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ABSTRACT

In quantum systems, a counterintuitive phenomenon known as quantum Zeno dynamics is usually exploited to tailor and protect the
coherent evolution of quantum states by the back action of quantum measurements and strong couplings. Here, with the quantum-classical
analogy, we report that the acoustic Zeno dynamics can be reproduced in acoustic waveguide arrays by setting segmented waveguides. We
experimentally demonstrate that the segmented waveguide acts as an acoustic barrier to tailor the whole Hilbert space into different subspaces
by separating the communication between waveguides. By arranging the acoustic Zeno barriers, we can control the sound transport in wave-
guide arrays into the target output ports, such as the Zeno dynamics, analog-quantum walk, and analog-quantum logic gates. In this context,
we highlight that the Zeno barrier can be a versatile tool to arbitrarily control and guide the sound transport in waveguide arrays, which can
provide an alternative choice for acoustic metamaterials and metasurfaces without cumbersome and complicated structure design. The acous-
tic Zeno barrier may provide a versatile approach to manipulate acoustic wave propagation for designing advanced on-chip integrated sound
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devices.
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Manipulating physical fields to satisfy various advanced applica-
tions is an immutable subject in different physical branches. For exam-
ple, in classical sound wave systems, the concept of acoustic
metamaterials and metasurfaces designed with subwavelength structure
units have been proposed to manipulate the wave propagation, such as
wave focusing,l’6 extraordinary transmission,” ” and acoustic insula-
tors.'”'” The quantum system always has unique characteristics that
are different from classical waves. With the development of a quantum-
classic analogy, many quantum effects have been explored in classical
systems. A prominent example is the topological insulators'” '® that
possess robust topological protected properties for manipulating the
wave propagation against the disorder and defects, which have grown
into a large research field in photonic and phononic crystals.
Furthermore, emulating the electrons in semiconductors, phononic lat-
tices have provided a versatile platform for manipulating acoustic waves
based on the similar formation between the Schrodinger equation for
matter waves and the paraxial Helmholtz equation for acoustic waves.
In this context, the temporal evolution of a quantum system corre-
sponds to the spatial sound propagation in waveguide arrays, and

many similar quantum phenomena have been realized in acoustic
waves, such as Bloch oscillations,'””” Landau-Zener transition,”’ and
Anderson localization,”””’ among others.”*”” Furthermore, stimulated
Raman adiabatic passage is also proposed in acoustics to achieve selec-
tive and efficient population transfer between two quantum states by
designing the time-dependent coupling mediated intermediate state
without suffering loss for manipulating sound transports.” '

The quantum Zeno effect is a counterintuitive phenomenon in
an unstable quantum state that inhibits coherent evolution to another
state under frequent observation. From the decay view of the quantum
state, it is well known that the survival probability P is quadratic at
short times, ie., dP/dt — 0 for t — 0.°” The Zeno effect has been
experimentally confirmed in a variety of physical systems, such as trap-
ping atoms,”” Bose-Einstein condensates,”* cavity quantum electrody-
namics,”*® Rydberg atoms,”” and optical waveguide arrays.” More
interestingly, the quantum Zeno dynamics have also been experimen-
tally demonstrated, showing that the back action of quantum measure-
ments can be explored to preserve a coherent evolution in a subspace
of the Hilbert space by engineering the Zeno dynamic boundaries in
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the Bose—Einstein condensate system.”* Recently, in optical systems,
tailoring Hilbert space has been explored as an approach for control-
ling and manipulating the evolution of the optical system.”” However,
Zeno dynamics had not been realized in acoustic systems until now.
Traditional sound wave manipulation typically involves designing
anisotropic and inhomogeneous acoustic metamaterials to guide wave
propagation. In contrast, Zeno dynamics could be a powerful tool for
designing acoustic evolution subspaces. By flexibly placing Zeno bar-
riers in space, it is possible to control sound wave propagation paths,
enabling various advanced acoustic applications and offering an alter-
native approach to acoustic metamaterials.

