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We develop a deterministic method to generate and verify arbitrarily high NOON states of quantized
vibrations (phonons), through the coupling to the internal state. We experimentally create the entangled
states up to N ¼ 9 phonons in two vibrational modes of a single trapped 171Ybþ ion. We observe an
increasing phase sensitivity of the generated NOON state as the number of phonons N increases and obtain
the fidelity from the contrast of the phase interference and the population of the phonon states through the
two-mode projective measurement, which are significantly above the classical bound. We also measure the
quantum Fisher information of the generated state and observe Heisenberg scaling in the lower bounds of
phase sensitivity as N increases. Our scheme is generic and applicable to other photonic or phononic
systems such as circuit QED systems or nanomechanical oscillators, which have Jaynes-Cummings-type of
interactions.
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Entangling a large number of particles has central
importance for testing the boundaries and limits of quantum
mechanics [1,2] and demonstrating the outperformance of
quantum technologies [3]. The capability of creating a large
number of entangled particles, therefore, is considered one
of the benchmarks of physical platforms in developing
quantum technologies. Serious theoretical and experimen-
tal developments have been dedicated to producing entan-
glement with a large number of particles. In various
experimental platforms, including photon [4–6], trapped
ion [7–9], and superconducting systems [10], a genuine
multipartite entanglement of qubits, in particular, the
Greenberger–Horne–Zeilinger (GHZ) state, has been pre-
pared and verified as the benchmark.
Recently, there has been strong interest in demonstrating

the power of quantum computation by using indistinguish-
able bosonic particles in a manner different from qubit-
based universal quantum computation [11]. There has been
significant experimental and technological progress
[12,13], but until now, only photons have been used as
the bosonic particle. However, in photonic systems, it is
difficult to efficiently generate and detect single quanta,
which will make it greatly challenging to exceed the
computational capability of the classical computer in the
near future [14]. It has been pointed out that the quantized
vibration (phonon) in a trapped ion system can be an
interesting resource as a bosonic particle since the gen-
eration and the measurement can be performed determin-
istically [15,16]. Recently, several experiments [17–20]
have been demonstrated to use a phonon as a quantum
resource beyond the standard role as a mediator for

multiqubit operations. However, experimental develop-
ments for the full control and the measurement of phonons
beyond a single vibrational mode have not yet been
demonstrated much, except for a specific case [21].
Similar to the GHZ state, the quantum-mechanical

many-body entangled state (NOON state) [22]

jψNOONi ¼
1
ffiffiffi
2

p ðjN; 0i þ eiNφS j0; NiÞ ð1Þ

is a genuine multipartite entangled state with the relative
phase φS linearly proportional to the number of indistin-
guishable particles N. The generation of the NOON state
with a large number of particles has been experimentally
pursued, mainly in photonic systems [23,24], where super-
resolving phase measurements [25–28] or super-resolution
quantum imaging [29,30] have been observed. In order to
increase the number of photons in the NOON state and
verify the state, there have been experimental endeavors
such as using polarization and path degrees of freedom
(d.o.f.) [25,29] or mixing quantum and classical light [27],
but the schemes are generally probabilistic and the maxi-
mum number of photons in the NOON state is belowN ¼ 6
[27]. On the other hand, there has been an experimental
attempt to use a coupling between photons and atomic
internal levels to generate the NOON state [31], and a
similar coupling between microwave photons and a super-
conducting qubit has been used to deterministically create
the NOON state [32] up to N ¼ 3. There have been a lot of
theoretical proposals to produce a large NOON state using
such nonlinear coupling [33–36]. However, these schemes
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are still quite complicated and not yet experimentally
demonstrated.
Here, we report a scalable and deterministic scheme to

generate phononic NOON states with arbitrary number N
through the coupling between vibrational d.o.f. and the
internal state of an ion. We also experimentally generate the
NOON state with up to N ¼ 9. We introduce the new
method of verifying such highly entangled states and
clearly observe the super-resolution of the phase, which
shows the Heisenberg scaling in the lower bound of the
sensitivity provided by the quantum Fisher information.
Our scheme of generation and verification of quantum
states for phonon d.o.f. are generic and can be applied to
any two vibrational modes through a single ion, which
would be an essential tool for the large system with
multiple modes [15,16,21,37].
In our experiment, we generate the NOON state in two

