PHYSICAL REVIEW X 10, 021055 (2020)

Featured in Physics
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Using the deterministic, on-demand generation of two entangled phonons, we demonstrate a quantum
eraser protocol in a phononic interferometer where the which-path information can be heralded during the
interference process. Omitting the heralding step yields a clear interference pattern in the interfering half-
quanta pathways; including the heralding step suppresses this pattern. If we erase the heralded information
after the interference has been measured, the interference pattern is recovered, thereby implementing a
delayed-choice quantum erasure. The test is implemented using a closed surface acoustic wave
communication channel into which one superconducting qubit can emit itinerant phonons that the same
or a second qubit can later recapture. If the first qubit releases only half of a phonon, the system follows a
superposition of paths during the phonon propagation: either an itinerant phonon is in the channel or the
first qubit remains in its excited state. These two paths are made to constructively or destructively interfere
by changing the relative phase of the two intermediate states, resulting in a phase-dependent modulation of
the first qubit’s final state, following interaction with the half-phonon. A heralding mechanism is added to
this construct, entangling a heralding phonon with the signaling phonon. The first qubit emits a phonon
herald conditioned on the qubit being in its excited state, with no signaling phonon, and the second qubit
catches this heralding phonon, storing which-path information which can either be read out, destroying the

signaling phonon’s self-interference, or erased.

DOI: 10.1103/PhysRevX.10.021055

I. INTRODUCTION

Quantum mechanics famously uses dual descriptions for
quantum objects, representing these as waves or as particles
depending on the situation. This is a manifestation of
complementarity, and is central to understanding many
interferometric experiments. The prototypical example is
Young’s two-slit experiment [1]: A wave description
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predicts an interference pattern, while a classical particle-
based description, in which the path followed by the particle
is known, shows no pattern. For a quantum object passing
through a two-path interferometer, an interference pattern is
expected, but detecting which path the quantum follows
changes this to a noninterfering particlelike description.
Since the early days of quantum mechanics, many thought
experiments (see, e.g., Refs. [2,3]) and their experimental
realizations have tested the validity and domain of applica-
tion of these orthogonal representations. These have led to
the currently accepted understanding that the wave or particle
nature of a quantum remains undetermined until a measure-
ment occurs.

Among these experiments, a quantum eraser scheme, as
proposed by Scully and Driihl [4], investigates whether it is
possible to undo the act of determining which path the
quantum followed: is it possible to recover an interference
pattern that was suppressed by acquisition of which-path
information by “erasing” that information? This can be
investigated using a three-step process: (1) observing an
interference pattern in a two-path interferometer, (2) acquir-
ing which-path information and observing the corresponding

Published by the American Physical Society
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suppression of the interference, and (3) erasing the which-
path information and recovering the interference pattern.
This test can further be combined with a version of
Wheeler’s delayed-choice test [3,5], where the act of
recombining the paths of an interferometer occurs after
the quantum has entered the interferometer, thereby prevent-
ing the quantum from “choosing” a wave or particle nature
before the superposition has been created. For a quantum
eraser, in fact, the results should remain unchanged even if
the acquisition and erasure of the which-path information
occurs after the registration of the interferometric effect.

Realizations of quantum erasers have so far used
photons, in both the optical and microwave bands. The
first experimental realization used optical photons and
marked the photon’s propagation through a specific path
by creating a path-specific polarization [6]. The first
delayed-choice eraser test [7] triggered the emission of
entangled photon pairs on each path of the interferometer,
using one set of photons to complete the propagation
through the interferometer and the other set to mark and
erase the which-path information. Further tests used setups
where the marking of the which-path information and the
interference detection took place at spatially distant loca-
tions, making the test robust to locality loopholes [8]. More
recently, a quantum eraser test using superconducting
qubits and microwave photons was realized using a
Ramsey interferometer, where the which-path information
was acquired by coupling to an ancillary cavity [9].

Here, we propose and implement a quantum eraser
scheme using surface acoustic wave (SAW) phonons
[10]. Building on a previously demonstrated interferometer
11]], we implement the quantum erasure process by
constructing a two-phonon entangled state, with the second
phonon marking the which-path information. The slow
propagation of this “herald” phonon is exploited to delay
the which-path information detection after detection of the
result of the interferometric process, allowing for a delayed-
choice quantum erasure.

