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Photonic quantum computing has been rapidly advancing over the past decade, with measurement-based ap-
proaches emerging as particularly promising. A crucial requirement for these approaches is the generation of
large-scale cluster states. In this work, we present a method to create cluster states using Photonic Time Crystals
(PTCs)—dielectric materials with their refractive index rapidly modulated in time. PTCs effectively function as
a set of optical parametric oscillators and beam-splitters, producing simultaneous two-mode squeezing for many
pairs of photonic modes with opposite wavevectors. We utilize this capability to propose a method for generating
two-dimensional cluster states, offering important advantages over existing protocols.
© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement.
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1. INTRODUCTION
Quantum computing promises to perform computations based
on principles of quantum mechanics and is lately getting increas-
ing attention due to the potential to solve numerous practical
problems that are intractable with classical computers [1,2].
Currently, there are many different physical platforms that are
considered to be potential candidates for realizing quantum
computing. Arguably, photonics is potentially the only platform
that could be scaled to a million physical qubits. Yet photonics
is also the most challenging of these platforms—because pho-
tons generally do not interact with one another, and realizing
two-qubit gates at the single-photon level is highly problem-
atic [3]. To overcome this problem, a different computational
model, measurement-based quantum computing [4–6], has been
suggested, circumventing the need for quantum gates. It uses
only local measurements instead of unitary operations but re-
quires a large-scale highly entangled initial state—a cluster
state. The computation is then performed by successive adaptive
measurements which teleport the initial logical state along the
cluster and effectively apply to it the required unitary operations.
Physically, each computational step in a cluster-state model
is implemented by performing single-qubit measurements on
selected photons in specific bases. The outcomes of these mea-
surements determine the basis of the subsequent measurement
(via feed-forward), effectively steering the computation [7].

Generation of a cluster state from single photons requires
an optical scheme with a single-photon source and an entan-
gling element. The element can be the source itself—in case
of generation via semiconductor quantum dots [8–11] or via

nonlinear optics [12,13]—or entanglement can be generated
inside the photonic circuit after post-selection [14–17]. The
scaling of these techniques is still an open technological chal-
lenge. The very weak strength of optical nonlinearities at the
single-photon level, inevitable coupling losses and the need for
post-selection, effectively make the generation of cluster states
probabilistic, which is fundamentally unscalable. The alterna-
tive is to use the continuous variables (CV) approach—to encode
quantum information in continuous photonic degrees of free-
dom, such as the electromagnetic field (EM) quadratures 𝑞, 𝑝
[18–21], instead of using a discrete Hilbert space of qubits. This
approach generates entanglement deterministically, making it
attractive for scalable implementations. Cluster states based on
CV [22–24] have now been widely implemented in experiments,
with cluster states as large as tens of thousands of photonic
modes being demonstrated [25–27].

The existing techniques for the generation of CV cluster states
require optical schemes that consist of single-mode squeez-
ers, beam-splitters, and/or quantum non-demolition coupling
[14,15,23,28], with the modes comprising the cluster states be-
ing temporally separated. One of the key limitations in this
technique of cluster state generation is the degree of squeezing
achievable by optical parametric oscillators (OPOs) in experi-
ments [21,23,29]. To achieve fault-tolerant quantum computing
in the CV measurement-based scheme, one needs a source with
at least 12.7�dB of squeezing [23,29,30], which is extremely
hard to realize with current technologies.

