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Quantum non-Gaussian coherences of an oscillating atom
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Quantum coherence between energy eigenstates of harmonic oscillators is essential for quantum physics.
Even the most elementary binary superpositions of the ground and the higher eigenstate are highly required for
quantum sensing, thermodynamics, and computing. We derive upper bounds for quantum coherences achieved
by classical and Gaussian states and operations and, subsequently, obtain a hierarchy of the thresholds for the
off-diagonal elements necessary to reach genuine quantum non-Gaussian coherences. The presented analysis
demonstrates that certification based solely on estimation of coherences can cover the quantum non-Gaussian
states, which are undetectable by the criteria based solely on the estimation of the corresponding state popu-
lations. We experimentally demonstrate the unambiguous observation of quantum non-Gaussian coherences in
mechanical vibrations of a single calcium ion up to the superposition of zero and six phonons. The analysis
of the robustness with respect to pure dephasing in a motional Ramsey experiment demonstrates the feasibility
of their storage for up to more than 20 ms for superpositions with a large energy difference of participating
number states. The presented observations prove that atomic oscillations go deeply into a diverse area of discrete
quantum non-Gaussian coherent phenomena critical for their applications.
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I. INTRODUCTION

Coherence is an essential notion of modern science. Fun-
damental discoveries of the microwave maser, optical laser,
and Bose-Einstein condensation of cold atoms have largely
boosted the classical coherence of radiation and matter [1,2].
Modern quantum mechanics, thermodynamics, and appli-
cations of the second quantum revolution additionally use
essential quantum coherences [3]. Differently from classical,
they are fundamentally present in the oscillators’ superposi-
tion of energy eigenstates. However, a classical external drive
is only capable of Gaussian quantum coherences on linearized
oscillators. They are sufficient for basic quantum sensing [4,5]
and point-to-point continuous-variable quantum communica-
tion [6], but insufficient for many advanced applications [7–9],
including quantum computation [10]. A pioneering example
is a superposition (|0〉 + |n〉)/

√
2 of the oscillator ground and

higher energy eigenstate (0N states). They are already ex-
perimentally applied to reduce estimation errors in frequency
sensing [11,12] or construct binomial quantum error correc-
tion codes [13], recently approaching the break-even point.
Such superpositions may further upgrade bosonic quantum
communication [14], extend quantum engines [15], advance
quantum simulations of chemical processes [16], or witness
gravitation effects [17].
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Achieving these milestones by a quantum non-Gaussian
nature of the Fock-state superpositions depends on the
off-diagonal elements of the density matrix. Despite pio-
neering tests of their applications with a visible quantum
non-Gaussian nature of the overall state, quantum coher-
ence present in such off-diagonal elements has not been
explicitly and conclusively proven to be quantum non-
Gaussian. It is essential to claim supremacy by quantum
non-Gaussian coherences in both fundamental tests and ap-
plications. Quantifying non-Gaussianity in diagonal elements
of the density matrix in energy (Fock) states is insuffi-
cient, as the off-diagonal elements carry additional quantum
resources. Moreover, the measurement of off-diagonal com-
ponents is conceptually different, requiring an interferometric
setup [2,18–20]. In contrast, the diagonal elements can
be measured by projecting and evaluating the Fock states
|n〉 [21]. Unfortunately, the fidelity with a superposition in
the 0N state obtained by projection [22] undesirably averages
information from diagonal and off-diagonal elements. Super-
positions of two Fock states will comprise two relevant and
independent quantum non-Gaussian ranks, one related to the
Fock state and a new one related to the quantum coherence
purely specified by the off-diagonal element. Diverse natural
couplings to the thermal environment will affect the feasibil-
ity of their observation differently. For example, dephasing
applied to such a state will exclusively affect the rank re-
lated to the coherence. Therefore, ideally, a hierarchy of the
faithful criteria for quantum non-Gaussian (QNG) coherences
for individual off-diagonal components capable of proving
increasingly powerful quantum coherent resources is required.
For a long time, it has been missing, and experimental condi-
tions to conclusively observe such intriguing QNG coherences
have been unclear and challenging.
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Here we derive the hierarchy and experimentally demon-
strate quantum non-Gaussian coherences of 0N states up to
the superposition of the Fock states |0〉 and |6〉 with a single
trapped ion. They indicate building up genuine QNG coher-
ences, distinguishing them from those still partially provided
by Gaussian tools of linearized dynamics, for example, in the
case of displaced Fock states [23]. Analysis of their depth
against pure dephasing allows physical comparison of the
experimental results. For example, the 0N state with n = 4
relevant for binomial codes [24] has a twice as high QNG
coherence depth than a higher 0N code state with n = 6. We
also compare such QNG features with other binary Fock-state
superpositions. Finally, we observe a storage of the depth
of the QNG motional coherences of a single calcium ion,
surviving for more than 20 ms for the binomial code state.
Our local hierarchical approach to quantum non-Gaussian
coherence refines the global coherence measures based on the
l1 norm [3].

II. PREPARATION AND MEASUREMENT
OF QUANTUM COHERENCE

A motion of atomic ions trapped and laser cooled in a linear
Paul trap provides a unique test bed for the pilot observations
of a QNG coherence. The combination of feasibility of high
motional frequencies on the order of a few MHz, exceptional
trapping potential stability, and low heating rates reaching less
than a single phonon per second achievable in modern bulk
3D linear traps, has already resulted in a number of notable
experimental tests in which the mechanical QNG properties
of low Fock states and even their motional coherent superpo-
sitions corresponded to the paramount resources [11,25,26].
As illustrated in Fig. 1(a), a single trapped ion oscillating
in the harmonic pseudopotential at frequency ωm is akin to
a very pure linear mechanical pendulum with a well-defined
discrete internal electronic level structure and with the feasi-
bility of the unprecedented precise control in the linear and
non-linear regime [27,28]. Its mechanical properties result
from the Coulomb forces implemented through the trapping
electrodes and from interaction with laser beams. While ther-
malization and heating caused by the residual coupling to the
surrounding environment are intrinsic to a majority of feasible
quantum mechanical oscillator platforms [29], atomic ions in
Paul traps allow for a very unique combination of extremely
low heating rates and deterministic nonlinear interactions in
the quantum regime [30,31] even in room-temperature setups.
The laser interaction with the electronic degrees of freedom
of an ion provides crucial deterministic and highly precise
coupling to the motional degrees of freedom, which can be
addressed individually and with the feasibility of highly non-
linear interactions [27].

A coherent superposition of motional Fock states can be
achieved deterministically solely by interrogating the reso-
nant laser interactions on the carrier, first blue (BSB) and
red (RSB) motional sidebands [11,32,33]. The presented ex-
perimental test employs an axial motion at ωm = (2π ) ×
1.11 MHz of a single trapped 40Ca+ ion in a linear Paul trap
and its electronic quadrupolar transition |g〉 := 4 2S1/2(m =
−1/2) ↔ |e〉 := 3 2D5/2(m = −1/2). Despite the high level
of mechanical control of a trapped ion, the thermalization of

its motional amplitude through coupling to surrounding ther-
mal noise can’t be fully suppressed [34]. Its impact on the ion
cooled close to the motional ground state can be well charac-
terized by quantifying the rate of the motional heating, which
3.2 ± 0.2 phonons/s for the given axial motional frequency.
We note that this heating sets the fundamental upper limit on
the motional coherence. The decoherence timescale observ-
able on the electronic |g〉 ↔ |e〉 transition was estimated to
be much shorter, about 8 ms. Therefore, the target motional
superpositions are realized such that they are decoupled from
the electronic transition.

Figure 1(b) illustrates the Ramsey interferometry on me-
chanical 0N superpositions of a single ion [11,35,36]. A state
initialization corresponding to laser cooling and optical pump-
ing steps prepares a spin-motional ground state |g, 0〉 with a
high probability of more than 0.98. A BSB laser pulse with
an area of π/2 realizes deterministic coherent splitting of
motional and electronic populations resulting in spin-motional
entanglement (|0, g〉 + exp(−iφ1)|1, e〉)/

√
2, where φ1 is the

phase of the first optical pulse in the Ramsey sequence. The
following composite deterministic population transfer results
in states with targeted solely motional superpositions. It cor-
responds to the application of the RSB and BSB π pulses,
which transfer the motional population from |1, e〉 through
the combined qubit-oscillator state ladder. The increase of
the phonon number is accompanied with coherent flips
of the electronic state per each laser pulse and accumulation
of the overall superposition phase forming φR1 = ∑k

l=1 φl ,
where φl is the phase resulting from the interaction with lth
pulse and includes an accumulated phase shift in the coherent
evolutions of intermediate superpositions of electronic and
motional states. The whole preparation sequence corresponds
to an effective π/2 composite pulse, resulting in the state
approaching the 0N superposition:

|ψ0,n〉 = 1√
2

(|0〉 + exp
(
iφR1

)|n〉). (1)

For the |0, n〉 states with n > 2, the preparation additionally
includes the coherent optical shelving of the |0, g〉 popula-
tion to the auxiliary |a〉 := 3 2D5/2(m = −5/2) level. This
allows for independent deterministic manipulation of the
excited |1, e〉 state population in the initial spin-motional
superposition.

The coherence amplitudes are estimated using a Ram-
sey interferometry in the binary motional |0〉, |n〉 basis. The
second composite effective π/2 rotation is set to follow
the inverse of the generation state preparation sequence
and, therefore, closes the motional Ramsey interferome-
ter [11,35,37]. It maps the coherence amplitude of the
|ψ0,n〉 state on the amplitude of the off-diagonal matrix
element of the final spin-motional superposition (|0, g〉 +
exp(−iφ)|1, e〉)/

√
2. Its accumulated phase φ is given by the

sum of state preparation phase φR1, a phase corresponding
to the Ramsey delay given by φτ = δωτ , and a phase accu-
mulated within the analyzing Ramsey composite π/2 pulse
φR2 = ∑2k

l=k+1 φl . The phase of the last π/2 BSB analysis
laser pulse φ2k is scanned to access the coherence of the final
electronic state superposition propagating from the coherence
of the generated |ψ0,n〉 state.
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FIG. 1. The experimental observation of quantum non-Gaussian coherences on single atom mechanics. (a) Fundamental principles of the
presented implementation of a coherently controllable mechanical object in a quantum regime. A single trapped 40Ca+ ion trapped and laser
cooled in a linear Paul trap provides crucial ingredients for achieving the QNG regime through coherent coupling to blue (BSB) and red (RSB)
motional sidebands resulting from the modulation of the narrow optical transition |g〉 ↔ |e〉 due to the axial motion with frequency ωm. (b)
Example of the experimental pulse sequence implementing the effective motional Ramsey interferometer. The yellow points are the measured
populations Pe after each sequence step. The crucial parts of the state generation correspond to the realization of a spin-motional superposition,
shelving of the |0〉|g〉 state, and coherent transfer of |1〉|e〉 to higher motional number state |n〉|e〉. The overall pulse sequence corresponds to an
effective π/2 pulse between motional number states |0〉 and |n〉 with a phase φR1. Following the controllable time delay τ , the second part of
the interferometer realizes the inverse unitary with an overall phase φR1, which can be precisely scanned by the offset phase φk2 applied to the
last BSB laser pulse. The sequence concludes by the estimation of the excited state probability Pe for the given controllable phase of the last
analysis pulse φ2k. The repetition of the whole sequence provides the necessary suppression of the projection noise and results in the single data
point in the interference fringe for estimation of the coherence amplitude C0,n(τ ). The graph in (c) summarizes results for |ψ0,n〉 superposition
states at the zero Ramsey delay τ = 0 (without a storage), the corresponding fundamental theoretical thresholds CThr

0,n for nonclassical, quantum
non-Gaussian, both minimal and intrinsic, and, finally, hierarchy of quantum non-Gaussian coherence shown as horizontal lines. The listed
numbers correspond to estimated mean values of experimental depths D0,n of these properties defined by (6) gauged by a pure dephasing
process. The measured step decrease in the coherence for the |ψ0,n〉 states with n > 2 is caused by the significantly greater complexity of the
applied pulsed sequence, which additionally employs shelving of |0, g〉 to the auxiliary electronic state |a〉.

A Ramsey waiting period with a duration τ allows for a
free precession of the motional superposition and provides
a tunable tool for the estimation of its temporal coherence
stored in the mechanical oscillations. Note that the phase
accumulation due to the residual difference δω between the
free precession at the motional frequency and at the fre-
quency of the reference oscillator is accelerated by a factor
n proportional to the energy difference of the participating
number states. A factor of similar form is expected to also
contribute during the state creation and analysis compos-
ite Ramsey pulses and corresponds to the stable residual
offset between the axial motional frequency and the de-
tuning of the sideband-excitation lasers from the carrier
transition.

The sequence provides an estimation of the coherence am-
plitudes defined formally in the Fock state basis as

C0,n(t ) = max
φ

Tr[X (φ)ρ(t )] − min
φ

Tr[X (φ)ρ(t )], (2)

where X (φ) is the measured observable in the Ramsey in-
terferometer corresponding to the off-diagonal element with
phase φ:

X (φ) = 1/2(1 + [|0〉〈n| exp(iφ) + |n〉〈0| exp(−iφ)]). (3)

The observation of the state-dependent fluorescence signal
from the coupled 4 2S1/2 ↔ 4 2P1/2 electric dipole transition
completes the projective measurement with a projector (3) on
state (1) within an electronic state basis. The final probability
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of finding the electron in the excited state,

Pe(φ) = 1
2 (1 + C0,n(τ ) cos(φ)), (4)

then depends on relative Ramsey phases φ = φR1 + φτ + φR2

appearing in the motional interferometer. The off-diagonal
elements 〈n|ρ|m〉 are a complex number, but as in any in-
terferometry, we scan through an auxiliary phase φ2k of the
last pulse in the Ramsey sequence to find its largest real part
C0,n(t ). This off-diagonal element is not normalized in order
to preserve the linearity of C0,n(t ) in the state, which is impor-
tant for the derivation of the criteria. Crucially, the estimated
coherence amplitudes, as presented in Fig. 1(c) do not depend
on the absolute value of the phase of the superposition and
is estimated merely as the contrast of the observed motional
Ramsey interference. It is thus not affected by any additional
temporarily stable phase offsets emerging from practically
unavoidable but stable phase evolutions, including, for exam-
ple, periods between laser pulses. They manifest merely as
a constant phase shift of the interference pattern. However,
the overall phase φ must be stable on the timescales corre-
sponding to the measurement of Ramsey interference fringes
for the estimation of the single value of C0,n. Such stability
is achieved by targeting the motional states decoupled from
an electronic transition and by the adjustment of the measure-
ment duration with respect to the estimated drift rate of the
axial motional frequency, as described in the Supplemental
Material [38].

III. QUANTUM NON-GAUSSIAN COHERENCES

The lowest threshold addresses nonclassical coherences,
i.e., values of C0,n which are unfeasible for a convex set of
coherent states. Coherent states can rise in a linear oscillator
by linear classical external drive without needing nonlinear-
ity. We observe the thresholds for an unambiguous proof of
nonclassical coherences to be favorably decreasing with the
Poissonian tail as n is larger, as presented in Fig. 1(c). The
minimal QNG threshold CG,min

0,n excludes all values of C0,n

by a convex mixture of all Gaussian states [39] that can be
obtained by maximally quadratic nonlinear oscillator dynam-
ics. Importantly, as illustrated in the Supplemental Material,
certification based on coherence allows for the detection of
relevant quantum non-Gaussian superposition states, which
would remain undetected when considering only the criteria
using solely state populations, similar to the comparison of
thresholds for witnessing the nonclassicality [40]. However,
the coherence can still come from a final Gaussian operation
on the Fock states, we must extend the set of the rejected states
further and refine our understanding of the QNG coherences.
Therefore, we also exclude all mixtures of squeezed displaced
Fock states, which results in thresholds CG,int

0,n > CG
0,n on an

intrinsic QNG coherence. They bound values of off-diagonal
matrix elements in the Fock basis that can be reached by any
Gaussian operations on mixtures of Fock states.

Still, the classification of quantum non-Gaussian coherence
in the C0,n elements needs additional refinement. Squeezing
and displacement can also act on some coherent superposi-
tions up to Fock states |n − 1〉 with ideal QNG coherences
in a lower dimension and make coherence in C0,n by the
Gaussian resource. This suggests the requirement of building

and analyzing a hierarchy of QNG coherences in analogy with
the approach developed for the diagonal elements [21,41].
It quantifies the strong requirement that for any Fock-state
superposition with up to to n − 1 phonons, the step toward a
coherence C0,n in superposition with n phonons is not feasible
with any combination of Gaussian squeezing and displace-
ment. Mathematically, it excludes a convex closure of any
Fock-state superposition |ψ̃n−1〉 = ∑ j=n−1

j=0 c j | j〉 up to n − 1
followed by any Gaussian squeezing and displacement oper-
ation to build the coherence higher than the threshold CGn

0,n,
where Gn denotes genuine quantum non-Gaussian coherence
of state |ψ0,n〉. It extends the approach developed for the diag-
onal elements [21,41], without mixing them in an overall state
fidelity [22], allowing direct comparison of these distinctive
genuine QNG aspects. The derivation of the corresponding
thresholds on coherence amplitudes involves numerical opti-
mizations presented in the Supplemental Material. Differently
than for diagonal elements [21], the thresholds decrease with
n, as all the previous ones.

Figure 1(c) presents a summary of the measured quan-
tum non-Gaussian coherences from the Ramsey interference
fringes for a zero Ramsey delay τ = 0 and for states
approaching |0, n〉 and corresponding thresholds on the
unambiguous identification of the nonclassical, quantum non-
Gaussian, and genuine quantum non-Gaussian character. The
experimental coherences correspond to raw measured values
without any correction on the known dephasing and ex-
perimental imperfections in the second part of the Ramsey
interferometer. After the state preparation step, the coherence
amplitudes are expected to be higher by nearly half of their
residual to the ideal value of one. The experimentally ob-
servable coherences for n = 1 and 2 are limited dominantly
by the residual thermal energy after the laser sideband cool-
ing estimated to n = 0.07 ± 0.01 thermal phonons and small
imperfections in the applied coherent laser pulses including
the off-resonant coupling to the radial motional modes. The
upper limit on the target coherences is thus set by the state
populations max(C0,n) ≈ 2 × √

p0 × pn, which explains mea-
sured data for states approaching |ψ0,1〉 and |ψ0,2〉 within
experimental error bars. For |ψ0,n〉 states with n > 2, the ad-
ditional step decrease of C0,n(τ = 0) by about 5% resulted
from inclusion of shelving and unshelving process to the
auxiliary level |a〉 := 32D5/2(m = −5/2). The corresponding
quantum coherences thus still suffer from a step reduction
due to additional dephasing of the internal-electronic states
within the time periods spent in the electronic superpositions
of different sublevels of the 3 2D5/2 manifold. The set of the
four shelving laser pulses also limits the feasible coherence
through accumulation of errors due to imperfect population
transfer.

IV. QNG COHERENCE DEPTH UNDER DEPHASING

For comparison of QNG coherences between different ex-
periments, we must use quantification that can be applied
to any results despite the difference of such platforms. To
evaluate the robustness of the observable QNG aspects, we
employ the natural sensitivity of coherence to ideal dephasing
until it does not fall below the lowest QNG threshold CG,min

0,n
that can be applied to interferometric measurements. The

033075-4



QUANTUM NON-GAUSSIAN COHERENCES OF AN … PHYSICAL REVIEW RESEARCH 7, 033075 (2025)

detected QNG coherences presented in Fig. 1(c) can be di-
rectly compared for various n using the difference between
data and corresponding thresholds, with the distance given by
a pure dephasing, which will amount to its reduction accord-
ing to

C0,n(τ + 	T ) = exp

(
−
	T

2
n2

)
C0,n(τ ). (5)

Here 
	T corresponds to an effective variance of the Gaus-
sian phase fluctuations in the coupling to thermal phase
reservoir added to the respective coherence at given time
τ [42]. The depth of the observable QNG coherence at time τ

can then be defined by evaluating the amount of such dephas-
ing 
	T necessary for reaching the corresponding threshold
values CG

0,n [blue numbers in Fig. 1(c)]:

D0,n(τ ) = 2

n2
ln

C0,n(τ + 	T )

CG
0,n

. (6)

The theoretical and experimental depths of QNG coher-
ences represented by the off-diagonal elements can be directly
compared with depths of fidelities [22]; see Table 1 in the
Supplemental Material. The resulting systematically larger
depths of fidelities in both theoretical states and their exper-
imental counterparts suggest that genuine QNG character of
coherences should be evaluated separately from the diagonal
elements. Figure 2 presents measurements of the temporal
decay of the mechanical QNG coherence depth on motional
states approaching |0, n〉 superpositions. The initial values of
QNG depth D0,n(τ ≈ 0) acknowledge the expected increased
difficulty to realize the quantum non-Gaussian coherence for
motional superpositions with higher n due to the increased
complexity of the laser pulse sequence employing shelving
method and, at the same time, the relative increase in the QNG
depth for superposition states with higher n. It overcomes the
n−2 scaling in (6) and reflects the difficulty to approach high
coherence for |ψ0,n〉 states with large n from any mixture
of Gaussian states. Their nontrivial decay behaves in stark
contrast to the conventional expectations based on Eq. (5).
The robustness to decoherence beyond the QNG thresholds
increases with n as the corresponding slope of the measured
depths decreases, which became obvious from the measured
data despite the presence of the thermalization effect rising
with n. Generally, two different sources of coupling to an
environment are expected to affect the observable temporal
behavior of the motional coherence of a trapped ion. They
can be conceptually understood through the coupling of the
motion to the thermal amplitude or phase reservoirs [37].
The thermalization of the presented states is determined by
the measured motional heating of the ion in the trap [34]. It
limits the coherence under the constraints on the positivity
of the density matrix, and thus represents an upper limit on
D achievable by fully suppressing the dephasing present in
the experiment. However, we note that the observed increase
in the storage times for |ψ0,n〉 with larger n is also expected
for the bare thermalization limit on the QNG depth, which is
evident from the gradients of these thermalization limits.

Contrary to the closely related experimental efforts in opti-
cal or microwave oscillator platforms, where the coherence
is dominantly limited by photon loss in the state manipu-
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FIG. 2. The QNG depths D according to Eq. (6) for experimen-
tally realized |ψ0,n〉 superposition states for different Ramsey delay
times provide a perspective on the natural loss of quantum coherence
in a trapped ion mechanical oscillator. The initial values at τ ≈ 0
experience a rapid enhancement for n = 2 due to the decrease of
the corresponding thresholds CG,min

0,n followed by the gradual decrease
caused by the increased complexity and length of the pulse sequences
for n � 3. The evident enhanced durability of QNG coherence in
|ψ0,n〉 with higher n prevails despite the increase in sensitivity to
thermalization of diagonal elements through inevitable heating of
an ion in the trap, which sets the upper limit on the QNG depth
achievable without any dephasing depicted with solid curves. The
statistical uncertainty of the initial values D(τ ≈ 0) corresponds to
the dominant part of the uncertainty of this limit and is depicted
as a colored area. The error bars correspond to an evaluated single
standard deviation in both simulation and data. The rapid decrease of
the variance of presented data points for higher n is the consequence
of n−2 scaling of the QNG depth for |ψ0,n〉 states in (6).

lation and detection process [43,44], trapped ion oscillator
decoherence is typically significantly impacted by thermal-
ization and heating [36,37]. This emphasizes the similarity to
intrinsically mechanical systems, where the rates of phonon
loss or dephasing can be suppressed much below the rate of
thermalization due to the feasibility of mechanical designs
with very high quality factors [29,45,46]. On the other hand, in
the regime of presented very low motional heating rates, the
observable storage is noticeably impacted at longer storage
times by pure dephasing, which appears to be an important
and previously mostly unexplored regime [11,34,36,37]. The
additional estimation of diagonal matrix elements for the data
presented in Fig. 2 confirms that their temporal evolution
corresponds well to thermalization dynamics at the measured
heating rate. It complementarily confirms that the presented
residuals of the estimated coherence correspond solely to
dephasing effects. The corresponding data of the measured
coherence decay and estimation of their decay due to the
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coupling to the thermal amplitude reservoir characterized by
the independent measurement of the motional heating rate can
be found in the Supplemental Material.

The expected phase-damping source of motional coher-
ence in this system corresponds to long-term fluctuations of
the axial dc electric potential realized by the precise high
voltage source. We estimated the corresponding average drift
in the motional frequency to 0.44 ± 0.11 Hz/min. In addi-
tion, noise spectral features in a kHz domain could arise
from electromagnetic pickup in the trap, which is expected
to be significant in the decreased coherence amplitudes on
the presented timescales [36]. However, the reliable precise
estimation of the full motional noise spectrum is extremely
challenging, even when employing recently proposed and
implemented quantum sensing techniques [11,23,36]. We
foresee a potential applicability of the presented states pos-
sessing provable QNG coherence for such efficient sensitive
probing of motional spectra.

V. QUANTUM COHERENCE OF |ψm,n〉 STATES

QNG coherence in a binary quantum superposition in the
Fock state basis can behave very diversely. In comparison with
|ψ0,n〉 states, it might be expected that the opposite case of the
superposition of n − 1 and n phonons become less sensitive
to dephasing for n > 1 and thus can be easier to target with
increasing n despite the enhanced QNG nature of both Fock
states in the superposition [42]. Evaluating the quantum co-
herence aiming at the states |ψm,n〉 relies on the parameter Cm,n

defined by an extension of the definition in Eq. (2) for m > 0.
Achieving the nonclassical coherence Cm,n requires exceeding
a threshold covering any coherence generated by the mix-
tures of classical coherent states of an oscillator. Similarly,
the quantum non-Gaussian coherence and genuine n-phonon
quantum non-Gaussian coherence certify insufficiency of the
Gaussian evolution of the vacuum and the Gaussian evolution
of the core state |ψ̃n〉 = ∑maxm,n −1

j=0 c j | j〉, respectively, to over-
come respective thresholds.

The coherences of superpositions of the number states of
the form

|ψm,n〉 := 1√
2

(|m〉 + exp
(−iφR1

)|n〉), (7)

with 	n = |m − n| = 1; 2 of a trapped ion motion can be ex-
perimentally targeted by a modified Ramsey pulse sequence.
It begins with the initial preparation of the electronic ground
state and the motional Fock state |g, m〉 using a variation of the
BSB and RSB resonant π pulses [11,21,32]. Next, the elec-
tronic state superposition is implemented by carrier or BSB
π/2 pulse for the target states with 	 = 1 and 2, respectively.
This pulse also corresponds to the first pulse of the compos-
ite motional Ramsey interferometer. The following resonant
Rabi interaction on the red motional sideband with the pulse

area satisfying �τ = 2π l , where l =
√

1
2

m
n (2 j + 1) ≈ Z , ef-

fectively maps the electronic coherence onto purely motional
superposition for any integer j, which is optimized to be small
to suppress decoherence during the state preparation [33]. It
is followed by the Ramsey delay and the second-detection
composite π/2 pulse. The observable defined in (3) then acts

2,3
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FIG. 3. Quantum non-Gaussian coherences for motional super-
positions |m, n〉. Red and blue data points correspond to evaluated
measurement results for the binary Fock state superpositions with the
higher Fock state |2〉 and |3〉, respectively. The curves represent the
upper limits on the achievable storage time due to the independently
estimated amplitude damping through interaction with the thermal
environment. The initial QNG depths of |0, 2〉 and |0, 3〉 are always
smaller, but simultaneously the QNG depth is preserved longer than
|1, 2〉 and |1, 3〉 (and even |2, 3〉) states.

in the motional |m〉, |n〉 basis. A comparison of measured
storage of binary superpositions states with various differ-
ences of energies 	n in Fig. 3 counterintuitively signifies
a clear preference of its larger values, which is evident de-
spite the amplified susceptibility of the corresponding matrix
elements ρm,n to dephasing. Surprisingly, despite the lower
initial QNG coherence, increasing 	n enhances the achievable
storage time.

VI. CONCLUSIONS

The presented criteria on quantum non-Gaussian coher-
ences and the experimental verification of generated motional
superpositions of a single trapped ion can be directly applied
and compared to recent motional experiments in quantum
electromechanics [47,48], photonic experiments in super-
conducting circuits [12,49–53], and quantum optics [54,55].
The achieved temporal storage of QNG coherences on the
tens of millisecond timescales corresponds to more than
104 mechanical oscillation frequencies, which provides the
feasibility of QNG mechanical memories [56–58] and ad-
vances in processing on the oscillator-encoded qubits [13,26]
with the capability of deterministic quantum nonlinear in-
teractions [30,31]. The developed QNG coherence criteria
and depth are generally applicable, so a direct comparison
of such different physical systems is possible. We explic-
itly compared the experimental and theoretical QNG depths
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presented in Fig. 1(c) and the depths of the superposition
states in the stellar hierarchy [22] that mixes both the diag-
onal and off-diagonal elements, see Supplemental Material.
Our approach allows for comparison of QNG coherences
in the binary superpositions of the Fock states in quantum
sensing [11], quantum error correction [13,26], and other
emerging applications [14–17,59]. Extension to ternary and
more complex superpositions [13,26] will clarify expected
trade-offs between QNG coherences in the Fock-state basis.
The single-mode quantum non-Gaussian coherences can be
further extended to the generation and evaluation of multi-
mode coherences also relevant in quantum sensing [60] and
quantum error correction [61,62].

ACKNOWLEDGMENTS

A.K., L.S., and R.F. acknowledge the support of the Project
No. GA21-13265X and L.L. acknowledges the support from
Project No. 23-06015O, both of the Czech Science Founda-
tion. A.K., L.L., L.S., and R.F. are grateful to the H2020
European program under Grant Agreement No. 951737 NON-
GAUSS. K.S. was supported by the Palacky University Grant
No. IGA-PrF-2024-008.

DATA AVAILABILITY

Original experimental data that support the findings of this
article can be found at Ref. [63].

[1] L. Mandel and E. Wolf, Coherence properties of optical fields,
Rev. Mod. Phys. 37, 231 (1965).

[2] A. D. Cronin, J. Schmiedmayer, and D. E. Pritchard, Optics and
interferometry with atoms and molecules, Rev. Mod. Phys. 81,
1051 (2009).

[3] A. Streltsov, G. Adesso, and M. B. Plenio, Colloquium: Quan-
tum coherence as a resource, Rev. Mod. Phys. 89, 041003
(2017).

[4] V. Giovannetti, S. Lloyd, and L. Maccone, Quantum-enhanced
measurements: Beating the standard quantum limit, Science
306, 1330 (2004).

[5] L. Pezze, A. Smerzi, M. K. Oberthaler, R. Schmied, and
P. Treutlein, Quantum metrology with nonclassical states of
atomic ensembles, Rev. Mod. Phys. 90, 035005 (2018).

[6] S. Pirandola, U. L. Andersen, L. Banchi, M. Berta, D.
Bunandar, R. Colbeck, D. Englund, T. Gehring, C. Lupo, C.
Ottaviani et al., Advances in quantum cryptography, Adv. Opt.
Photon. 12, 1012 (2020).

[7] J. Eisert, S. Scheel, and M. B. Plenio, Distilling Gaussian states
with Gaussian operations is impossible, Phys. Rev. Lett. 89,
137903 (2002).

[8] J. Niset, J. Fiurášek, and N. J. Cerf, No-go theorem for Gaussian
quantum error correction, Phys. Rev. Lett. 102, 120501 (2009).

[9] J. Broz, B. You, S. Khan, H. Häffner, D. E. Kaplan, and S.
Rajendran, Test of causal nonlinear quantum mechanics by
Ramsey interferometry with a trapped ion, Phys. Rev. Lett. 130,
200201 (2023).

[10] S. Lloyd and S. L. Braunstein, Quantum computation over
continuous variables, Phys. Rev. Lett. 82, 1784 (1999).

[11] K. C. McCormick, J. Keller, S. C. Burd, D. J. Wineland,
A. C. Wilson, and D. Leibfried, Quantum-enhanced sensing
of a single-ion mechanical oscillator, Nature (London) 572, 86
(2019).

[12] W. Wang, Y. Wu, Y. Ma, W. Cai, L. Hu, X. Mu, Y. Xu, Z.-J.
Chen, H. Wang, Y. Song et al., Heisenberg-limited single-mode
quantum metrology in a superconducting circuit, Nat. Commun.
10, 4382 (2019).

[13] L. Hu, Y. Ma, W. Cai, X. Mu, Y. Xu, W. Wang, Y. Wu, H.
Wang, Y. Song, C.-L. Zou et al., Quantum error correction and
universal gate set operation on a binomial bosonic logical qubit,
Nat. Phys. 15, 503 (2019).

[14] L. D. Burkhart, J. D. Teoh, Y. Zhang, C. J. Axline, L.
Frunzio, M. H. Devoret, L. Jiang, S. M. Girvin, and R. J.

Schoelkopf, Error-detected state transfer and entanglement in
a superconducting quantum network, PRX Quantum 2, 030321
(2021).

[15] G. Maslennikov, S. Ding, R. Hablützel, J. Gan, A. Roulet, S.
Nimmrichter, J. Dai, V. Scarani, and D. Matsukevich, Quantum
absorption refrigerator with trapped ions, Nat. Commun. 10,
202 (2019).

[16] C. S. Wang, J. C. Curtis, B. J. Lester, Y. Zhang, Y. Y. Gao, J.
Freeze, V. S. Batista, P. H. Vaccaro, I. L. Chuang, L. Frunzio
et al., Efficient multiphoton sampling of molecular vibronic
spectra on a superconducting bosonic processor, Phys. Rev. X
10, 021060 (2020).

[17] R. Howl, V. Vedral, D. Naik, M. Christodoulou, C. Rovelli, and
A. Iyer, Non-Gaussianity as a signature of a quantum theory of
gravity, PRX Quantum 2, 010325 (2021).

[18] N. F. Ramsey, A new molecular beam resonance method, Phys.
Rev. 76, 996 (1949).

[19] X. Maître, E. Hagley, G. Nogues, C. Wunderlich, P. Goy, M.
Brune, J. Raimond, and S. Haroche, Quantum memory with a
single photon in a cavity, Phys. Rev. Lett. 79, 769 (1997).

[20] D. J. Wineland, C. Monroe, W. M. Itano, D. Leibfried, B. E.
King, and D. M. Meekhof, