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We investigate the application of the quantum Zeno effect (QZE) for the preparation of non-Gaussian states
in optomechanical systems. By frequently monitoring the system, the QZE can suppress transitions away from
desired subspaces of states. We show that this enables the preparation of states in qubit subspaces even in the
presence of noise and decoherence. Through analytical and numerical analysis, we demonstrate that QZE-based
protocols can achieve robust state preparation of qubit states in continuous variable architectures. Our results
extend the utility of the QZE beyond discrete systems, highlighting its potential for enhancing quantum control
in more complex quantum information processing environments. These findings offer a promising approach for
achieving reliable non-Gaussian states in optomechanical systems, with implications for the development of

photonic quantum computing and quantum sensing.
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Introduction. Originally conceived as a Gedanken exper-
iment showcasing the absurdity of frequent measurements in
quantum mechanics [1], the quantum Zeno effect has shown in
a multitude of systems to suppress the decay of unstable quan-
tum systems [2—6], stop coherent dynamics [7,8], or tunneling
processes [9]. Another consequence is that the effect can in-
hibit the evolution of the system away from a desired Hilbert
subspace, effectively “freezing” it in a particular set of states,
which allows the dynamical manipulation of the quantum
system by frequently [10,11] or continuously [12] monitor-
ing a quantum system [13]. This aspect can be leveraged as
a means of controling quantum transitions and manipulate
quantum states with high precision for cavity QED systems
[8,14,15] and hybrid cavity-qubit systems [12]. Among the
various techniques available, the quantum Zeno effect has
emerged as a powerful tool for robust state preparation in
noisy environments, which is fundamental to the realization
of quantum technologies.

Under the auspices of cavity optomechanics [16], recent
theoretical and experimental advances have demonstrated
the potential carried by systems experiencing radiation pres-
sure for fundamental investigations as well as technological
applications [17]. The radiation in a single mode of the elec-
tromagnetic radiation field, e.g., within an optical cavity with
a high finesse driven by a pump field from an external waveg-
uide [18], experiences a dispersive shift and exerts a force
on the motion of a harmonic oscillator through the radiation
pressure force to comprise the prototypical optomechanical
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system [19]. The mechanical element comes in many guises
such as a micro- or nanoparticle in the cavity [20,21], a
semitransparent membrane inside the cavity [22], one of the
end mirrors of the cavity [23], one plate of a capacitor [24],
or the cavity itself in the case of microtoroids supporting
whispering gallery modes of the radiation field [18]. Me-
diated through dielectric forces, those mechanical systems
can be driven directly and parametrically in superconduct-
ing cavities [25,26] and other nanoelectromechanical setups
[27]. The combination of quantum-noise-limited optical con-
trol with high mechanical coherence allows for quantum
transducers [28,29], directional amplifiers for microwave ra-
diation [30-33], and enables mechanical frequency combs
[34]. Optomechanical interactions can be exploited to cre-
ate entanglement between macroscopic mechanical oscillators
[35-38], cool mechanical systems to their quantum ground
state [24,39], and create parametric oscillations [40]. Mul-
timode systems can exploit these self-sustained oscillations
for synchronization phenomena [41-45] and can display dis-
tinct behavior based on temporal driving schemes [46—49]
or many-body dynamics in complex networks [50-53]. Ra-
diation pressure can also be used to realize a variety of
interactions between the constituents beyond linear dispersive
shifts, such as quadratic ones [22,54-57] or cross-Kerr cou-
plings [58,59].

In this Letter, we study the restriction of bosonic sys-
tems to a subset of possible states through nonlinearities. We
demonstrate that this effectively achieves a photon blockade
distinct from the known one in the strong optomechanical
coupling regime [60] as well as a novel phonon blockade.
We show that the blockade constrains the system’s Hilbert
space to qudits of arbitrary dimension and that the required
parameter regime can be achieved in state-of-the-art experi-
ments. Moreover, this proposed scheme allows the generation
of mechanical Fock states with high fidelity with simple drive
tones avoiding quantum control schemes on the drive [61,62].
Our findings provide a technique for potential applications of
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optomechanical systems as quantum nonlinear devices, with
significant relevance for optical quantum computation, pho-
tonic quantum simulation schemes, or quantum information
processing [63].