Here, we propose a new way of generating cluster states
by using Photonic Time Crystals (PTCs). PTCs are materials
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Fig. 1. The modes of a PTC. (a) Sketch of a 3D PTC medium,
generating photon pairs in the modes with opposite momentum via
two-mode squeezing. (b) Characteristic band structure of a PTC
with bands and gaps in 𝑘. The permittivity modulation is 𝜀(𝑡) =
𝜀0 + Δ𝜀 ⋅ sin(Ω𝑡), where 𝜀0 = 1.5, Δ𝜀 = 0.5, 𝑇 = 1 𝑓 𝑠, Ω = 2𝜋/𝑇.
(c) Dynamics of the degree of squeezing in a PTC for the modes
associated with the PTC band and with the PTC bandgap: the dy-
namics is oscillatory for the former (the wavenumber is associated
with real values of the frequency) and monotonically increasing for
the latter (the wavenumber is associated with complex values of the
frequency).

with dielectric permittivity rapidly modulated in time [31,32].
The modulations of the permittivity, if sharp enough, result
in time-reflected and time-refracted waves [33–38]. When the
modulation is periodic on the time scale of an optical cycle,
the time-reflected and time-refracted waves interfere and form
a PTC, which displays a band structure in the momentum
[32]. That is, the dispersion relation in a PTC comprises
bands where the frequencies have real values, separated by
momentum gaps for which the frequencies are complex. The
existence of the momentum band structure in PTCs opens
up a plethora of exciting physics. For example, PTCs enable
time-domain topological edge states [39], they may be used to
modify and control spontaneous emission [40,41], they give
rise to Cherenkov radiation below the Cherenkov threshold
[42], and can be used for making time-varying mirrors [43].
Furthermore, PTCs combined with spatial modulation of their
permittivity form spatio-temporal photonic crystals [44,45],
which exhibit mixed frequency-momentum band gaps [46,47],
and can be the basis for non-reciprocal optical devices [48].
Spatio-temporal photonic crystals also support sub-, super-,
and transluminal waves [49,50] and hold the promise for
exploring four-dimensional optics [51]. Unlike conventional
band structures in frequency (associated, e.g., with spatially
periodic structures of atoms and with spatial photonic crystals),
the modes associated with the momentum gaps of a PTC are
exponentially amplified—drawing energy from the modulation,
or attenuated—transferring energy to the modulation [40].
This is possible due to the absence of energy conservation in
time-varying media. On the quantum level, the amplification of
gap modes is manifested by two-mode squeezing (TMS): pairs
of photons in modes with opposite wavevectors 𝑘 and –𝑘 are
generated during the modulation of the medium, as illustrated in
Fig. 1(a). A pair of modes sharing TMS is a CV analogue of a
Bell state, which can be used in quantum teleportation [52,53],
dense coding [54], quantum key distribution [55], and more
[56]. This TMS combined with the fact that it happens in all
the modes residing in the momentum gap of the PTC is the key
ingredient that makes PTCs, and in a broader sense, controlled
time-varying dielectric media, a convenient candidate for
numerous quantum information applications.

Here, we utilize the TMS property of PTCs to propose a mech-
anism for generation of optical CV cluster states. The creation
of multi-mode TMS by PTCs, in fact, makes PTCs effectively
equivalent to a set of multiple OPOs and beam-splitters. Em-
ploying PTCs to generate CV cluster states can overcome one of
the main obstacles: the limited degree of squeezing generated by
OPOs. In PTCs, the level of squeezing is defined only by the de-
gree of control over the dielectric medium. In what follows, we
briefly introduce the model we use for a PTC through classical
electrodynamics by deriving PTC band structure and eigen-
modes. We then turn to the quantum picture, discuss the PTC
Hamiltonian, and explain the effect of the PTC on the bosonic
modes in the quantum regime. Finally, we present the proposal
to generate a CV cluster state by exploiting the quantum prop-
erties of PTCs and compare it to other techniques of generating
CV cluster states.