II. PROPOSAL FOR QUANTUM ERASURE
VIA PHONONS

Surface acoustic waves have now been proposed and
used with a range of quantum systems [12], including the
manipulation of electronic spins [13,14], microwave-to-
optical photon transduction [15-17], and ferrying electrons
between distant quantum dots [18,19]. Superconducting
qubits combined with standing-wave SAW devices [20-28]
have allowed synthesis of arbitrary acoustic quantum states
[25] in the resonant coupling regime [11,21-26,28] as well
as phonon-number resolved state detection in the dispersive
regime [26]. Traveling-wave implementations have been
used to emit and detect single-phonon SAWs [20], route
single phonons [28], observe electromagnetically induced
transparency [29], as well as realize phonon-mediated
quantum state transfer and remote entanglement [11].

The interferometry scheme we use for the quantum
eraser protocol is described in Ref. [11]. The experimental
layout of the device is shown in Fig. 1(a). Two nominally
identical superconducting qubits [30,31], O, and Q,, are
coupled via two tunable inductive couplers [32] to a
phonon channel comprising a central interdigitated trans-
ducer (IDT) located between two reflective mirror gratings.
Each qubit can relax into this channel at a rate «(¢),
controlled by its tunable coupler, emitting counterpropa-
gating itinerant surface acoustic wave phonons via the IDT
when the qubit is tuned near the IDT operating frequency of
~4 GHz. The two SAW mirrors, made of thin metallic
gratings on either side of the IDT, ensure reflection of the
phonons back toward the IDT when the phonons are in the
mirrors’ 125-MHz-wide operating bandwidth. Either qubit
can efficiently reabsorb the itinerant phonons after the
phonons complete a ~500-ns-long round-trip: The tunable
couplers’ dynamic tuning is used to shape each emitted
phonon wave packet as well as to control their absorption
[33], enabling in theory their complete recapture by either
of the qubits [34]. Experimentally, the qubit-to-qubit trans-
fer efficiency is measured to be n ~ 65%, limited by
acoustic losses in the SAW device [11].

Here, we make use of the three lowest-energy qubit
states, |g), |e), and |f). The qubits’ anharmonicities
x/2n = (w,s — w,,)/2n are, respectively, —179 and
—188 MHz. The qubit intrinsic lifetimes are 7; = 18 us
for both qubits, while the g-e transition has a Ramsey
T2,ge,R =12 HS (08 'MS) for Ql (Qz), and T2,ef,R =04 US
for both qubits’ e-f transition. More details on the device
and the phonon emission-capture protocol are available
in Ref. [11].

A two-path interferometer can be realized in this device,
shown in Fig. 1(c), by initializing one of the qubits (here
Q) in its excited state and using its coupler to emit a half-
phonon (A) with a symmetric wave packet into the SAW
channel. This results in the superposition state,

1) = (1e0) + 1))/ V2. (1)

writing Q,’s state first and the phonon state second.
Applying a detuning pulse on Q; of varying length
introduces a relative phase ¢ between the states |e0) and
|g1) (defined here to be the phase accumulated by the
phonon with respect to the qubit), yielding oscillations in
the qubit occupancy after Q; recaptures the phonon [11].
The origin of the interference can be understood by
considering the outgoing acoustic field. This field has
two contributions: the reflection of the incoming field
combined with the field emitted by the qubit, whose
population is also affected by the incoming field.
External control of the qubit coupling rate x(¢) ensures
that the two contributions are equal in amplitude. The
energy in the outgoing acoustic field thus depends only on
the relative phase factor ¢’”. When ¢ = 0, absorption is the
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FIG. 1. Experimental setup and quantum eraser scheme.