We proceed by discussing the minimal setup to generate
the quantum Zeno effect in closed bosonic systems through
strong continuous couplings [64]. This analysis will allow
us to gain the intuition for the occurring physics. We will
then show that the effect carries over to achievable optome-
chanical coupling schemes that will introduce the effective
phonon blockade. Through numerical analysis of quantum op-
tical master equations, we assess the impact of environmental
noise and decoherence and confirm that the blockade can be
tested in state-of-the-art experiments in spite of thermalization
with an environment and far from the optomechanical strong
coupling regime. Ultimately, we conclude with a discussion
on the implication of our results.

Effective model. We consider the dynamics of two driven
bosonic modes that are described by the Hamiltonian

N|m>

=wa'a+ Qb+ g0 + [iEe a + iDe™*' b + H.c.],
()

with a (b) describing the bosonic annihilation operators of
the optical (mechanical) mode, w (2) their respective reso-
nance frequencies, g the strength of the coupling described
by the operator O. The parameters |E| = /2P« /hw; (|D| =
V2Ppy [hS2p) describe the strength of the optical (mechan-
ical) drive occurring at w; (f2p) in relation to the drive’s
input power P, (Pp) and mode’s decay rate « (y). We
proceed to analyze our system using the strong continuous
coupling mechanism that leads to the quantum Zeno effect
[64]. This formulation assumes a Hamiltonian being the sum
of a measurement Hamiltonian KA. modeling the contin-
uous measurement, and a remainder H,(r) describing the
system under observation. In the limit of a strong coupling
constant K, the evolution operator U (f ) approaches the oper-
ator limg_, oo Uy (1) = Texp(—% f(; H,(t)dr) with the Zeno
Hamiltonian

A(t) = KH. + Y _ PiH,(1)P;, )
J

where I3j denotes the projection operators onto the
eigenspaces of H. with the respective eigenvalue 7 - Since
this projection turns the Hamiltonian of the observed system
into block diagonal form, there can be no transition between
the distinct eigenspaces Hpj and the quantum Zeno effect
occurs.

We counterintuitively identify the system under observa-
tion with the drive H,(¢t) = [iREe™“'a + ihDe'*'h + H.c.]
and the measurement Hamiltonian with the bosonic modes
and their interaction H, = fiwa'a + hQbth + 1igO to conduct
the analysis of the system described by Eq. (1). We begin
the investigation with a cross-Kerr interaction described by
O = atab'b as displayed in Fig. 1. In this case, number states
|n) ® |m) remain eigenstates of H, and the energy spectrum
is Eyny = h(wn + Qm + gmn) as displayed in Fig. 1(b). This
interaction allows us to go into the rotating frame (see Sup-
plemental Material [65]) and rewrite the Zeno Hamiltonian in

() Sraa(b)E/N (c) E/h
) ; )’
3w A~ A O+3g Jot—
ol % 0+ St
wr WL
w ‘ T~ AQ-+yg w ‘
wr, wr,
Qp
4 A Q N T
TZPF

FIG. 1. Quantum Zeno effect in an optomechanical cavity. (a) An
optomechanical system consisting of a mechanical and an opti-
cal mode, both driven at distinct frequencies coupled nonlinearly.
(b) A cross-Kerr nonlinearity enables a mechanical drive to address
mechanical transitions solely for a particular photon number. The
resonant states of the mechanical drive form a Zeno subspace, which
makes them inaccessible from the rest of the states. (c) The photonic
spectrum lacks the state with the photon number tunable via the
mechanical drive frequency, and hence, a photon blockade occurs.

Eg. (2) in a suggestive manner,

Ay/h = Ad'a+ (6 +ga'a)p'b+ Y BAL,  (3)
k
with the optical (mechanical) detuning A =w — oy ( =
Q — Qp). The strong coupling limit requires in this case that
the driving strengths D and E have to be much smaller than
the frequencies w, €2, and |g|.