2. CLASSICAL AND QUANTUM MODELS OF
EMISSION FROM A PTC
We use a model of a homogeneous time-varying medium with
periodic dielectric permittivity 𝜀(𝑡) = 𝜀(𝑡 + 𝑇). We can describe
it with Maxwell equations:

∇ × 𝐻 = 1
𝑐

𝜕(𝜀(𝑡)𝐸)
𝜕𝑡 , (1.1)

∇ × 𝐸 = –1
𝑐

𝜕𝐻
𝜕𝑡 . (1.2)

From Eqs. (1.1) and (1.2) and using spatial Fourier transform
𝐻𝑘 ∝ ∫ 𝐻𝑒𝑖𝑘𝑟𝑑3𝑟, we can construct the wave equation for 𝐻𝑘

–𝜕𝑡(𝜀(𝑡)𝜕𝑡𝐻𝑘) = 𝑐2𝑘2𝐻𝑘. (1.3)

Equation (1.3) has Floquet eigenmodes, i.e., periodic solutions
of the form 𝐻𝑘 (𝑡) = 𝐴𝑘 (𝑡) 𝑒–𝑖𝜔𝑘𝑡, where 𝐴𝑘 (𝑡) = 𝐴𝑘 (𝑡 + 𝑇), and
𝜔𝑘 is called a Floquet eigenfrequency. The typical dispersion
curve in a PTC, i.e., the function 𝜔𝑘 (𝑘) , is shown in Fig. 1(b).
In the 𝑘-bands, 𝜔𝑘 is real, and the eigenmodes are reminis-
cent of monochromatic plane waves, but in the 𝑘-gaps, the 𝜔𝑘
is complex, and the eigenmodes are exponentially growing and
decaying waves. Thus, in the 𝑘-gaps, the number of photons
in each mode grows exponentially with time. The degree of
squeezing in a mode is closely related to the number of pho-
tons (⟨𝑛⟩ ∼ sinh2𝑟 for squeezed vacuum, where ⟨𝑛⟩ is the mean
number of photons, 𝑟 is the degree of squeezing. Squeezing
in the modes of a PTC follows the same trend: for modes in
the band, the degree of squeezing oscillates near zero, while
for gap modes, it grows monotonically, as shown in Fig. 1(c).
The degree of two-mode squeezing 𝑟 can be converted to deci-
bel scale as 𝑆 [dB] = 10log10 (𝑒2𝑟) ≈ 8.7 ⋅ 𝑟. Thus, to achieve
the threshold of 12.7 dB with PTC, one should reach the value
of squeezing degree 𝑟 ≈ 1.46. For the specific case of the PTC
shown in Figs. 1(b) and 1(c), this value for the mode in the cen-
ter of the gap is achieved after the duration of 5 𝑇. Importantly,
the exponentially growing modes in a PTC are actually physical,
as they draw their energy from the modulation constructing the
PTC. That is, the modulation of 𝜀 in time requires pumping the
system with energy, and the waves with 𝑘 in the gap draw energy
from this modulation in each cycle.
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To explain the action of a PTC on the EM waves from the
quantum perspective, we can analyze the PTC Hamiltonian
(see [40–42])

𝐻̂ = ∑
𝑘

ℏ(𝜔𝑘(𝑡)( ̂𝑎†
𝑘 ̂𝑎𝑘 + ̂𝑎†

–𝑘 ̂𝑎–𝑘) + 𝑔𝑘(𝑡)( ̂𝑎†
𝑘 ̂𝑎†

–𝑘 + ̂𝑎–𝑘 ̂𝑎𝑘)), (1.4)

𝜔𝑘(𝑡) = 𝑐𝑘
𝑛(𝑡)

𝑛(𝑡)
𝑛𝑟

+ 𝑛𝑟
𝑛(𝑡)

2 , (1.5)

𝑔𝑘(𝑡) = 𝑐𝑘
𝑛(𝑡)

𝑛(𝑡)
𝑛𝑟

– 𝑛𝑟
𝑛(𝑡)

2 . (1.6)