(a) Two transmon superconducting qubits (blue) are coupled
to a surface acoustic wave phononic channel (gray) via a central
interdigitated transducer (IDT, green), using which both qubits
can emit and capture itinerant phonons. The IDT is placed
between two reflective mirror gratings (orange) that define a
Fabry-Perot cavity and reflect phonons within the mirrors’
bandwidth back toward the IDT. Two tunable couplers (red) are
used to dynamically control the coupling between the qubits
and the IDT, allowing shaping the wave packets of emitted
phonons, and ensuring their efficient reabsorption after com-
pleting the 500 ns acoustic round-trip. The couplers also enable
the controlled partial release of phonons. (b) Optical micro-
graph of the device, showing (top) the acoustic Fabry-Perot
structure on a lithium niobate chip, (bottom) the two super-
conducting qubits and associated superconducting wiring on a
separate sapphire chip, and (middle) a side view of the flip-chip
assembled device. (¢) When one of the qubits (Q;) swaps a
half-phonon (A) into the acoustic channel, an interferometer
can be implemented (green box): once A completes a round-trip
within the acoustic cavity, its reabsorption probability by O
depends on the relative phase accumulated by Q; and A, and
leads to interference in Q;’s final excitation probability. To
implement a quantum eraser, we generate an entangled phonon
herald marking the which-path information by generating a
second, entangled phonon (B) conditionally on Q, being in |e)
(blue box): this suppresses the interference. Capture and
detection of the entangled herald B by (@, acquires the
which-path information after the interference of Q; and A is
complete, making this a time-delayed herald. Subsequently
applying a z/2 pulse to Q, equalizes its |g) and |e) populations,
erasing the which-path information and restoring the
interference, thereby completing a delayed quantum eraser
measurement.

time-reversed emission process so that the qubit goes back
to |e). The interference can be seen as destructive since the
acoustic field reflected from the qubit acquires a z phase
shift and cancels out the acoustic field reemitted by the
qubit and thus no phonon is reemitted. When ¢ = z, the
interference is constructive, and the qubit energy is trans-
ferred to the acoustic channel, leaving the qubit in |g); the
reemitted phonon eventually decays in the acoustic channel.
The final state of the system can thus be written as a function
of ¢,

1 —ei®

2

1+ e
2

lwy) = |€0) + lg1). (2)
resulting in the observation of an interference pattern in
Q,’s final excited state probability P,(z;) when sweeping
the phase ¢, with a period of 2z.

Two steps are required to realize a quantum eraser in this
interferometer configuration. The first is to create which-
path information, i.e., a herald indicating whether the qubit
remained excited or instead phonon A was emitted in the
acoustic channel. Obtaining this information should result
in the disappearance of the interference pattern, because
this entangles the system under observation—the qubit and
traveling phonon A—with the measurement apparatus. The
second step is to erase this knowledge and look for a
recovery of the interferometric pattern. Here, we use a
protocol similar to that used in the original quantum eraser
proposal [4] as shown in Fig. 1(c). This protocol requires
the on-demand generation of a second, entangled phonon to
serve as a herald of the first, signaling phonon. Following
the signaling half-phonon emission, we apply a transition-
selective 7 pulse on the e-f transition of the qubit O, then
turn on the coupler, inducing Q; to emit a second phonon B
if initially in |e). This phonon thereby heralds that the qubit
1s in its excited state (and that there is no A phonon in the
channel). Including the herald, the system state before
reabsorption of phonon A is then

1 e'?
lv2) :—2|€0>|1>B +ﬁ|91>|0>3’ (3)

displaying the entanglement of phonons A and B. The
entanglement of Q; with phonon B makes the two states of
the interferometer orthogonal, even after recapture of
phonon A, and prevents any interference. Phonon B is
then captured by qubit Q,, putting O, in |e) if Q; was in
le), transferring phonon B’s entanglement to Q, and thus
placing the which-path information in Q, [this occurs after
the interference has taken place, due to phonon B’s long
(0.5 ps) transit time].

The which-path information can be erased by sub-
sequently applying a z/2 pulse to Q,, mapping Q,’s state
to a superposition of |e) and |g). For a particular phase
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choice for this z/2 erasure pulse, the final state of the
system can be written as

) = jg [€0)[¢) = g1)1g)]
e - el @

V8

where qubit Q,’s state is written last.

This expression shows that Q,’s state remains entangled
with the interferometer, but a measurement along its
quantization axis no longer yields which-path information.
The interference is therefore not directly recoverable
by only measuring Q;, but can be restored with a joint
measurement of Q; and Q,. This is similar to photon-based
realizations of quantum eraser tests [6-9] and the original
quantum eraser proposal [4].

