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Stimulated adiabatic passage utilizes radiation pulses to efficiently and selectively transfer population
between quantum states, via an intermediate state that is normally decaying. In this Letter, we propose the
analog of stimulated adiabatic passage in an acoustic system. It is realized with cavities that correlate
through adiabatically time-varying couplings, where the cavities and time-varying couplings mimic
discrete states and radiation pulses, respectively. With appropriate arrangements of coupling actions, an
acoustic wave can be efficiently transferred from the initial excited cavity to the target cavity in the forward
direction, immune to the intermediate dark cavity. On the other hand, for the backward propagation, the
acoustic energy is perfectly localized in the intermediate dark cavity and completely dissipated. We
analytically, numerically, and experimentally demonstrate such unidirectional sound localization and
unveil the essential role of zero-eigenvalue eigenstates in the adiabatic passage process.
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In 1990, Gaubatz et al. [1] experimentally presented the
technique of stimulated Raman adiabatic passage through
well-tuned radiative interactions. Selective and efficient
population transfer was enabled between two different
quantum states via a radiative decaying intermediate state
without suffering loss [1–10]. Since then, it has spawned
a wide range of applications in atomic and molecular
physics [11–14], quantum information [15–17], and solid-
state physics [18–20]. Recently, this technique has started
to impact classical physics, including optical polarization
control and frequency conversion [21–24], thanks to the
recently proposed quantum-classical analogs, which provide
easy-to-implement classical physics platforms for testing
various novel physics predicted in quantum systems, such as,
to name a few, the Bloch oscillation [25,26], the Zener
tunneling [27,28], parity-time symmetric potentials [29–32],
and topological insulators [33–36].
Herewepresent the physicalmodel of stimulated adiabatic

passage in an acoustic system. We start from a three-level
quantum system (j1i − j2i − j3i). The schematic of the
three-level system and laser pulses interactions is shown
in Figs. 1(a) and 1(b). In this system, the complete transfer of
population from an initially populated state j1i to state j3i or,
conversely, from state j3i to an intermediate state j2i other
than state j1i is enabled via the technique of stimulated
adiabatic passage, namely, the adiabatic actions of P (pump)
and S (Stokes) lasers in well arrangements [see Fig. 1(b)]
[7,10]. Correspondingly, our analog in an acoustic system is
proposedwith a one-dimensional (1D) cavity chain (A-B-C).
The neighboring cavities connected through adiabatically

time-varying coupling channels. Here the cavities and time-
varying coupling actions play the roles of discrete states and
laser pulses in the three-level quantum system, respectively,
as presented in Figs. 1(c) and 1(d). It is expected that, with
the adiabatic actions of well-arranged intercavity couplings
(A–B and B–C), acoustic energy can be totally transferred
from cavity A–C in the forward direction without suffering
loss from the possibly leaky cavity B. On the other hand, for

FIG. 1. (a) The three-level quantum system driven by the P
(pump) and S (Stokes) lasers. The pump fieldΩPðtÞ couples states
j1i and j2i, while the Stokes field ΩSðtÞ couples states j2i and j3i.
(b) The counterintuitive pulse sequencewhere the Gaussian Stokes
fieldΩSðtÞ is acted before the pump fieldΩPðtÞ. (c) The schematic
of an acoustic cavity chain system. Cavities A and B and B and C
are, respectively, connected by the time-varying couplers with the
coupling coefficients being CABðtÞ and CBCðtÞ. (d) The counter-
intuitive coupling sequence where the time-varying coupling
CBCðtÞ is acted before the one of CABðtÞ.
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the backward propagation, the energy coming from cavityC
is localized in cavity B and completely dissipated. Very
different from previous works on studying acoustic wave
localization in reciprocal patterns (e.g., Anderson localiza-
tion) [37–40], this Letter combines the wave localization
and nonreciprocity in adiabatically time-varying acoustic
systems.One-way sound localization is demonstrated,which
shows promise in versatile important applications, such as
single-pass acoustic communication, one-way sound absorp-
tion, and unidirectional matching layers.
It is, however, quite challenging to experimentally verify

such effect, especially for the part of implementing adia-
batically time-varying acoustic coupling channels. By map-
ping the time dimension into an orthogonal space dimension,
wepropose to transform the 1D slowly time-varying problem
into a 2D static problem and overcome this obstacle,
providing a simple and efficient solution to qualitatively
extract the field evolution in a three-body interaction system.
In this sense, our proposal provides a very unique platform to
demonstrate one-way localized adiabatic passage process.
For the acoustic cavity chain system, the adiabatic