Here, ̂𝑎†
𝑘( ̂𝑎𝑘) are the creation (annihilation) operators in mode 𝑘,

and 𝑛𝑟 is the average refractive index throughout the modulation
cycle. The first term in Eq. (1.4) is the ordinary photon num-
ber term with a time-varying frequency, while the second term
is responsible for the two-mode squeezing (TMS) for pairs of
modes with opposite 𝑘. Due to the structure of the Hamiltonian,
only modes with opposite wavevectors 𝑘, –𝑘 are coupled with
each other, while every pair of waves is propagating indepen-
dently from all other modes. The Hamiltonian (1.4) conserves
momentum, but does not conserve the number of photons, and
its eigenmodes display a band-structure behavior which is the
same as a classical EM field in the eigenmode equation (1.3).
Namely, for 𝑘-vector in the band of a PTC, one can construct
the Floquet eigenmodes ∣𝜓𝑘⟩ = ∣𝜙𝑘⟩ 𝑒–𝑖𝜔𝑘𝑡. For 𝑘-vector in the
gap of the PTC, no eigenmodes exist, but the number of photons
grows exponentially with time, following the classical intuition.
The degree of TMS produced by Hamiltonian (1.4) also de-
pends on whether we consider a band mode or a gap mode (see
Fig. 1(c)). For band modes, the TMS oscillates near zero, but for
gap modes, the squeezing grows linearly with time and is lim-
ited only by the duration of the PTC, i.e., how accurately and for
how long we are able to modulate the permittivity.

3. BLOCH–MESSIAH DECOMPOSITION OF A PTC
We can analyze the action of the Hamiltonian (1.4) on the EM
field modes in the optical phase space. By introducing the field
quadrature operators 𝑞, 𝑝 for the mode with wavevector 𝑘 as

̂𝑞𝑘 =
̂𝑎𝑘 + ̂𝑎†

𝑘

√2
, ̂𝑝𝑘 = 𝑖

̂𝑎†
𝑘 – ̂𝑎𝑘

√2
. (1.7)

We can rewrite the Hamiltonian (1.4) in matrix form as

𝐻̂ = ∑
𝑘

1
2 ̂r𝑘𝐻𝑘 ̂r𝑘; ̂r𝑘 =

⎛⎜⎜⎜⎜⎜
⎝

̂𝑞𝑘
̂𝑝𝑘
̂𝑞–𝑘
̂𝑝–𝑘

⎞⎟⎟⎟⎟⎟
⎠

𝐻𝑘(𝑡) = 𝜔𝑘(𝑡)𝐼 + 𝑔𝑘(𝑡)
⎛⎜⎜⎜⎜⎜
⎝

0 0 1 0
0 0 0 –1
1 0 0 0
0 –1 0 0

⎞⎟⎟⎟⎟⎟
⎠

(1.8)

where 𝐼 is a 4 × 4 unit matrix. The Hamiltonian (1.8) is Gaus-
sian, i.e., it is second order in 𝑞, 𝑝, and the quantum states of the
system can be described by the mean values of quadratures ⟨ ̂r𝑘⟩
and their correlations. The evolution of the quantum state of two
modes 𝑘 and –𝑘 can then be described through

𝜕 ̂r𝑘
𝜕𝑡 = Ω𝐻𝑘(𝑡)r̂𝑘; 𝜕𝑉𝑘

𝜕𝑡 = Ω𝐻𝑘(𝑡)𝑉𝑘 – 𝑉𝑘𝐻𝑘(𝑡)Ω, (1.9)

Fig. 2. The Bloch–Messiah decomposition of a PTC. Left:
Bloch–Messiah decomposition of the PTC modulation applied to a
pair of modes with opposite wavevectors {𝑘, –𝑘} into the elements of
the optical scheme. Right: Dynamics of the three parameters of the
decomposition for 𝑘 ∈ PTC gap: two single-mode rotation phases
(top) and the degree of squeezing (bottom).

where (𝑉𝑘)𝑖𝑗 = ⟨( ̂r𝑘)𝑖( ̂r𝑘)𝑗⟩ – ⟨(r̂𝑘)𝑖⟩⟨( ̂r𝑘)𝑗⟩ is a covariance matrix,
and Ω is a commutation matrix, [( ̂r𝑘)𝑖, (r̂𝑘)𝑗] = 𝑖Ω𝑖𝑗. Since the
Hamiltonian is time-dependent, the solution of (1.9) cannot be
found straightforwardly, but we can generally express it as