ITII. WHICH-PATH HERALD

Implementing the quantum eraser scheme hinges on
our ability to emit a heralding phonon (phonon B) on
Q,’s e-f transition, while preserving Q;’s excited and
ground-state populations. For a superconducting qubit
coupled to a microwave environment, this can be achieved
by either engineering the qubit’s environment [35-37] or
manipulating the qubit’s coupling to the environment [38].
In our experiment, we make use of the former and
harness the frequency-dependent response of the IDT
[10,25,26,29,39]. For a nonreflective uniform IDT of the
type used here, the power conversion between microwave
electrical and acoustic signals is proportional to the IDT
conductance G,(w):

Go(@)/Gy(w.) = [sin(X)/X], (5)

where X = zN(w — w,.)/w., N = 20 is the number of IDT
finger pairs, w, = 2zv/ p the IDT central radial frequency,
p = 0.985 uym the IDT pitch, and » the SAW velocity
within the IDT. The uniform profile of the IDT implies that
G, =0 for X = £z At the corresponding frequencies
@4, the qubit relaxation by phonon emission should be
suppressed.

For this device, the qubit anharmonicity « is quite close
to the difference between the IDT conductance minima at
., and the IDT central frequency w.. By tuning the
qubit’s g-e emission frequency to @, ~ @,, the e-f
transition is brought close to the IDT main emission peak,
@5 ~ @.. Phonon emission on the e-f transition is thus
close to its maximum, while emission on the g-e transition
is heavily suppressed, making the proposed quantum eraser
scheme possible. This is shown in Fig. 2.

The x,, (@, ) emission rate displays close to the expected
behavior, as shown in Fig. 2. Similarly, Kef(a)ge) also
displays roughly the expected behavior: a shift in frequency
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FIG. 2. Single-qubit frequency- and state-dependent energy
decay. (a) We monitor the decay of Q,’s state after excitation
respectively to |e) and |f) [pulse sequence is in inset of (b)],
dominated by emission of phonons into the IDT. Q,’s coupler is
set to maximum coupling and Q,’s coupler is turned off.
(b) Fitting the population evolution (see Ref. [40]) enables us
to extract the transition rate ky, of transition g-e (blue) and the
transition rate k., of transition e-f (red) as a function of Q,
frequency. The frequency dependence of each transition rate is
seen to follow the frequency dependence of the IDT conductance
(c). We identify two operating points w, and wg. At frequency
@4 = w,, phonon emission on the g-e transition dominates,
resulting in phonon emission at w,, /27 = 3.95 GHz within the
mirror bandwidth (orange), while decay on the e-f transition is
suppressed. Similarly, at frequency w,, = wg = 27 x 4.15 GHz,
phonon emission on the e-f transition dominates, resulting in
phonon emission at @, = @y, — |a| =27 x 3.97 GHz (gray
dashed line), also within the mirror bandwidth, while decay on
the g-e transition is suppressed.

by a compared to k,,(®,,) and a factor of 2 increase in the
rate (x2.1 comparing the x, to the k,, maxima), as
expected for a weakly anharmonic qubit. The expected
behavior, plotted as solid gray lines for both emissions in
Fig. 2(b), is calculated from the qubit coupling to the IDT
and the internal IDT frequency reflections, using an
electrical model for the circuit and a coupling-of-modes
model for the IDT [10]. These account for the nonlinearity
of the qubit using “black-box quantization” [32,41]. The
resulting modeled rates only account partially for the
experimental results: while the agreement is satisfactory
for the e-g decay rates, we find a 50 MHz misalignment
in the modeled maximum of the f-e decay compared
to measurements. The modeling is explained in detail
in Ref. [40].

We extract two operating points, both within the IDT
mirror bandwidth (3.91-4.03 GHz). At w,, = w4 = 27X
3.95 GHz, the g-e emission time is 1/k, = 9.3 £0.1 ns
while the e-f decay is suppressed by a relative factor
Kge/Kep = 5.9 £0.1, strongly favoring the emission of
phonons on the g-e transition. When wg, = wp = 27 %
4.15 GHz, the emission time is 1/k,; = 4.8 &= 0.1 ns, with
the phonon emitted at w,; = wp — |a| = 27 x 3.97 GHz
while the decay on g-e is suppressed by a factor
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Kef/Kge = 84 & 3: this is the operating point for emitting
the which-path herald.