radial modes of a 171Ybþ ion trapped in a standard Paul trap
[38], as shown in Fig. 1(a). The two radialmodes are denoted
as X and Y, with trap frequencies ωX ¼ ð2πÞ3.2 MHz,
ωY ¼ ð2πÞ2.6 MHz, and Lamb-Dicke parameters ηX ¼
0.0538, ηY ¼ 0.0597, which characterize the coupling
strength between the internal states and the motional
d.o.f. of the ion. To mediate phonon operations, two
hyperfine levels of the 171Ybþ ion in the 2S1=2 manifold
are used as a qubit, denoted as j↓i≡ jF ¼ 0; mF ¼ 0i and
j↑i≡ jF ¼ 1; mF ¼ 0i, which is separated by the hyperfine
frequency ωHF ¼ ð2πÞ12.6428 GHz. The qubit can be
measured by the fluorescence detection method, with j↑i
being the bright state. The state of the system is represented
in Fock state basis as jσ; nX; nYi, where σ is the state of the
qubit and nX and nY are the numbers of phonons in each
mode. Two laser beams from a picosecond pulsed laser with
the wavelength of 355 nm shown in Fig. 1(b) are used to
generate a stimulated Raman process to coherently control
the internal as well as the motional states of the ion [39].
We operate the states of the ion with the combination of

carrier and blue-sideband pulses described by the time
evolution of the following interacting Hamiltonians,
respectively [40],

HC¼
ΩC

2
ðσþþσ−Þ;

HM¼ iηMΩM

2
ðeiφMσþa†M−e−iφMσ−aMÞ; M¼X;Y; ð2Þ

where ΩC ≈ ð2πÞ400 kHz and ηMΩM ≈ ð2πÞ25 kHz are
the Rabi frequencies of carrier and blue-sideband transi-
tions, φM is the phase of the driving signal, σþ ¼ j↑ih↓j
and σ− ¼ j↓ih↑j, and a†M (aM) is the creation (annihilation)
operator of the motional mode M (M ¼ X, Y) (see also
Supplemental Material [41], Hamiltonian of the System).
Figure 2 illustrates the pulse sequence for the generation

of the NOON state of N ¼ 3 as an example, which is
ðj↓; nX ¼ 3; nY ¼ 0i þ j↓; 0; 3iÞ= ffiffiffi

2
p

(see Supplemental
Material [41], Pulse Sequence for a generalized description
of the pulse sequence for arbitrary N). First, we initialize
the state to j↓; 0; 0i by the standard optical pumping
technique [42] and the ground state cooling of both
motional modes using the Doppler cooling and Raman-
sideband cooling [43,44]. Then, we transfer the state of
j↓; 0; 0i to j↓; 1; 1i by applying successive π pulses of
blue-sideband and carrier transitions. A π=2 pulse of blue-
sideband transition on the X mode is applied to change the
state to j↑; 2; 1i þ j↓; 1; 1i. Finally, two composite-pulse
operations followed by a blue-sideband π pulse on the Y
mode and a carrier π pulse are performed to generate the
state j↓; 3; 0i þ j↓; 0; 3i. The composite-pulse schemes are
inspired by Ref. [45] and are capable of driving π
transitions of the blue sideband on two different phonon
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FIG. 1. Experimental setup. (a) Side and (b) top view of the trap
and laser configuration. The figures are not to scale. The diameter
of the dc and rf rods and the center-to-center distance between is
are 0.5 mm. The red gradient color in (a) indicates the effective
two-dimensional harmonic potential in the Paul trap.

FIG. 2. Generation sequence of the NOON state of N ¼ 3. The
3D grid describes the total Hilbert space of the system that
consists of spin and X and Y vibrational modes. The lower and the
upper layers represent j↓i and j↑i spin states and X and Y axes
stand for the X and Y modes, where the intersection points in the
grid represent the basis states as jσ; nX; nYi. The red arrows
indicate carrier transitions, the blue arrows indicate blue-sideband
transitions, and the green arrows indicate composite-pulse
operations (see Supplemental Material [41], Composite Pulse).
The numbers on the arrows denote the order of the operations. For
example, the first blue arrow describes the blue-sideband
transition on the X mode from j↓; 0; 0i to j↓; 1; 0i.
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number states, which have different Rabi frequencies (see
Supplemental Material [41], Composite Pulse). In order to
improve the fidelity of the state, a pulse-shaping technique
is applied to all blue-sideband pulses to suppress various
off-resonant couplings (see Supplemental Material [41],
Pulse Shaping). With the pulse sequence, we generate the
NOON state up to N ¼ 9, which is mainly limited by
experimental imperfections that will be discussed later.
We perform the phase measurement of the NOON state

between the X and Y modes by the method analogous to
photonic systems, which is measuring the parity of phonon
numbers in one of the output modes after the 50=50 beam
splitting operations. For photons, the creation and annihi-
lation operators of output paths after a 50=50 beam splitter
are described by linear combinations of those for input
paths. For phonons, we can define the similar output mode
written as