̂r𝑘(𝑡) = 𝑈(𝑡)r̂𝑘(0), (1.10)

where 𝑈(𝑡) is a Gaussian unitary transformation on the quantum
state of two modes 𝑘 and –𝑘 due to the modulation of the medium
by the PTC. We can calculate this 𝑈(𝑡) numerically and apply
to it a Bloch–Messiah decomposition [57]

𝑈(𝑡) = 𝑂(𝑡)𝐷(𝑡)𝑄(𝑡), (1.11)

where 𝑂(𝑡), 𝑄(𝑡) are passive two-mode transformations and
𝐷(𝑡) is the squeezing operation. The Bloch–Messiah decompo-
sition allows to decompose the action of the PTC on the optical
modes into the sequence of operations—such as single-mode
squeezing, mode mixing, and phase shifts—that can be imple-
mented by basic optical elements. 𝐷(𝑡) represents single-mode
squeezing, which is usually generated by an OPA, and the pas-
sive transformations 𝑂(𝑡), 𝑄(𝑡) can be realized by delay lines
and beam-splitters. This decomposition for the PTC is illustrated
on the left side of Fig. 2. It contains several local and global
phase shifts, two in-line squeezers, and two beam-splitters—one
before and one after the squeezing. The decomposition has three
parameters that vary over time—two phases 𝜙1, 𝜙2, and, more
importantly, the squeezing degree 𝑟. Their dynamics for two
modes 𝑘, –𝑘 associated with the 𝑘-gap are shown on the right
side of Fig. 2. One can see that the squeezing degree grows lin-
early for the gap mode (the squeezing in Fig. 2 is the same as
in Fig. 1(c) for the mode in the center of the gap). The circuit
in Fig. 2 generates TMS, and the longer the PTC acts on the
system—the higher the squeezing degree is for the modes. For
|𝜓(𝑡 = 0)⟩𝑘,–𝑘 = |𝑣𝑎𝑐⟩𝑘 ⊗ |𝑣𝑎𝑐⟩–𝑘, the state of each pair of modes
acted on by the PTC is of two-mode squeezed vacuum, which
turns into a Bell state in the 𝑡 → ∞ limit.

4. GENERATION OF CLUSTER STATES USING
A PTC
The effect of the PTC applied to a vacuum state is very simi-
lar to the initial part of the cluster state generation process via a
dual-rail mechanism [25–27]. Namely, each TMS pair {𝑘𝑖, –𝑘𝑖}
generated by the PTC is equivalent to the generation of one
pair of single-mode squeezed vacuum pulses entangled on a
beam-splitter. This equivalence allows the implementation of the
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Figure 3. Generation of a 2D cluster state using a PTC. (a) Conceptual illustration of the experimental setup. A 
PTC medium acts as a source generating a set of pairs of TMS modes with opposite wavevectors, which are then 
balanced on the first and the second beamsplitters in different pairs to generate 1D and 2D cluster states, 
respectively. (b) Structure of the generated cluster state.

Fig. 3. Generation of a 2D cluster state using a PTC. (a) Con-
ceptual illustration of the experimental setup. A PTC medium acts
as a source generating a set of pairs of TMS modes with opposite
wavevectors, which are then balanced on the first and the second
beam-splitters in different pairs to generate 1D and 2D cluster states,
respectively. (b) Structure of the generated cluster state.

whole generation mechanism in a simple optical scheme con-
taining a PTC (Fig. 3(a)). A sample with a PTC medium inside
generates multiple TMS pairs of modes with opposite wavevec-
tors {ki, –ki}