Operating at frequency w,, we use the tunable couplers
to efficiently shape the emitted and absorbed wave packets;
see Refs. [11,33,34,40,42—-44]. The couplers are controlled
so the emitted wave packets have a cosecant shape with
characteristic time 1/x. = 15 ns [40]. In Fig. 3(a), we
measure the transfer efficiency by emitting one phonon
using Q;’s g-e transition and capturing it later using Q,’s
g-e transition, with an efficiency 4 = P, (t;)/P1,(0) =
0.66 £ 0.01, limited by acoustic losses [11,40]. The same
operation realized using Q;’s e-f transition [Fig. 3(b)]
while operating at frequency wp yields the same effi-
ciency, 7 = Py, (t;)/P17(0) = 0.64 % 0.02. Because of
the imperfectly suppressed 1/k,, = 0.4 us decay, a small
population is transferred from |e) to |g) during this process,
leading to Py, (t;) = 0.06 £ 0.02. As a consequence, excit-
ing and then emitting a phonon on the e-f transition to
herald the which-path information will have at most a
n, =94 £2% efficiency due to this spurious decay.

(a) - /
. 1 o, . 7/ a— Q
z | % oA T
3 S0 K, _/_I_/7< 09999“‘
g Yo O b
o 5\ s K4
] 8 ;
© B
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FIG. 3. Which-path heralding. (a) After exciting Q, to |e) with

wy = 27 x 3.95 GHz, Q/’s tunable coupling k; is modulated
dynamically to release a symmetric phonon wave packet with
characteristic time 1/k =15 ns on Q;’s g-e transition. The
emitted phonon is later captured by Q, on its g-e transition.
(b) Inset pulse sequence: We initialize Q; to |f) using two
sequential pulses at the g-e and e-f transition, with
w,r = Wy, — || = 2w x 3.97 GHz. We then modulate x; to emit
a phonon on Q;’s e-f transition. The emitted phonon is later
captured by Q, on its g-e transition. During this process, Q;’s |g)
population increases from O to 0.06 due to spurious relaxation
from |e) to |g). Insets show the pulse sequences and schematics of
the expected transfers. Open symbols represent the qubits’
populations measured at time ¢, dashed lines correspond to a
numerical model taking into account the qubits’ decoherence and
phonon losses.

The probability of actually detecting this information is
limited to 7.

IV. QUANTUM ERASURE IMPLEMENTATION

We implement the full quantum eraser scheme as shown
in Fig. 4. First, we demonstrate single-phonon interferom-
etry without heralding: Qubit Q, initialized in |e), emits,
and later recaptures, a half-phonon on its g-e transition at
w,. Following release, a detuning pulse applied to O,
accumulates a phase ¢ between the traveling half-phonon
and Q; [pulse sequence in Fig. 4(a), intermediate mea-
surements in Fig. 4(b)]. This results in an interference
pattern in the final excitation probability P,;(¢; = 650 ns)
of Q; as a function of ¢ [Fig. 4(c)]. The oscillations have an
average occupation of 0.41 with peak-to-peak amplitude
0.49. These are reduced from the ideal values of 1/2 and 1
due to acoustic losses, Q; decoherence, and the finite
readout visibility. Taking these effects into account, a
numerical model (see Ref. [40]) provides similar results
[Fig. 4(c)].

A which-path herald is generated by inserting an inter-
mediate 7 pulse on Qs e-f transition followed by emission
of a phonon at wz on Qs e-f transition, returning Q, to |e)
[see Figs. 4(a) and 4(b)]. Generating the herald destroys the
interference pattern, as expected. The amplitude in the
heralded P,; displays small fluctuations with amplitude
~0.01. This could be attributed to the imperfect information
acquisition discussed in Fig. 3(b), with our model shown by
the dashed line in inset of Fig. 4(d), but is below the noise
threshold. We note that even if the heralding phonon is not
captured and detected via Q,, the interference is not
recovered, as Q;’s state is now irremediably coupled to
the herald and thus to the environment.

The final step of the quantum eraser test is to erase the
heralded information, and thereby recover the interference
pattern. As the heralding phonon marks whether Q; was in
le), its capture using Q, followed by a z/2 pulse on Q,’s
g-e transition erases the information that could distinguish
the two paths. This erasure can be performed in a time-
delayed manner by capturing the herald and measuring O,
after the measurement of Q;. We thus implement the
measurement of Q; immediately following its interaction
with the returning half-phonon, completing the interfer-
ometry, and before absorbing and detecting the herald using
Q. This requirement limits Q;’s readout time to 200 ns,
decreasing its readout visibility from 96% to 81%.

As 0, is still entangled with the interferometer, simply
tracing out Q,’s state (equivalently, not measuring Q,) will
not recover the interference pattern; instead, we must
condition the measurements of (; on measurements of
0,, even though measuring O, does not yield any heralded
information [see Eq. (4)]. In Fig. 4(d), we plot all joint qubit
probabilities as a function of ¢: all have an oscillation
pattern of amplitude 0.12, while the excitation probabilities
P,,, P,, for each qubit evaluated separately display only
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FIG. 4. Quantum eraser. (a) Pulse sequence: With Q, in |e), its coupler is used to half-release a phonon at w, (blue). Q,’s frequency is
then detuned, accumulating a phase ¢ between the half-phonon and Q;’s |e) state. An optional z pulse on Q;’s e-f transition (red) is
followed by the coupler-controlled emission of a phonon at wp (orange), heralding that Q, is in |e) and returning Q; to |e). Following
the optional heralding, Q, catches the half-phonon (blue) and is measured, completing the interferometry. Following Q;’s measurement,
Q, catches the optional heralding phonon (orange) and is measured at time 7, = 1.1 us. (b) Left: Q,’s |e) and |f) state populations as a
function of time 7, showing the unheralded P,(z) for ¢ = 0 and ¢ = =, which at time #; displays the interference maximum and
minimum, and for the heralded P,, which at time #; does not have a ¢ dependence. Also shown is Q;’s |f) state population when the
herald is generated. Right: Q,’s excited state P,(¢) when the herald is generated, which ideally would reach the value 1/2 but is limited
by acoustic losses to 77, x 0.5 ~ 0.32. (c) Interference fringes P, (¢) are visible when the herald is absent, but disappear when the herald
reports which-path information (Q; in |e)). If the herald is generated but the information in Q, is erased, by applying a z/2 pulse on Q,’s
g-e transition, the fringes reappear when Q;’s measurement is conditioned on measuring Q, in |e). This occurs even though Q;’s
measurement was already complete by the time the information in Q, is erased. (d) Probability of measuring Q, in |e), showing lack of
dependence on @. Also shown are variations in two-qubit probabilities Py, Py, P4, and P,,. Inset shows the lack of variation of both
qubits’ |e)-state probabilities P,; and P,, as a function of ¢ when applying the 7, pulse. Dashed lines in all panels correspond to a

numerical model taking into account the qubits’ decoherence and phonon losses; see Ref. [40].

very weak oscillations, below 1%. To make a fair com-
parison with the original interference pattern, we next
consider the conditional measurement P, = P,/
(Pye + P,.), the probability of measuring Q, in |e) con-
ditioned on Q, being measured in |e). This probability has
a mean identical to that measured without a herald, but the
amplitude of the oscillations is reduced by 48%, due to the
inefficient capture of the second phonon and thus an
incomplete erasure of information, as well as the additional
decoherence in Q.

A model taking into account these losses and Q,’s finite
coherence time partially accounts for the amplitude reduc-
tion, as shown by the dashed line in Fig. 4(c). We attribute
the remaining discrepancy to decoherence occurring during
the measurement, which we have not taken into account.

In conclusion, we have successfully completed a quan-
tum eraser protocol, using an acoustic Fabry-Perot inter-
ferometer. We realized three distinct steps in this process:
first observing an interferogram, next, marking the which-
path information which makes the interference fringes
disappear, and third, erasing the which-path information
which leads to the recovery of an interference signal.
The erasure of the which-path information occurs after
registering the result of the interference, making this a

delayed-choice quantum eraser. The which-path detection
was implemented by signaling using a heralding phonon.

This construct enabled us to demonstrate and exploit a
two-phonon entanglement, opening the door to two-
phonon interferometry, acoustic Bell tests [45], and phonon
coherence length measurements [46]. Phonon heralding as
demonstrated here could also be used to mitigate propa-
gation losses in future acoustic experiments and implement,
for example, high-fidelity acoustic quantum state transfer
and remote entanglement, using schemes analogous to
Refs. [47,48].

The datasets supporting this work are available from the
authors on request.
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