We can determine the frequency spectrum of this Hamil-
tonian as @y, = An+ (2 — Qp + gn)m and see that the
frequency of the mechanical drive can be tuned to enable
an infinite-dimensional degeneracy: If the drive frequency is
tuned to Qp = QL+ gN with N € N we find that all states
IN) ® |m) are degenerate with the eigenvalue ny = AN. The
mechanical drive with this particular frequency is resonant
with the energy ladder of the mechanical oscillator if and
only if N photons are present in the optical mode, as shown
in Fig. 1(b) for the case of N = 2 photons. In our further
analysis, we employ N = 2 noting that choosing any other N
restricts the Hilbert space of the bosonic system to that of the
corresponding qudit, transcending the capabilities of known
Zeno blockade schemes [14,15]. Moreover, we find that for
any finite optical detuning (A # 0), the eigenvalue is different
from all states with n £ N as

W = An+ (g(n— N))m. “

This means that a mechanical drive tuned to the frequency
Qp = Q + gN enables the removal of the state with N exci-
tations from the optical mode for an arbitrary N € N, making
it inaccessible from the remaining states. Thus, the quantum
Zeno effect from strong continuous coupling [64] permits
to dynamically constrain a fully bosonic system into a dis-
crete qudit system as illustrated for N = 2 in Fig. 1(c). The
quintessential feature that allows the blockade is the introduc-
tion of a frequency shift wz(n, m) through the interaction in
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FIG. 2. Emergence of quantum Zeno dynamics through cross-Kerr interaction. (a) A two-dimensional arrangement of energy eigenvalues
shows that the energy spacing for the addition of a photon grows with the phonon number. (b) The invariant Zeno subspaces are found by
coalescence of the energy eigenvalues when rolling up the energy plane with the periodicity given by the drive frequencies. (c) We see that the
laser drive allows to select the invariant subspace, here all states with two phonons indicated by a blue interior, which are inaccessible from the

remaining levels.

the spectrum @, = (0 — wr) + (w0 — wp) + wz(n, m). This
allows to uniquely select the transitions that are desired
to be suppressed by tuning the drive Qp = Q + wz(N, m)
for a photon blockade of level N. Additionally, we prove
that this result persists with arbitrary perturbing interactions
and numerically demonstrate it specifically for dispersive
optomechanical coupling of the form figoa'a(b' + b) (see
Supplemental Material [65]).

To give this result a more physical interpretation, we eval-
uate the Hamiltonian in this removed subspace, described
by the projector Py = IN)(N| ® 15. We find in this case
that Hy/h = Aa‘a + iD(b" — b) and see that the mechanical
system would be driven if the optical state acquired the re-
moved amount of excitations. Thus, the mechanism behind
this quantum Zeno effect is revealed to lie in the resonance of
the mechanical drive: If the optical system were to achieve the
amount of excitations such that the mechanical drive becomes
resonant with the mechanical mode, the drive would transmit
energy into the mechanical mode. Since this transmission
of energy is only possible on resonance, it would enable
to draw conclusions about the optical state constituting a
measurement.

It is worth noticing that the cross-Kerr interaction main-
tains the symmetry of the measurement Hamiltonian under
exchange of the operators a <> b, and therefore the optical
drive likewise enables the tunable removal of the state with
M excitations from the mechanical mode for w;, = w 4+ gM
or more generally w; = w + wz(n, M). The structure of the
distinct Zeno subspaces can be determined geometrically (see
Supplemental Material [65]) and is displayed for this case
in Fig. 2. The energy eigenvalues E,, are arranged on a
two-dimensional plane in Fig. 2(a) such that the sum of the
Cartesian coordinates add up to the respective value. Here, the
color of the inner circle describes the optical quantum number
n and the outer ring has the same color for all states with the
same mechanical quantum number m. Figure 2(b) illustrates
the plane wrapped up with the periodicities given by the drive
frequency €2p in the upper diagram and with &, = o + 2g
in the lower diagram. Note that in the upper case all points
are scattered around the cylinder while in the lower case all
points representing eigenvalues with the mechanical quantum
number M = 2, indicated by a blue interior, coalesce. Wrap-
ping up each cylinder around the remaining axis results in the

torus shown in Fig. 2(c). The invariant Zeno subspaces can be
determined by the coalescence of the respective eigenvalues,
in this case span(|n) ® |2)), and those states become inacces-
sible from the remaining states in the strong coupling limit.