N
i=1. After the PTC modulation stops, the modes

with positive, {ki}
N
i=1, and negative, {–ki}

N
i=1, wavevectors start

propagating towards the left side and the right side, respectively.
Two curved mirrors after the PTC medium make the sets of
waves incident from the right (left) parallel to each other. Then,
we balance all the modes on a wide beam-splitter, creating an
entangled chain (1D cluster state). The beam-splitter should be
positioned to mix the modes with positive and negative wavevec-
tors with a one-mode shift compared to their initial coupling
inside the PTC (Fig. 3(a)). Finally, we balance the right and the
left set of modes on another beam-splitter, with a longer n-mode
shift. The n-mode shift can again be realized by carefully choos-
ing the position of the beam-splitter (Fig. 3(a)). For every pair of
modes, the PTC implements the circuit from Fig. 2. Note that we
can omit the global phase shifts and the first passive two-mode
unitary 𝑄(𝑡), since it does not affect the initial vacuum state. The
multi-mode state after the final beam-splitter is equivalent to a
two-dimensional CV cluster state (Fig. 3(b)). To verify this, we
calculate the nullifiers—linear combinations of quadrature op-
erators that give zero when applied to a cluster state—for the
multi-mode quantum state after propagating through the setup.
For the Gaussian state implemented by the circuit in Fig. 3(c),
in the limit of infinite squeezing, the nullifiers are

𝑁𝑖,𝑥 = 𝑥–𝑘𝑚–1
+ 𝑥𝑘𝑚–𝑛–1

+ 𝑥𝑘𝑚
– 𝑥–𝑘𝑚+𝑛

+ 𝑥–𝑘𝑚
+ 𝑥𝑘𝑚–𝑛

– 𝑥–𝑘𝑚+1
+ 𝑥–𝑘𝑚+𝑛+1

𝑁𝑖,𝑝 = 𝑝–𝑘𝑚–1
+ 𝑝𝑘𝑚–𝑛–1

+ 𝑝𝑘𝑚
– 𝑝–𝑘𝑚+𝑛

– 𝑝–𝑘𝑚
– 𝑝𝑘𝑚–𝑛

+ 𝑝–𝑘𝑚+1
– 𝑝–𝑘𝑚+𝑛+1

(1.12)

The nullifiers (1.12) satisfy the standard nullifier property
[𝑁𝑖,𝑥(𝑝), 𝑁𝑗,𝑥(𝑝)] = 0. The nullifiers for the pair of modes 𝑘𝑖, 𝑘–𝑖
contain only quadratures of the modes from the adjacent pairs,
mixed with modes 𝑘𝑖, 𝑘–𝑖 by the beam-splitters, indicating a
cluster-like nearest neighbor coupling.

5. COMPARISON TO EXISTING METHODS OF
OPTICAL CLUSTER STATE GENERATION
After explaining our PTC-based mechanism, it is important
to compare its expected performance to the commonly used

SPDC-based technique. Thus far, PTCs have been demonstrated
only at RF frequencies [32] and very recently with microwaves
[58], while PTCs at optical frequencies are yet to be realized. For
this reason, we can compare only to idealized cases. We there-
fore compare an ideal PTC with an ideal SPDC process, for the
purpose of generating cluster states.

From the outset, we note that generating two-mode squeezing
(TMS) with a PTC has a fundamental advantage over squeez-
ing via SPDC: dimensionality. As described above, in a PTC,
pairs of entangled photons are generated at high rates, for all
modes residing in the momentum gap with no need for phase-
matching and in all directions. On the other hand, the SPDC
process is restricted by phase-matching and by the propagation
direction of the pump. Essentially, in the context of generating
pairs of entangled photons, one may think of a PTC as a disper-
sionless OPA (which inside a cavity becomes an OPO) pumped
from all directions. Thus, the dimensionality of the set of modes
amplified by the SPDC process is 1, and even that is restricted
by phase-matching, whereas the dimensionality of the amplified
gap modes in a PTC is 3, with no further restriction imposed by
phase-matching.

Other advantages of the PTC-based setting for generating
cluster states relate to the system architecture, as illustrated
in Fig. 3, compared to the conventional SPDC-based dual-rail
implementations. The latter typically uses temporal mode sep-
aration, which makes them vulnerable to temporal decoherence
and information loss across the qubit chain. In contrast, our
approach employs spatial multiplexing of modes, thus elimi-
nating temporal decoherence. More importantly, with temporal
mode separation, the number of input modes is set by the de-
lay line ratio—the ratio between the repetition rate of the pulsed
source and the length of the overarching delay line. Increasing
the number of input modes in such a system requires one to
develop squeezed pulse sources with higher bandwidth and rep-
etition rates, or more trivially to increase the length of the delay
line. However, increasing the delay line length increases losses
which degrade entanglement, placing an inherent limit on the
number of input modes. In contrast, the PTC scheme proposed
here does not have this inherent limit—the choice of number of
input modes directly dictates the location of the second beam-
splitter, but there is no loss or phase decoherence that scales
with this number. Another advantage of PTCs is that, unlike
SPDC systems—where increasing the nonlinear crystal length
boosts gain but simultaneously degrades phase-matching across
multiple modes due to phase-mismatch scaling with the cavity
length—PTCs are not subject to this trade-off, as they do not
rely on phase-matching mechanisms.

The analogy of the setting described here to cluster state gen-
eration via frequency comb mechanisms is worth mentioning.
Our setup spatially separates modes associated with 𝑘-vectors,
while the optical frequency comb techniques [59–62] generate
cluster states with temporally separated modes associated with
different frequencies. In principle, the analogous idea of gener-
ating momentum combs via diffraction grating can be combined
with our PTC proposal to yield cluster states of an even higher
dimension.

6. CONCLUSION
In this work, we have presented the idea of utilizing a PTC for
generating continuous-variable cluster states of photons. The
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utility comes from the fact that temporal variations of a homo-
geneous medium act as two-mode squeezing, for many pairs
of EM modes simultaneously. We used this property to pro-
pose a mechanism for the generation of cluster states from a
PTC in a simple optical setup. Importantly, the proposed cluster
state is two-dimensional due to the passes through two entan-
gling beam-splitters, but the dimensionality of the cluster can
also be increased by increasing the dimensionality of the set of
𝑘-vectors. For example, if a PTC source generates modes with
𝑘-vectors within a finite spherical angle, then the set of the
modes alone will be two-dimensional, and consequently, the
generated cluster state can be three-dimensional in the same
setup with two beam-splitters.

We have outlined several potential advantages of photonic
time crystals (PTCs) over conventional SPDC-based methods
for cluster state generation and proposed a corresponding gen-
eration scheme. While a direct comparison with existing OPO-
based implementations is not yet feasible—since PTCs have
been thus far experimentally realized only at RF frequencies and
microwaves—the theoretical advantages (comparing idealized
schemes) are compelling. Realizing PTCs in the lab requires
the ability to manipulate a dielectric medium on the timescale
of a single cycle, which, at optical frequencies, means strong
modulation of the refractive index within just a few femtosec-
onds. Although this was long considered impractical, recent ad-
vancements have demonstrated promising methods for achiev-
ing ultrafast permittivity modulation through epsilon-near-zero
(ENZ) materials, specifically using transparent conductive ox-
ides (TCOs) [63–67]. Notably, time refraction has already been
observed within femtosecond scales in indium tin oxide (ITO)
[68,69], and time reflection is expected to be demonstrated
soon. This progress suggests that testing the concepts discussed
here could become feasible in the coming years. In fact, at
microwave frequencies, these ideas are already within reach, fol-
lowing the recent observations of time reflection at sub-GHz
frequencies [38,70] and the recent experiments observing a
PTC [58]. Another alternative, also in microwaves, relies on
vibration–rotation transitions in molecules [71].
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