evolution of sound can be well described by a
Schrödinger-type equation as a result of the slowly varying
couplings [41]

i
d
dt

ψðtÞ ¼ HðtÞψðtÞ; ð1Þ

where ψðtÞ denotes the transient state function at time t
and HðtÞ denotes the time-dependent Hamiltonian of the
system. The state function ψðtÞ can be mapped into the
coordinate space (φA, φB, φC) and expressed as ψðtÞ ¼
aðtÞφA þ bðtÞφB þ cðtÞφC. The sound intensities in
cavities A, B, and C at time t are given by jaðtÞj2,
jbðtÞj2, and jcðtÞj2, respectively. Because of the dynamic
coupling nature, the Hamiltonian HðtÞ of the whole system
can be written in the matrix form of

HðtÞ ¼

0
B@

0 CABðtÞ 0

CABðtÞ 0 CBCðtÞ
0 CBCðtÞ 0

1
CA; ð2Þ

where CABðtÞ and CBCðtÞ are the time-varying coupling
coefficients between the cavities A and B and B and C. For
simplicity, it is assumed that all cavities are identical and
lossless; therefore, all the diagonal elements are zero. For
the loss case, please refer to Supplemental Material Note 1
[42–44], where the main conclusions of this Letter do not
change. For the lossless case, the eigenvalues of the
Hamiltonian HðtÞ are

εþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
ABðtÞ þ C2

BCðtÞ
q

; ð3aÞ

ε0 ¼ 0; ð3bÞ

ε− ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
ABðtÞ þ C2

BCðtÞ
q

: ð3cÞ

The corresponding eigenvectors are

ψþðtÞ ¼
sin θðtÞffiffiffi

2
p φA þ 1ffiffiffi

2
p φB þ cos θðtÞffiffiffi

2
p φC; ð4aÞ

ψ0ðtÞ ¼ cos θðtÞφA − sin θðtÞφC; ð4bÞ

ψ−ðtÞ ¼
sin θðtÞffiffiffi

2
p φA − 1ffiffiffi

2
p φB þ cos θðtÞffiffiffi

2
p φC; ð4cÞ

where the parameter θðtÞ ¼ arctan½CABðtÞ=CBCðtÞ�. The
state function ψðtÞ can also be mapped into the eigenvector
space (ψþ, ψ0, ψ−), and thus is expressed into [41]

ψðtÞ ¼
X
n

ãnðtÞψnðtÞ

¼
X
n

anðtÞ exp
�
−i

Z
t

0

εnðt0Þdt0
�
ψnðtÞ; ð5Þ

where n ¼ þ; 0;−, and ãnðtÞ ¼ anðtÞ exp½−i
R
t
0 εnðt0Þdt0�.

When the starting point along the time axis is set at t0, we
will obtain an alternative form of

ãnðtÞ ¼ anðt0Þ exp
�
−i

Z
t

t0

½εnðt0Þ − iψ�
nðt0Þ _ψnðt0Þ�dt0

�
;

ð6Þ

with the detailed derivations in Supplemental Material
Note 2 [44], where _ψðtÞ is the temporal derivative of
ψðtÞ, and anðt0Þ is determined by the initial condition.
For example, an initial condition of ψðt0Þ ¼ φA means
a0ðt0Þ ¼ 1 and aþðt0Þ ¼ a−ðt0Þ ¼ 0. In this case, the state
function ψðtÞ follows the adiabatic evolution of ψ0ðtÞ.
From Eq. (4b), the sound intensities in cavities A, B, and C
at time t are given by

IAðtÞ ¼ j cos θðtÞj2; IBðtÞ ¼ 0; ICðtÞ ¼ j sin θðtÞj2:
ð7Þ

Since the coupling action CBCðtÞ precedes CABðtÞ, we
have CABðtÞ=CBCðtÞ !t→t0

0 and CABðtÞ=CBCðtÞ !t→þ∞ þ∞.
Because θðtÞ¼arctan½CABðtÞ=CBCðtÞ�, the parameter θðtÞ
varies from 0 to π=2 when t changes from t0 to þ∞. From
Eq. (7), we obtain that the sound energy transits from cavity
A to an intermediate superposition in cavities A and C, and
in the end is completely transferred to cavity C. Here cavity
B does not get involved in the adiabatic passage process
with IBðtÞ ¼ 0, unveiling the existence of a dark state.
Thus, intuitively, the adiabatic passage described by Eq. (7)
is independent from cavity B, even if it is lossy.
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If a different initial condition of ψðt0Þ ¼ φC is given, we
havea0ðt0Þ ¼ 0 andaþðt0Þ ¼ a−ðt0Þ ¼