a†O ¼ ða†X þ eiφa†YÞ=
ffiffiffi
2

p
;

aO ¼ ðaX þ e−iφaYÞ=
ffiffiffi
2

p
; ð3Þ

where φ ¼ φY − φX is the relative phase between X and Y
modes. The parity Π ¼ exp ½iπa†OaO� of the output mode is
constructed by measured phonon number distributions of
the output mode. The phonon distribution of the output
mode is measured by observing the time evolution of blue-
sideband transition of the mode, which is realized by the
simultaneous application of the X and Y modes blue-
sideband transitions with balanced strength, HO ¼ HXþ
HY ¼ ðiΩO=2Þðσþa†O − σ−aOÞ. Here, we set

ffiffiffi
2

p
ηXΩX ¼ffiffiffi

2
p

ηYΩY ≡ΩO. By scanning the duration of the blue-
sideband transition and measuring the qubit state of
the ion, the phonon distribution Pn is obtained
through fitting P↑ðtÞ ¼ A − 1

2

P
nPn exp ½−ðnþ 1Þ0.7λt�×

cos ½L1
nðη2ÞΩt=

ffiffiffiffiffiffiffiffiffiffiffi
nþ 1

p �, in which A, Pn, λ, η, and Ω are
fitting parameters and L1

n is an associated Laguerre poly-
nomial [40,46]. Figure 3(b) shows a typical time evolution
of the blue-sideband transition of the output mode of
Eq. (3) with φ ¼ 0, and Fig. 3(c) shows the phonon
number distribution by fitting the time evolution for the
NOON state of N ¼ 7. The phase of the generated state ϕS
is carefully measured and aligned with the output mode of
φ ¼ 0 (see Supplemental Material [41], Phase Alignment).
Depending on the value of φ, the oscillation of the parity

is described as hΠðφÞi ¼ CP cosNφ. Figure 3(a) shows the
experimental results of the parity oscillations from N ¼ 1
to N ¼ 9 of the generated NOON states. As shown in the
fitting parameter k, the acceleration of the parity oscillation
is in agreement with N within 2.6% deviation. As N
increases, the contrast CP decreases due to experimental
imperfections. However, it is clearly shown that, up to
N ¼ 9, the contrast is over 0.5, which indicates the
existence of quantum entanglement in the state.

We also measure the fidelity F≡ hψNOONjρexpjψNOONi
of the generated NOON state. Since the density matrix of
an ideal NOON state contains only two diagonal terms and
two off-diagonal terms, the fidelity can be obtained by
directly measuring these terms. The off-diagonal terms are
proportional to the contrast of the parity oscillation CP ¼
2jhN; 0jρexpj0; Nij (see Supplemental Material [41],
Fidelity Analysis). The diagonal terms PN;0 and P0;N ,
i.e., the populations of jN; 0i and j0; Ni associated with
the j↓i state, are measured by the two-mode projective
measurement that we have developed for this purpose.
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FIG. 3. Parity oscillations of the generated NOON states from
N ¼ 1 to N ¼ 9. (a) The blue dots are experimental data, and the
red lines are fitting curves with hΠðφÞi¼AcoskφþBsinkφþC,
and CP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p
. (b) The time evolution of the blue-sideband

transition of the output mode with φ ¼ 0 for the NOON state of
N ¼ 7 and its fitting. (c) The corresponding phonon distribution
Pn. We note that, generally,

P
nPn < 1 due to the experimental

errors in the generation stage. The error bars are derived from the
fitting error with a confidence level of 0.95 throughout the Letter.
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The two-mode projective measurement consists of the
arithmetic operations of the phonon [47] and four fluores-
cence detections in a single sequence of the measurement.
After repeating the sequences Nrep times and counting
NX;X;X;O, we obtain PN;0 ðorP0;NÞ ¼ NX;X;X;O=Nrep, the
number of the cases that show no fluorescence for the
first three times and fluorescence for the last detection with
specifically designed arithmetic operations for the state
jN; 0i (or j0; Ni), where the internal state is projected to j↓i
(j↑i) with no fluorescence (fluorescence). The designed
sequence for the state j0; Ni, for example, can be described
by the following four steps from an experimentally gen-
erated state

P
Cp;qjp; qij↓i þ

P
Ci;jji; jij↑i. (1) No fluo-

rescence at the first detection stage changes the state toP
Cp;qjp; qij↓i. (2) With the subtraction operation on the

X mode, the state is changed to
P

qC0;qj0; qij↓i þP
p≠0Cp;qjp − 1; qij↑i and no fluorescence at the second

detection stage removes all the states associated with j↑i.
(3) WithN times of Y mode subtraction, the state is changed
to

P
q≥NC0;qj0; q − Nij↓i þP

q<NC0;qj0; N − q − 1ij↑i
and no fluorescence at the third detection again removes
j↑i related states. (4) Finally, the one Y mode subtraction
makes the state

P
q>NC0;qj0;q−N−1ij↓iþC0;N j0;0ij↑i.