In this paper, we experimentally demonstrate the Zeno dynamics
in an acoustic waveguide array system. A Zeno barrier is constructed
by segmented waveguides to tailor the Hilbert space of a five-
waveguide system into different subspaces. The result indicates that
frequent measurement of the third waveguide can transfer the free
evolved acoustic field into two Hilbert subspaces to form a Rabi oscilla-
tion. Using the acoustic Zeno barriers as a versatile tool, we can arbi-
trarily control and guide the sound transport in waveguide arrays into
the target output ports for engineering different advanced functions,
such as the Zeno dynamic, analog-quantum walk, and analog-
quantum logic gates. By shortening the structure and increasing the
incident frequency, the acoustic Zeno barrier can provide a versatile
tool for controlling sound wave propagation in the design of advanced
on-chip integrated acoustic devices, with applications in areas such as
acoustic cloaking and sound insulation.

Without loss of generality, we first consider a model of five-
level quantum system with state transitions |1)«— - - «<—5) with
coupling strength x; then a detector denoted by |D) is used to fre-
quently measure the third level with a coupling strength ¢ as shown
in Fig. 1(a). To describe the dynamic evolution, the Hamiltonian of

ARTICLE pubs.aip.org/aip/apl

five-level quantum system with frequent measurements can be
expressed as'"!

H = «(li){i+ 1] +|i + 1){il) + e(|3){D| + |D)(3]) — il |D)(D],

i=1
(1)

where x corresponds to the coupling strength between these five levels,
¢ is the coupling strength between the detector D with dissipation I"
and the third level |3). If ¢ >> K, then the total Hilbert space is divided
into four subspaces: @ subspace 1 (levels |1) and |2)), © subspace 2
(levels |4) and |5)), © subspace 3 (level |3) + |D)), & subspace 4 (level
|3) — |D)). Notice that the Rabi oscillations will be restored in sub-
space 1 and subspace 2. Similar research works for tailoring the Hilbert
space have been discussed in quantum system,’ Bose-Einstein con-
densates,” and classical optical system.”” “A watched cook can freely
watch a boiling pot.”

Here, we construct the frequently measured Hilbert space by
designing acoustic waveguides in an acoustic system as shown in
Fig. 1(b), the spoof surface acoustic waves (SSAWs) propagating and
evanescent coupling between the five green straight waveguides for
simulating the five-level quantum system. Here, we select the SSAWs
to investigate the acoustic Zeno effect due to the propagation constants
and coupling freely tunable by adjusting the waveguide parameters.

The green acoustic waveguides are constructed by placing a series
of rigid sheets with a spacing a =18 mm between the sheets and a
period A = a+ b=20 mm, where b is the thickness of the small sheet,
the sheet width is set as W; =30 mm and the interval between wave-
guides as d; =70mm. To introduce the frequent measurement, we
place a red segmented waveguide acting as a frequent observation to
form the Zeno barrier (ZB) and couple it with waveguide 3 (WG3) of
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FIG. 1. (a) Schematic diagram of a five-level quantum system. The Hilbert space is tailored by frequent measurements of a detector for level |3. (b) Schematic diagram of
acoustic waveguide array. (c) Dispersion relation for different waveguide widths. (d) Under different observation frequencies, the coupling coefficient ¢ (red line) between the
observed waveguide and the third waveguide and the propagation constant 575 (blue line) of the observed waveguide. (e) The intensity of acoustic pressure on the incident
waveguide at different measured frequencies. The dashed lines are simulation results, and the blue stars are experimental measurements.
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the five-level system at a distance d, = 2.5 mm to achieve strong cou-
pling. A sound with f;,, =2950Hz is inputted from waveguide 1
(WG1). The segmented waveguide is constructed by small sheets with
width W, =20 mm. The whole waveguide arrays are sandwiched by
two rigid plates as a two-dimensional (2D) scenario. The waveguide
dispersive relationship for different sheet widths is shown in Fig. 1(c)

2
according to the expression k, = ko \/ 1+ [% /tan ("""ZJ)] 22 We

can find that the SSAWs with lower cutoff frequency will be supported
along the waveguide for wider sheets. The SSAW will be more con-
fined with weaker coupling between adjacent waveguides for the work-
ing frequency near to the cutoff frequency. To simulate the frequent
observation, we define the observing frequency as f,ns = /N, where
N=10 is the total number of sheets in an observed distance /= 10A
for an incident frequency f;, = 2950 Hz; then fq,s = 0 and 1 represent
no observation and continuous observation. To clarify the coupling
strength between the observing waveguide and the third waveguide for
different observed frequencies, we calculate the coupling coefficient ¢
as the function of n/N by extracting the transferring length in the two-
waveguide system as shown in the inset of Fig. 1(d). The detail of the
method is illustrated in Sec. I of the supplementary material. The
results indicate that the coupling coefficient ¢ and the propagation con-
stant 5 of the segmented waveguide increase with increasing observ-
ing frequency shown as the red line and blue line, respectively.

To further evaluate the influence of observing frequency fobs on
the acoustic field evolution, we also calculate and measure the acoustic
intensity I = |y/(0)i(z) |2 for z € [0,L/2] in frequently observed
two-waveguide system as shown in Fig. 1(e) for different f,,. Here,
L=2.2m corresponds to the whole Rabi oscillated length, in which
L=111 The red arrow and pentalpha in the inset represent the inci-
dent and receiving locations. The dashed line is obtained from the
finite-element simulation using the commercial software COMSOL
Multiphysics, and the symbols correspond to the experimental
results. The simulated and measured details, as well as the normalized
processing for the measured pressure fields, are presented in the
supplementary material. We can find that the acoustic field freely hops
between two waveguides for fo,s = 0, which corresponds to the Rabi
oscillation of the two-level model, then I = 0. However, the field hop
becomes inhomogeneous between the WG1 and WG2 as the observing
frequency increases. When the observing frequency reaches fo,s = 1,
the acoustic field is frozen in the incident waveguide, resulting in I = 1,
which corresponds to the Zeno effect. In Fig. 1(e), we can find that the
sound intensity mainly resides in the incident waveguide for the observ-
ing frequency over fy,s = 0.3. In other word, the coupling strength
between the ZB and WG2 go into the strong coupling region for
fobs > 0.3. To obtain excellent performance, we select the observing fre-
quency fobs = 0.9 in the following investigations. The defect of a sheet
for forming the dissipative simulate the role of I" in quantum system.

Assuming weak coupling between the five straight waveguides,
we arrive at the tight-binding-approximated (TBA) Schrodinger-type
equation for the observed five-waveguide system, considering only
nearest-neighbor couplings as
Dy o) @
where the acoustic field envelope is (z) = [{,(2),...,
Ws(2),¥45(2)]", and the initial state is ¥(0) = [1, 0, 0, 0, 0, 0]"

pubs.aip.org/aip/apl

for inputting from WGI, as shown in Fig. 1(b). Using the ZB to
observe WG3, the coupling between the green straight waveguides is
K, with propagation constants iy, = -+ = Pwgs = f. The coupling
between the red segmented waveguide and the green straight wave-
guides is ¢, and the propagation constant of the segmented waveguide
is fy5. I =0.1c is the dissipation due to the observed frequency

fobs = 0.9. The Hamiltonian can be expressed as follows:" 7
[ 0 0 0 0o ]
K Pwea K 0 0 0
0 K 0
H— Bwas K ¢ 3)

0 0 K Pwes K 0
0 0 0 K PBuwes 0
0 0 c 0 0 (By—il)

Figure 2(a) shows the acoustic field evolution in five-waveguide
system without frequent observation, and we can find that the acoustic
field freely evolves in the waveguide array by the nearest-neighbor cou-
pling by solving Eq. (2). The simulated result is also presented in
Fig. 2(d), which agree well with the theoretical result. Here, we only
show the first oscillation from WGI to WG5 in the waveguide length
L=2.2m. When we introduce the observed segmented waveguide to
couple strongly with the third waveguide, the whole Hilbert space
splits into four subspaces: subspace 1 (levels |1) and |2)) & subspace 2
(levels |4) and |5)) € subspace 3 (level |3) + |ZB)) @ subspace 4 (level
|3) — |ZB)). Here, |ZB) corresponds to the Zeno barrier constructed by
the segmented waveguide. In the language of quantum Zeno dynam-
ics,"’ the Hamiltonian of the closed five-waveguide system is given by
H, = k(|1)2|+]2) (3| + |3)(4|+|4) (5| + H.c.). Then the ZB cou-
pling with WG3 corresponds to a projector as P; = I — |3)(3]; thus,
the effective Hamiltonian can be obtained by Hp = P;H.P; as Hp =
k(|1)(2| + |4)(5| + H.c.), where subscript i correspond to the ith
observed waveguide. That is to say, WG3 forms a hard wall to inhibit
the communication between the subspaces: subspace 1 (levels |1) and
|2)) @ subspace 2 (levels [4) and |5)), and then the input acoustic field
hops between WG1 and WG2 or WG4 and WG5 to form the Rabi
oscillations, which have been demonstrated by theoretical calculation
and numerical simulation as shown in Figs. 2(b)-2(f), accordingly.

We have demonstrated that a Zeno barrier can be constructed
using a segmented waveguide to tailor the acoustic Hilbert space for
guiding sound evolution in a waveguide array. Next, to further demon-
strate how the Zeno barrier can be used to manipulate sound for prac-
tical applications in waveguide arrays. Figure 3(a) shows the sample
for controlling the sound transport into different target ports as a
quantum walk. The whole system includes five waveguides, and the
sound is injected into the first waveguide. There are two rows of insert-
able grooves for each waveguide; when inserting sheets into the
grooves, the segmented waveguides (n/N=10.9) will be formed as a
Zeno barrier to tailor the coupling of waveguides, as shown as
Fig. 1(b). The whole 2D sample includes four sections, and the length
of every section is L/2, which corresponds to half the period of Rabi
oscillation. For the clarity of presentation, we only show two sections
in Fig. 3(a).

Now, we construct the Zeno barriers in different sections by
inserting segmented waveguides for ring-fencing the sound evolution.
In Fig. 3(b), we show the segmented waveguide distribution as ZB P,
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FIG. 2. (a) Evolution of acoustic field in a five-waveguide system without frequent observations. (b) and (c) When the third waveguide is observed frequently, the acoustic field
evolution of the five-waveguide system when the acoustic is incident from WG1 (b) and WG5 (c), respectively. (d)—(f) Corresponding to the simulation results of figure (a), (b),

and (c), respectively.
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FIG. 4. (a) Acoustic pressure simulation of Hadamard gate 1 for inputting from WG1. (b) Acoustic pressure simulation of Hadamard gate 2 for inputting from WG1 and WGS3.
(c) The X gate is implemented by adding Z gate between Hadamard gate 1 and Hadamard gate 2, and the sound input from WG1 to output port WG3.

in section 1, ZB P; in section 2, ZB P, and P; in section 3, and ZB P;
in section 4 to guide the sound into the first output port. When the
input sound enters the first waveguide, it directly propagates along
WGI due to the existence of ZB P,, which can be verified by simula-
tion and experiment in section 1. In section 2, the ZB P is used to tai-
lor the whole Hilbert space, as shown in the illustration in Fig. 2. Thus,
the sound will couple into WG2 at the end of section 2. In section 3,
the ZB are used for WG1 and WG3; the sound will propagate along
WG2 only. In the fourth section, the ZB P; gives a free evolution sub-
space to manipulate the sound into output port 1. The whole evolution
process, in four sections, can be observed through numerical simula-
tion and experimentation. Similarly, we can also guide the sound walk
into different output ports 2, 3, 4, and 5 by setting appropriate ZBs in
different sections, as shown in Figs. 3(c)-3(f). The results indicate that
the Zeno barrier could be a versatile tool for the control and manipula-
tion of sound transport in the acoustic waveguide array. Based on the
strong capacity of the Zeno barrier for ring-fencing the sound evolu-
tion, we also add two examples in the supplementary material to dem-
onstrate that the X- and Y-type evolution for two port inputting in
acoustic waveguide arrays is controlled by acoustic Zeno barriers. We
believe that the Zeno barrier can be explored to realize more advanced
acoustic devices based on waveguides by simply placing the ZBs into
an acoustic waveguide system.

In the following example, we further realize quantum logical
gates: oy gate (Hadamard gate), g, gate (Z gate), and oy gate (X gate)
in the acoustic waveguide array by using the Zeno barriers. It is well
known that the Hadamard gate satisfies the logical relation:** H|0)
= 1/v/2(|0) +[1)) and H|1) = 1/v/2(|0) — |1)), here [0) = (}) and
|1) = (9). To realize the Hadamard gate function, we construct the
three-waveguide system with the following structure details: the acous-
tic waveguide length as 1.62 m, the distance /; = 70 mm between WG1
and WG2, and [, =52 mm between WG2 and WG3 for obtaining the
coupling constant to split the input field into WG1 and WG3 equally.
There are two segmented waveguides presented at the end of WG2 as
Zeno barriers to block the hopping between WG1 and WG3 to realize

the Hadamard gate. When the input sound with frequency 3175 Hz is
injected into WG, then the state is defined as [1) = (?). By means of
a numerical simulation with COMSOL Multiphysics, we can find that
the output sound is distributed at WG1 and WG3 with opposite
phases, as shown in Fig. 4(a), which is called Hadamard gate 1.
However, if we inject the in-phase sound from WGI1 and WG3 simul-
taneously, it is obvious that the sound will be collected into WG3
according to the logical relation of the Hadamard gate in Fig. 4(b),
which is called Hadamard gate 2. Here, the two Zeno barriers are
placed at the head of WG2. With the above simulations of the
Hadamard gates in the three-waveguide system, we know that the X
gate (sound injected from WG1 and output from WG3) can be real-
ized by adding a phase © between WG1 and WG3. For this target, we
insert a Z gate into the interval of Hadamard gate 1 and Hadamard
gate 2 to construct the X gate as shown in Fig. 4(c). The simulated
result indicates that WG1 be frozen by the Zeno barrier to cut the
communication with WG2 in the Z gate, and the sound injected from
WG3 evolves freely between WG3 and WG2. In the waveguide length
of 1.62 m, the sound adds a 7 phase compared with the sound propa-
gating in WGI and returning to WG3. The experimental measurement
verifies the simulated results that the X gate can be realized for trans-
ferring sound from WGI to WG3 by combining the Hadamard gate 1,
Z gate, and Hadamard gate 2. Although the waveguide arrays investi-
gated earlier are large, these examples encourage designing advanced
on-chip integrated sound devices for various applications in higher
working frequency with a small size.

In summary, we experimentally realize the Zeno dynamics in an
acoustic waveguide array by using the on-demand periodically seg-
mented waveguides as frequent observation. The results show that a
Zeno barrier can be designed to tailor the Hilbert space of the wave-
guide system into subspaces to control sound evolution. In this con-
tent, we also realize acoustic analogies of the quantum walk (the same
input end into different output ends) and quantum logical gates
(Hadamard gates, Z gate, and X gate) by designing the Zeno barriers
in a waveguide array. These practical examples indicate that the Zeno
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barrier, based on the concept of frequent observation, can provide a
versatile tool to tailor and manipulate the sound transport in acoustic
waveguides. Undoubtedly, by shortening the structure and increasing
the incident frequency, the acoustic Zeno barrier can provide a versa-
tile tool for controlling sound wave propagation in the design of
advanced on-chip integrated acoustic devices, with applications in
areas such as acoustic cloaking and sound insulation.

See the supplementary material for details on the effective
medium of the segmented waveguide (Fig. S1), the simulated and
experimental methods (Fig. S2), and the X- and Y-type evolution of
acoustic waves in waveguide arrays (Fig. S3).
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