ffiffiffi
2

p
=2 fromEqs. (4)

and (5). In the adiabatic limit, the evolution of the state
function is along the eigenstates ψþðtÞ and ψ−ðtÞ with
ψ�
nðtÞ _ψnðtÞ ¼ 0, so that from Eq. (6) we obtain the ampli-

tudes ãþðtÞ ¼ ã�−ðtÞ ¼ e−iβðtÞ=
ffiffiffi
2

p
, where the phase βðtÞ is

βðtÞ ¼
Z

t

t0

εþðt0Þdt0: ð8Þ

With Eqs. (4)–(6), we can derive the sound intensities in
cavitiesA,B, andC for the different initial condition at time t

IAðtÞ ¼ j sin θðtÞj2j cos βðtÞj2; IBðtÞ ¼ j sin βðtÞj2;
ICðtÞ ¼ j cos θðtÞj2j cos βðtÞj2: ð9Þ

Under the same coupling action θðtÞ ¼ 0 → π=2 and
with the phase set as βðtÞ ¼ 0 → ð2kþ 1Þπ=2 (k is an
integer) from t ¼ t0 to t ¼ þ∞, we obtain that the sound
energy transits from cavityC to an oscillatory superposition
in cavities A, B, and C and eventually is completely

transferred to cavity B. In this case, all energy will be
dissipated if cavity B is lossy. The aforementioned analysis
shows that the acoustic version of the stimulated adiabatic
passage is featured with unidirectional wave localization,
that is, A → C and C → B→ A, when the coupling actions
are well designed.
Figure 2(a) vividly displays the time-varying coupling

process of cavities A, B, and C in terms of the limit idea.
However, straightforward experimental implementations
of the adiabatically time-varying coupling channels with
well-designed coupling strengths are quite challenging.
Instead, we map the time dimension (t axis) into an
orthogonal space dimension (z axis), where the Doppler
effect can be ignored in the adiabatic processes [33,36].
Here we propose a coupled waveguide comprising three
parallel air pipes connected by equally spaced slits of varied
widths (p is a constant), as shown in Fig. 2(b). It provides
a static platform to demonstrate the stimulated adiabatic
passage of sound. The z dimension is regarded as a
pseudotime dimension. For each waveguide, there are 87
perforated holes equally spaced by 10 mm for inside field
measurement [49]. The sample is made of an aluminum

FIG. 2. (a) The schematic of time-varying coupling process among cavities A, B, C. (b) Photograph of the coupled waveguide
complex. A mapping between the time dimension (t axis) and an orthogonal space dimension (z axis) is established, that is, z ¼ c0t. c0 is
the speed of sound. Here the waveguides A, B,C correspond to the cavities A, B, C in Fig. 1(c), respectively. (c) The relation between the
coupling length and the slit width. (d) The Gaussian curves of the coupling coefficients between neighboring waveguides. The operation
frequency is 8.8 kHz.
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alloy, which is rigid with respect to air due to the large
impedance mismatch. The structural parameters are marked
in Fig. 2(b), where the width of air pipes is w1 ¼ 10 mm,
the thickness between adjacent air pipes w2 ¼ 8 mm, the
distance between the equally spaced slits p ¼ 7 mm, and
the delayed distance between two coupling actions Δz ¼
2s ¼ 110 mm (corresponding to the time delay of 0.32 ms).
From the above analysis and Supplemental Material

Note 1 [44], the state functionψðtÞ of the acousticwaveguide
chain systemdoes not change, nomatterwhether the cavityB
is lossless or lossy, due to the existence of a dark state.
The only factor to affect the acoustic adiabatic passage
process is the adiabatic limit condition, that is [5,8,42],

jε� − ε0j ≫ jψ�ðtÞ _ψ0ðtÞj; ð10Þ
for which the rigorous analysis is appended in Supplemental
Material Note 3 [44]. In order to fulfill the adiabatic limit
condition, we introduce two z-dependent Gaussian-shaped
coupling coefficients between neighboring waveguides,
which can be equivalently regarded as time-dependent
Gaussian-shaped coupling coefficients via the mapping
z ¼ c0t. The coupling coefficients CABðtÞ and CBCðtÞ are
intuitively related with the width of slits and the operation
frequency of sound. Note that we define the coupling
coefficients by C ¼ π=L, where L denotes the coupling
length (see Supplemental Material Note 4 [44] for the
derivations). In one coupling length, all sound waves will
funnel from one waveguide to the neighboring waveguide
and then back to the original waveguide. In Fig. 2(c), we plot
the relation between the coupling length L and the slit width
d at the operation frequency of 8.8 kHz, which is derived
from the numerical simulations. The result shows that the

relation curve can be well fitted by a function of L ¼ a=d,
where a is chosen to be 518 mm2. Assuming the Gaussian-
shaped slit width distribution satisfies d ¼ d0e−c

2
0
t2=σ2 , we

can eventually derive the time-dependent coefficients
CABðtÞ ¼ ðπd0=aÞe−½ðc0t−z0Þ−s�2=σ2 and CBCðtÞ ¼ ðπd0=aÞ
e−½ðc0t−z0Þþs�2=σ2 , as shown in Fig. 2(d), where the parameters
σ ¼ 127, d0 ¼ 6.5, and z0 ¼ 430 mm. In experiments, there
exist fabrication limits that the slit width and the slit spacing
cannot be infinitely small. For cutting straight slits of the
depth 10 mm, the slit width can hardly be smaller than
0.4 mm for the machine tool. Therefore, the coupling length
is limited to be less than 1102.2 mm (coupling coefficient
C > 2.84 × 10−3 mm−1), as reflected by the fitted curve
in Fig. 2(c) and Supplemental Material Table 1 [44]. The
normalized coupling coefficient (C=Cmax) used in experi-
ments thus has a cutoff at 0.088, as shown by the square and
circle dots in Fig. 2(d).
In the experiment, the evolution of sound intensity field

in the coupled cavity system is acquired by measurements
in the perforated holes on the waveguide sample [Fig. 2(b)].
The operation frequency is 8.8 kHz. For the designed
sample, considering the whole evolution happens from
0 to 2.5 ms, we have θðtÞ ¼ 0 → π=2 and the phase βðtÞ ¼
0 → 9π=2, as calculated in Supplemental Material Note 5
[44]. Therefore, based on Eqs. (7) and (9), we obtain two
different field evolutions. For the first one, we have
IAð0Þ ¼ 1, IBð0Þ ¼ 0, and ICð0Þ ¼ 0 for the initial state
and IAð2.5Þ ¼ 0, IBð2.5Þ ¼ 0, and ICð2.5Þ ¼ 1 for the final
state. For the other one, we have IAð0Þ ¼ 0, IBð0Þ ¼ 0, and
ICð0Þ ¼ 1 for the initial state and IAð2.5Þ ¼ 0, IBð2.5Þ ¼ 1,
and ICð2.5Þ ¼ 0 for the final state. As a result, there exists

FIG. 3. Experimental characterization of the one-way localized adiabatic passage process. (a),(b) The measured evolutions of
normalized sound intensities when the sound waves are launched from cavity A and cavity C, respectively. (c),(d) The measured sound
intensities at the different times in cavities A, B, and C (namely, the sound intensities extracted at different locations along the
waveguides A, B, and C) when the sound waves are launched from cavity A and cavity C. Here the blue squares (blue dash-dotted line),
black circles (black solid line), and red triangles (red dotted line) correspond to the measured (analytical) data in cavities A, B, and C.
The analytical curves in (c),(d) are calculated by Eqs. (7) and (9), respectively. The operation frequency is 8.8 kHz.
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an interesting phenomenon of the unidirectional sound
localization, which involves two irreversible transports
(A → C and C → B), undergoing the same adiabatic
actions of well-arranged couplings. In Figs. 3(a)–3(d),
the measured sound intensity evolutions for different initial
conditions agree well with the theoretical prediction. In
Figs. 3(a) and 3(c), when sound is launched at cavity A,
around 98% of sound energy is transferred to cavity C.
If we reversely provide sound input at cavity C in Figs. 3(b)
and 3(d), over 98% of total sound energy is localized at the
intermediate cavity B instead of getting transferred back to
cavity A. It should be mentioned that for the transport
A → C, cavity B should always be dark with no sound
there, as revealed by the black solid line in Fig. 3(c).
However, the measured data in cavity B are not absolutely
zero but trivial with the value <4% [see the black circles in
Fig. 3(c)], which is attributed to the limitations of coupling
coefficient cutoff and finite slit spacing. We can regard
cavity B as a dark one [50]. In Supplemental Material Note
6 [44], we attach the details about the integral form of the
adiabatic limit condition as well as the numerical simu-
lation of the one-way localized adiabatic passage of sound.
We further investigate the characteristic signature of

acoustic adiabatic passage with respect to the delay time

between two different coupling actions. In experiments, the
delay time Δt between the coupling actions CBCðtÞ and
CABðtÞ is modified by sliding one waveguide over the other,
as shown in Fig. 4(a). The transfer efficiency of A → C
versus the delay time is plotted in Fig. 4(b). We start from
the counterintuitive case, when the coupling CBCðtÞ pre-
cedes CABðtÞ, namely, Δt < 0. In the situation where the
coupling CBCðtÞ acts too early, there is nearly no overlap
between CBCðtÞ and CABðtÞ, as shown by the case of Δt1 ¼−0.8 ms in Fig. 4(a). From the definition of θðtÞ and
Eq. (10), we find that the adiabatic limit condition is broken
in the evolution process, so the state function cannot follow
Eq. (7). As a result, cavity B is no longer dark anymore
[see Supplemental Material Note 6 and Fig. S5(a) [44]],
the transfer efficiency from cavity A to cavity C is low,
as revealed by both simulation and experiment data in
Fig. 4(b). When the action CBCðtÞ approaches toward
CABðtÞ, the adiabatic limit condition becomes fulfilled,
and the state function follows Eq. (7) with a dark state
formed [IBðtÞ ¼ 0]. It can be observed that the transfer
efficiency A → C increases dramatically. At the exceptional
point of Δt2 ¼ −0.32 ms, we have θð2.5Þ ¼ π=2 and the
transfer efficiency hits unitary according to Eq. (7).
When the coupling CBCðtÞ lags behind CABðtÞ,
namely, intuitive coupling sequence Δt > 0, we have

FIG. 4. (a) The coupling actions between neighboring cavities. The delay time between the coupling actions is tailored by sliding the
upper part of the waveguide sample with the bottom part fixed, shown by the sample photos. T is the total interaction time between the
two coupling actions. (b) Transfer efficiency of A → C versus the delay time Δt. (c) Transfer efficiency of C → B versus the delay time
Δt. The black solid line and the red circles denote the numerical simulation (see Supplemental Material Note 6 [44] for the procedure)
and experimental measurement data, respectively. The operation frequency is 8.8 kHz.
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θðtÞ ¼ π=2 → 0 during the whole evolution. In this case,
the state function cannot follow Eq. (7) but rather Eq. (9).
Based on Eq. (9), cavity B cannot be dark, so that the
transfer efficiency A → C decreases to a lower level. The
transfer efficiency for C → A is appended in Supplemental
Material Note 6 and Fig. S5(b) [44], which clearly shows an
irreversible process for sound transition between sites A
and C. Figure 4(c) shows the transfer efficiency of C → B
versus the delay time. The state function follows Eq. (9) in
the adiabatic condition. Since in our design we have both
θð2.5Þ ¼ π=2 and βð2.5Þ ¼ 9π=2 at Δt ¼ −0.32 ms, the
transfer efficiency is unitary, as shown by both simulation
and experiment in Fig. 4(c). In Supplemental Material
Note 7 [44], we further discuss the irreversible adiabatic
passage of sound in a multiple-cavities-chain system with
the neighboring cavities correlated by well-designed time-
varying couplings. We find that only when the number of
cavities is odd will there exist a zero-eigenvalue eigenstate
(or a dark state) that enables a complete sound transfer from
an initially excited cavity to the target cavity [45–48].
In conclusion, we propose and thoroughly investigate

the acoustic version of a stimulated adiabatic passage.
Through the combined adiabatically pseudotime-varying
coupling actions, we show that, in the forward process,
sound energy can be directly transferred from an initially
excited cavity to the target cavity via a dark state, immune
to disturbance from intermediate cavities. Conversely,
the sound energy distribution in the cavities becomes
oscillatory. With properly tailored couplings, the sound
energy can be completely localized in one targeted inter-
mediate cavity. Our study provides an alternative and easy-
to-implement platform for investigating on-purpose and
robust nonreciprocal wave manipulations in adiabatically
time-varying acoustic systems.
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