Now, the fluorescence at the fourth detection is related to
the state j0; 0i, which was the state j0; Ni at the generation.
Note that, in this way, if the state of the ion is projected to
the target state, the recoil of the fluorescence photons only
happens in the last detection stage and will not affect the
result of the measurement (see Supplemental Material [41],
Two-Mode Projective Measurement, for more details).
From the results of parity and population measurements,

we obtain the fidelity (see Supplemental Material [41],
Fidelity Analysis) of the experimental NOON state as
F ¼ 1

2
ðCP þ PN;0 þ P0;NÞ. As shown in Fig. 4(a), the

fidelities of the NOON states up to N ¼ 9 are clearly
larger than 0.5, which confirms these states contain genuine
multiparty entanglements.
Finally, we observe the Heisenberg scaling of the lower

bound of the sensitivity in the phase estimation through the
quantum Fisher information (Supplemental Material [41],
Quantum Fisher Information) of the generated NOON
states, shown as FQ ¼ ½N2C2

P=ðPN;0 þ P0;NÞ�. The quan-
tum Fisher information provides the best possible precision
on a parameter estimation given by 1=

ffiffiffiffiffiffiffi
FQ

p
[48,49], known

as the Cramér-Rao bound. For N particles without entan-
glement, the best possible measurement scales as 1=

ffiffiffiffi
N

p
,

and for the NOON state, the lower bound of the precision
scales as 1=N, the Heisenberg limit. As shown in Fig. 4(b),
the lower bound of the phase uncertainty 1=

ffiffiffiffiffiffiffi
FQ

p
of our

generated states from N ¼ 2 to N ¼ 9 clearly violates the
classical bound and reaches the Heisenberg limit, though
our states have a non-negligible amount of mixedness [50].
We also find that the maximal phase sensitivities derived

from the experimental data shown in Fig. 3(a) are clearly

below the classical limit and approach the quantum bound
shown in Fig. 4(b). We obtain the phase sensitivity as
σφ ¼ σΠ=kCp, where σΠ is the standard deviation of parity
measurement, and k and Cp are the fitting parameters
shown in Fig. 3(a). The uncertainty σΠ of the parity
measurements for each N is obtained by the average of
the error bars of all the data points in Fig. 3(a), which are
estimated from the fitting error bars of the phonon
distributions shown in Fig. 3(b).
This scheme of generating NOON states has no principle

limit on the number of phonons N. Practically, various
imperfections of the system, including the fluctuation and
drifting of the trap frequencies, the intensity fluctuation of
Raman laser beams, and off-resonant coupling of the beams
to other transitions, prohibit the increase of the number N
with high fidelity. We perform numerical simulations to
estimate the effect of the imperfections mentioned above.
The common mode fluctuation of X and Y modes up to
�5 kHz degrade the fidelity of the NOON state withN ¼ 9
by 27%, the intensity fluctuation of the laser beams in the
level of 5% by 8%, and the off-resonant coupling with
pulse shaping by 4%, which is qualitatively in agreement
with the experimental result. We do not include the state
discrimination error since we apply the correction scheme
in Ref. [51]. The error from the imperfection of the ground
state cooling should be less then the 1% level. We find that
other errors from the coherence time of the qubit or heating
of the trap are negligible in our realization.
Our generic generation and verification scheme of the

NOON states can be easily applied to any quantum system
that has Jaynes-Cummings interactions, including more
open-geometry ion trap systems [52,53], cavity or circuit
QED systems [32,54], and optomechanical systems [55].
We also emphasize that our realization of operating two
vibrational modes through a single ion can be the essential
component of large scale manipulations on multiple modes
of multiple ions, including boson sampling of phonons.
The series of the demonstrated operations through indi-
vidual ions together with the phonon number resolving
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FIG. 4. Fidelity and quantum Fisher information of the gen-
erated states. (a) The experimental results of fidelity as well as CP
and PN;0 þ P0;N . The error bars of CP are derived from the fitting
error and those of PN;0 þ P0;N from the shot-noise error. (b) The
quantum Fisher information of the generated states.
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detection [47,56] enables us to perform phononic boson
sampling.
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