Optomechanical realization. To confirm that the quantum
Zeno effect remains with finite coupling strengths and decay
into a thermal environment, we conduct numerical simulations
of the corresponding quantum optical master equation. The
optical (mechanical) mode decays with the rate « () into its
bath at temperature 7', realized with the standard dissipator
in Lindblad form D;[p] = 6pd" — %{p, 0'0}. The dynamics
of the system’s density matrix p are described by the master
equation in Lindblad form [66],

p= —%[H, pl + k{(N + 1)Dalp] + NDy [p]}
+ y{(M + 1)Dy[p] + MDy[pl}, (5)

where the temperature T determines the average occupation
N = [exp(fiw/kgT) — 1171 (M = [exp(h2/kzT) — 1]7') of
the optical (mechanical) mode. Throughout the simulations,
we employ parameters adapted from Refs. [58,59,67] and
the quantum ground state pg = |0)(0] ® |0)(0| is used as the
initial state. Concretely, we consider a cavity with an op-
tical frequency of w/2w = 5GHz and decay rate /27w =
64.8 kHz and a mechanical mode with the frequency Q2/2m =
65MHz and decay rate y /27 = 10kHz coupled with the
coupling strength of g/2mr = —2.7MHz to each other. Both
modes are in contact with environments thermalized at T =
20 mK, which amounts to M = 0.267 and N = 6.46 x 1076.
Further nonlinearities that could occur were investigated, and
their impact on the scheme is negligible (see Supplemental
Material [65]). Figure 3 summarizes the characteristics of the
resulting state of the mechanical oscillator pg(t) = Trap(t)
for the mechanical drive D("/|g| = 0.02 at the frequency
Qp = Q for optical drives of varying strength E©/|g| =
0 (dashed), EM/|g| = 0.25 (dotted), and E@®/|g| =0.75
(solid) at the frequency of the second photon level w; =
o + 2g. Figure 3(a) shows the occupation probabilities of
the mechanical ground state Py (black), the mechanical state
containing one phonon P; (red), and the second excited me-
chanical state P, (blue). For absent optical drive (dashed), the
mechanical drive excites phonons, leading to an increase in
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FIG. 3. Analysis of resulting state from the quantum Zeno
dynamics for the open system driven with D®/|g| = 0.065 at fre-
quency Q2p = Q. (a) Probability to find zero (black), one (red),
and two (blue) phonons in the mechanical subsystem over time for
optical drive with E©/|g| = 0 (dashed), EV/|g| = 0.25 (dotted),
and E®/|g| = 0.75 (solid) at frequency w; = w + 2g. (b) Result-
ing Wigner function for E©/|g| =0 in the left panel showing a
displacement of the mechanical state, E1/|g| = 0.25 in the middle
panel showing the occurrence of negative patches indicating the
non-Gaussian state, and E®/|g| = 0.75 disabling the displacement
of the mechanical state.

the probability of one and two phonons, while the probability
to remain in the ground state deteriorates. The left panel of
Fig. 3(b) shows the corresponding Wigner function and that
without an optical drive establishing a phonon blockade the
final state of the mechanical subsystem is a displaced state.
Establishing the blocking tone at the intermediate drive ampli-
tude EM (dotted lines), we see the increase to find one or zero
phonon in the subsystem, while the state with two phonons
is suppressed, and more than two phonons do not occur. This
signifies that the phonon blockade due to the quantum Zeno
effect through intermediate optical drive at w;, = w + Mg
makes states with more than M phonons effectively inacces-
sible from the quantum ground state py. The middle panel of
Fig. 3(b) shows that the corresponding Wigner function has
a negative patch signifying the quantum nature of the state in
the mechanical subsystem. Further increasing the optical drive
amplitude to E® (solid lines) results in a strong suppression
of the first excited phonon state and a complete suppression
of the second phonon state. The right panel of Fig. 3(b) shows
that with the increased power of the blocking tone, the final
state has negligible occupation for two phonons or more,
which indicates that the quantum Zeno blockade removing
the states with two phonons is in full effect. The requirement
E <« |g| for the strong coupling regime ceases to hold when
increasing the drive strength E even further, which suggests a
breakdown of the blockade.

The observation that the phonon blockade for intermediate
couplings effectively suppresses the occupation of more than
M phonons in the mechanical subsystem can be used to re-
strict the mechanical subsystem to the ground state and first
excited state, effectively modeling a qubit. Thus, we simulate
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FIG. 4. Analysis of the resulting state from the quantum Zeno
dynamics for the open system driven with E®/|g| = 0.75 at fre-
quency w; = w + gand with D® /|g| = 0.065 at frequency Qp = Q.
(a) Probability to find zero (black), one (red), and two (blue) phonons
in the mechanical subsystem over time, showing a strong suppres-
sion of two or more phonons. Characterization of the quantum state
through purity (gray, dashed) and logarithmic negativity (orange,
dashed). (b) Resulting Wigner function of the final state displaying a
clear negative patch signaling the non-Gaussian nature of the state in
the mechanical subsystem.

the system with the optical drive amplitude £ /|g| = 0.75 at
frequency w; = w + g and mechanical drive D®/|g| = 0.065
on resonance (2p = €2) while all other parameters remain the
same and find the behavior illustrated in Fig. 4. In Fig. 4(a), we
see that the driving conditions lead to a state where probability
for more than one phonon in the cavity is strongly suppressed.
Crucially, the probability for one phonon, which indicates the
fidelity of the Fock state |1) with the generated state, is domi-
nant. Moreover, we find the created two-mode state is a mixed
state as evidenced by the decay of the purity Tr(p%(t)) and
approaches a separable state since the logarithmic negativity
En(t) decays after an initial increase. The resulting Wigner
function is shown in Fig. 4(b) and shows a negative patch in
the center of phase space, reminiscent of the Wigner func-
tion of the Fock state |1). Indeed, we find that a cavity with
decreased linewidth # = 0.1« allows the creation of the Fock
state |1) with a fidelity of larger than 0.9 while both purity and
logarithmic negativity decay much slower by using an optical
drive with multiple frequencies and intermediate amplitudes
(see Supplemental Material [65]). Our investigations show
that the quantum Zeno blockade allows to create genuine
mechanical quantum states required in quantum sensing with
current state-of-the-art experiments, while rapid advances in
experimental designs bear the potential to controllably create
mechanical Fock states with high fidelity.

Conclusion and outlook. We have demonstrated the quan-
tum Zeno effect in an optomechanical system with the
goal of preparing qubit states within a purely bosonic
system. Our results suggest that quantum Zeno dynamics
provide a viable pathway for precise qubit initialization
by leveraging the inherent quantum dynamics even in the
presence of environmental noise and decoherence. The find-
ings open up avenues for integrating protocols based on
the quantum Zeno effect in state-of-the-art optomechanical
systems even despite decoherence in an open environment,
enabling them to be used in qubit-based quantum infor-
mation processing, offering broad potential across various
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quantum computing platforms. Optomechanical systems with
an insufficient anharmonicity due to the standard optome-
chanical dispersive shift may benefit from the Zeno blockade
by enabling a dynamic photon blockade through external
drive parameters. Systems realizing quadratic optomechani-
cal coupling [22,54-57] incorporate the required cross-Kerr
interaction automatically and offer further promising exper-
imental platforms for the proposed scheme. As cross-Kerr
couplings are common in Josephson junction-coupled mi-
crowave cavities [68], our proposed scheme could enhance
their capabilities in spite of inevitable self-Kerr coupling as
well. All platforms that realize our proposed scheme can
readily test the potential to stabilize the ground state for
increasing bath temperature and the possibility to generate
Fock states by successive shaping of the available Zeno

subspaces. We aim to pursue all of these avenues in future
works, as well as the correspondence of the proposed block-
ade, enabling only single excitations with genuine fermionic
systems.
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