processing tasks are
completed before decoherence can significantly disrupt
the system, thereby preserving the integrity of the quantum

information. However, maintaining coherence between
different photonic states is nontrivial, owing to the chal-
lenges of maintaining phase stability between distinct
paths. Here, we present a platform that makes use of
ultrafast time-bin encoded photons, propagating on a
collinear path, to perform quantum processing.
Generating and manipulating quantum states of light,

from single photons to complex multiphoton states,
remains a significant challenge. To harness the full poten-
tial of photonic platforms, photonic quantum processors
must be capable of generating and controlling these states
across a large number of optical modes. Recent advances in
integrated programmable circuits have enabled universal
programmability in up to 20 modes [4–9]. Although
significant progress has been made in the development
of fully programmable universal photonic quantum pro-
cessors, scaling these technologies to accommodate and
manipulate a larger number of modes remains an open
challenge. Spatial encoding in integrated and bulk photonic
platforms currently serve as the backbone of most quantum
photonic architectures; however, another approach using
time-bin encoding, or time multiplexing, is emerging with
the potential for low loss and programmability [10–16].
One of the critical requirements in scaling quantum
photonic platforms will be maintaining interferometric
phase stability across the entirety of the quantum device
and over extended periods of time. This challenge is
particularly important when dealing with multiphoton
states, given the heightened phase sensitivity of highly
entangled states with large photon numbers. This is
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famously demonstrated by N00N states [17] and other
highly entangled multiphoton states [18]. In addition to
phase stability, other key requirements for developing
photonic quantum processors include high modulation
speeds, high efficiencies, high fidelities, low noise levels,
and seamless integration with the source and detectors. Our
approach, as we will demonstrate, offers a promising path
to meeting all of these requirements.
This work proposes and demonstrates an experimental

platform to universal photonic quantum information
processing through ultrafast time-bin encoding (UTBE).
The platform’s building blocks are a series of program-
mable optical ultrafast temporal interferometric network
elements (POUTINEs) that can be cascaded to form a fully
connected temporal quantum circuit. Time-bin photonic
states are prepared, and evolve, in a single beam. We
program phase shifting and mode coupling operations by a
combination of passive birefringent elements and active
modulation through nonlinear optical Kerr effect inter-
actions with intense ultrafast control pulses in optical fiber
[19]. The fiber-based architecture of our platform offers
compatibility with a wide range of quantum sources and
new detector technologies, such as superconducting nano-
wire detectors and photon-number resolving detectors.

Perhaps the key attribute of our approach is the inherent
phase stability of temporal modes at this timescale [20–22],
a significant benefit when seeking to upscale processing to
larger circuits. The ultrafast time-bin interferometers are
extremely compact, robust, and can operate in a single
spatial mode. The birefringent elements required to create
interferometric pathways between distinct time bins pro-
vide excellent interferometric phase stability. This raises
the possibility of upscaling critical quantum technologies
such as quantum computing, quantum simulation, quantum
communication, and quantum sensing. In what follows, we
showcase the versatility and potential of our platform
through two separate experiments that highlight its pro-
grammability, scalability, and stability.
Our goal is to build a universal linear optical network,

described by an N × N unitary matrix, capable of trans-
forming a set of N input time-bin modes into any arbitrary
set of N output modes [23,24]. With integrated waveguides
[7,25,26] or bulk optical devices [27,28], such a linear
optical network consists of a large multiport interferometer
with OðN2Þ points of interference that must be care-
fully tuned and stabilized; see Fig. 1(a). To retain the full
programmability of our circuits, OðN2Þ control pulses are
required. Nevertheless, the proposed ultrafast time-bin

(a)

(b)

FIG. 1. Quantum circuits comparison. (a) Typically, an array of photonic quantum states is processed by a linear optical network in a
waveguide configuration. The unitary transformation is programmed by tuning a sequence of beam splitters and phase shifters or by
tuning two independent phase shifters in a balanced Mach-Zehnder interferometer. The output of the quantum circuit is then directed to
the detection stage. (b) Here, an ultrafast pulse train of photonic quantum states is processed by a temporal linear optical network in a
single spatial mode. The optical Kerr effect modulation, accomplished by overlapping bright control pulses with the quantum signals
inside a single-mode fiber, applies phase shifts and couples modes. Birefringent α-BBO crystals act as time-bin interferometers. The
output of the ultrafast temporal quantum circuit is then directed to the detection stage. DM, dichroic mirror; SMF, single-mode fiber.
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architecture requires only OðNÞ components, i.e.,
POUTINEs, cascaded in a single beam line; see Fig. 1(b).
The N-dimensional encoding space is defined using N
creation operators, fâ†H;t0

; â†V;t0 ; â
†
H;t1

; â†V;t1 ;…; â†H;tN=2
; âV;

t†N=2g, associated with horizontal (H) and vertical (V)
polarization modes and ultrafast time bins, ti, where
i∈ 0;…; N=2. In the computational basis, single-photon
states are represented by fjψN

i ig ¼ fð1 0ÞT ⊗ jt0i;
ð0 1ÞT ⊗ jt0i;…; ð1 0ÞT ⊗ jtN=2i; ð0 1ÞT ⊗ jtN=2ig, for
even N, where ð1 0ÞT and ð0 1ÞT correspond to horizontally
and vertically polarized states, respectively. The overall
unitary transformation is achieved through a sequence of
NðN − 1Þ=2 programmable mode couplers, analogous to
beam splitters and phase shifters, acting on adjacent modes
in the network.
Our approach utilizes mode couplers that manipulate

polarization at a single time bin, implemented via the
optical Kerr effect, a third-order nonlinearity that induces
local birefringence through cross-phase modulation with a
bright pulse of light [29],

UðkÞ
Kerrðθm;ϕmÞ

¼
X

j

� eiϕmðj;kÞ cosθmðj;kÞ −isinθmðj;kÞ
−ieiϕmðj;kÞ sinθmðj;kÞ cosθmðj;kÞ

�
⊗ jtjihtjj; ð1Þ

where θm and ϕm are the coupling and phase shifting para-
meters, respectively, k∈ f0;…; N − 1g, j∈ f0;…; ½Nþ
ð−1Þk − 1�=2g, and m∈ f1;…; NðN − 1Þ=2g, for even
N. For adjacent modes within a time bin, i.e., â†H;tj

and

â†V;tj , this sequence of induced polarization rotations,

UKerrðθm;ϕmÞ, directly achieves the required mode cou-
pling. However, for adjacent modes belonging to different
time bins, i.e., a†V;tj and a†H;tjþ1

, a birefringent crystal is

required to bring both modes back to a single time bin, i.e.,

UBir¼
XN=2

j¼0

��
1 0

0 0

�
⊗ jtjihtjjþ

�
0 0

0 1

�
⊗ jtjþ1ihtjj

�
: ð2Þ

The birefringent crystal used in our scheme acts as a time-
bin interferometer, similar to unbalanced Mach-Zehnder or
fiber loop interferometers, where the path difference
between both arms of the interferometer matches the
time-bin separation. This is achieved by using birefringent
crystals of the same length as those used in the generation
of the ultrafast time-bin states. In order to bring adjacent
modes within a time bin back together, we employ another
transformation, namely a polarization rotation given by

RðΘÞ ¼
�
cosΘ − sinΘ
sinΘ cosΘ

�
⊗

XN=2

j¼0

jtjihtjj; ð3Þ

which can be achieved with wave plates or by rotating the
subsequent birefringent crystal. A single POUTINE is thus
given by

UðkÞðθm;ϕmÞ ¼ Rðπ=2Þ · UBir ·U
ðkÞ
Kerrðθm;ϕmÞ: ð4Þ

Finally, the overall unitary transformation can then
be constructed from a sequence of N POUTINEs, i.e.,
UðNÞðθm;ϕmÞ ¼ ΠN−1

k¼0U
ðkÞðθm;ϕmÞ. The transformation in

Eq. (1) can be achieved directly using two trains of control
pulses, where the intensity of each pulse in a first train
controls the phase parameters, ϕm, and the intensity of each
pulse in a second diagonally polarized train of pulses
determines the coupling parameters, θm. Nevertheless, for a
large subset of transformations, the parameters θm and ϕm
can be implemented with a single train of control pulses
with their intensity and polarization carefully chosen; see
Supplemental Material [30].
The use of picosecond time bins is a crucial advantage in

our approach as it enables the implementation of highly
compact time-bin interferometers with submillimeter path
difference. This can be achieved by collinearly propagating
two orthogonal linear polarization modes through a few
millimeters of birefringent crystal. The compact size of
these interferometers represents a significant improvement
over alternative methods and reduces the experimental
overhead. For instance, in previous demonstrations, time-
bin interferometers have been realized with path differences
reaching several kilometers, making the phase locking
of such interferometers a significant achievement [15].
However, the use of ultrafast time bins in our platform
eliminates this requirement altogether.
To assess the performance of our platform, we began by

designing a simple temporal circuit with N ¼ 4 optical
modes composed of a single optically induced mode
coupler, as depicted in Fig. 2(a). Using a Ti:Sa laser to
pump an optical parametric oscillator at a rate of 80 MHz,
we generate single-photon-level signal pulses and introduce
them into the temporal circuit. Here, we use α-BBO crystals
with a thickness of 10 mm as our birefringent elements to
create the appropriate ultrafast time bins with a correspond-
ing temporal separation of 4.3 ps. Details about the
generation and detection of ultrafast time-bin states can
be found in the Supplemental Material [30]. Control pulses
are then prepared from the pump laser to program the
circuit, while taking care to select nonoverlapping wave-
lengths for the signal and control pulses, i.e., λsignal ¼
715 nm and λcontrol ¼ 790 nm. The average efficiency of a
single POUTINE is given by −1 dB of loss and is currently
limited by the coupling efficiency to the single-mode fiber.
The mode coupling parameter, θ, is controlled by varying
the energy of the control pulse, allowing us to continuously
tune the circuit from the identity transformation, UN¼4

0 , to a
SWAP-like gate, UN¼4

4 , as shown in Fig. 2(b). To assess the
quality and stability of the circuit, we measure the output
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number of counts distribution for each input mode and
compute the fidelity, F ¼ ð1=NÞTr�jU†

targetj · jUexpj
�
,

where Utarget and Uexp are the target and experimentally
measured probability of detection matrices, respectively.
Although interferometric phase stability can be a challenge
for linear optical networks, even for those as small as
N ¼ 4, we found no degradation or significant drift over
several days; see Fig. 2(c). The small variations in fidelity
we observed were likely due to fluctuations in the control
pulse energy. Our ultrastable interferometric phase arises
from the fact that the phase of each arm of the multiport
time-bin interferometer is determined by the tilting angle of
the birefringent crystals, which can be kept fixed with high
precision. We ended our stability measurements after 108 h,
but expect the temporal circuit to remain phase stable for
much longer.
Our exploration of temporal quantum circuits next

progresses to a more complex network, the high-
dimensional Hadamard gate. Although experimentally

challenging to implement, high-dimensional Hadamard
gates are an important component of qudit-based quantum
computing approaches [31–33]. To the best of our knowl-
edge, this is the first experimental demonstration of a high-
dimensional Hadamard gate implemented in the temporal
degree of freedom of photons. The circuit diagram for the
four-dimensional Hadamard gate, HN¼4, is depicted in
Fig. 2(d), which can be realized with two control pulses and
half-wave plates acting uniformly across all time bins in the
temporal network. We characterized the quality of the
Hadamard circuit by measuring the probability of detection
matrices for input quantum signals prepared in different
bases, including the computational basis, fjψN¼4

i ig ¼
fjH; t0i; jV; t0i; jH; t1i; jV; t1ig, the four-dimensional dis-
crete Fourier transform basis, fjφN¼4

i ig ¼ fðjHi � jViÞ ⊗
ðjt0i � jt1iÞ=2g, and other superposition bases, such as
fjξN¼4

i ig¼fðjHi�jViÞ⊗jt0i=
ffiffiffi
2

p
;ðjHi�jViÞ⊗ jt1i=

ffiffiffi
2

p g
and fjζN¼4

i ig¼fjHi⊗ðjt0i�jt1iÞ=
ffiffiffi
2

p
;jVi⊗ðjt0i�jt1iÞ=

ffiffiffi
2

p g.

(a)

(d)

(f)
(g) (h)

(e)

(b) (c)

FIG. 2. Experimental demonstration of the programmable quantum temporal circuit. This figure presents a range of experimental
results that showcase the programmability, robustness, and scalability of our UTBE platform for linear optical quantum computing.
(a) Shows the circuit diagram of a four-dimensional temporal circuit with a mode coupler, where the coupling parameter θ controls the
transformation from the identityUN¼4

0 to a SWAP-like gateUN¼4
4 . This transformation is achieved with an overall system loss, including

detector efficiency, of −5.2 dB. (b) Depicts the experimental measurement of the temporal circuit’s evolution and fidelity with respect to
θ, while (c) shows the long-term robustness of the SWAP-like gate without active stabilization or any other intervention. (d) Illustrates
the four-dimensional Hadamard gate with the corresponding θ values, while (e) shows the measured probability of detection matrices of
the Hadamard gate for different input bases. This transformation is achieved with an overall system loss, including detector efficiency, of
−7.2 dB. (f) Displays an example of an N ¼ 8 permutation transformation (UN¼8

176 ) with each mode coupler’s coupling parameter. The
experimentally measured detection probability matrix is shown in (g). This transformation is achieved with an overall system loss,
including detector efficiency, of −7.2 dB. (h) Demonstrates the mean fidelity of all 362 measured permutation transformations from
N ¼ 2 to N ¼ 8. For N ¼ 8, the fidelity distribution is shown explicitly in the inset.
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To further demonstrate the versatility and controllability
of our temporal quantum processor, we perform a set of
high-dimensional permutation transformations, which are
essential for quantum information processing. The number
of distinct permutation transformations for a linear optical
network with N modes is N!. In our experiments, we were
able to implement and measure all 32 permutation matrices
for N up to 4, while for larger dimensions, we sampled a
subset of permutations due to their overwhelming number.
In total, we have experimentally implemented and mea-
sured 362 permutation transformations for dimensions
ranging from N ¼ 2 to N ¼ 8. As an illustration, Figs. 2(f)
and 2(g), respectively, show the circuit diagram and the
probability of detection matrix obtained experimentally for
the N ¼ 8 permutation transformation UN¼8

176 . We achieved
an average transformation fidelity above 97% for all
measured permutation matrices for all values of N
(Fig. 2(h)). The small decrease in fidelity can be attributed
to an increase in total noise when considering a larger
number of modes.
Having demonstrated the programmability of our plat-

form by achieving high-dimensional unitary transforma-
tions in the temporal degree of freedom, we next investigate
phase stability when scaling temporal circuits to a large
number of modes, as illustrated in Fig. 3(a). For this
purpose, we consider a fixed circuit with each coupler set to
θ ¼ π=4 across all time bins, and measure the output
distribution of the circuit when fed with a single time
bin for increasing circuit depths, as shown in Fig. 3(b).

Remarkably, even for the largest circuit depth (N ¼ 36)
with a total of 171 mode couplers involved in the trans-
formation, the same prolonged phase stability observed in
the previous demonstrations (N ¼ 2;…; 8) is still main-
tained over an extended period of time, i.e., over 50 h for
N ¼ 36, as seen in Fig. 3(c). Moreover, the transformation
fidelity remains excellent even as we increase the circuit
depth, as depicted in Fig. 3(d). Notably, since the 36-mode
temporal interferometric setup occurs collinearly in a single
spatial mode, the number of physical elements scales
linearly with circuit depth, and only 18 birefringent crystals
are required to construct this large-scale circuit.
Our results demonstrate the significant potential of the

UTBE platform for advancing quantum technologies.
Although our platform is based on polarization to create
the temporal circuit, other degrees of freedom such as
frequency bins or path encoding can be used in parallel
with the ultrafast time bins. Frequency conversion of
quantum signals based on third-order nonlinearities, such
as cross-phase modulation [34] and four-wave mixing [35],
have recently seen remarkable progress, enabling further
development of frequency-bin encoding [36]. Compared to
polarization, a hybrid time-bin and frequency-bin encoding
can offer a much larger encoding space, extending to
multiple dimensions with fewer experimental resources.
In this scheme, time-bin interferometers can be realized by
replacing the birefringent crystals with dispersion-
engineered fibers, which provide greater control and pro-
grammability of ultrafast temporal quantum processors.

(a) (b)
(c)

(d)10

0

0
8

9

0

1

0

1

Pi

Pi

FIG. 3. Scalability demonstration of the programmable quantum temporal circuit. (a) Shows the theoretical output probability
distribution of a fixed temporal circuit with 171 couplers and varied circuit depth for different input states, jψ ini ¼ jH; t0i (top) and
jψ ini ¼ jV; t0i (bottom). (b) Displays the measured output state probability compared to the target state (black outline) for both input
states as a function of circuit depth. (c) Shows the fidelity as a function of circuit depth for the two input states (triangles and circles
corresponding to horizontal and vertical input polarization states, respectively). (d) Shows the long-term stability of the N ¼ 36
temporal circuit with a circuit depth of 18, with no significant decrease in output state fidelity observed over a period of 50 h. This
transformation is achieved with an overall system loss, including detector efficiency, of −13 dB.
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Furthermore, integrating the UTBE architecture into a
waveguide architecture with ultrafast control could lever-
age past investments in integrated photonics and exploit
key features of our ultrafast platform. Finally, recent
advances in superconducting nanowire single-photon
detectors, where a sub-3 ps temporal resolution has been
achieved [37], enable efficient measurements of ultrafast
time-bin encoded photons.
In conclusion, the proposed platform presents a prom-

ising scalability strategy that prioritizes phase stability as a
critical feature to develop future implementations with
larger mode and photon numbers. We have demonstrated
that a programmable quantum circuit with a nontrivial
number of modes can be implemented without the need for
complex fabrication processes. Leveraging readily avail-
able experimental components in quantum optics labs, e.g.,
ultrafast lasers, optical fibers, and birefringent crystals, we
have provided a versatile set of tools to design and program
quantum circuits, enabling researchers to explore a wide
range of quantum processing applications. We anticipate
that our platform will be a fertile ground for exploring novel
sources, implementations, detection schemes, and other
applications, such as quantum neural networks [38],
quantum metrology [39], and quantum networks [40].
UTBE is a powerful addition to current approaches as it
offers a single underlying platform for generating non-
classical light and conducting quantum processing.
Notably, our platform has tremendous potential for ena-
bling various applications in multiphoton entangled state
generation. Moreover, the universal nature of our UTBE
scheme supports a range of photonic quantum computing
approaches, from nonuniversal approaches like Gaussian
boson sampling to full-fledged linear optical quantum
computing.
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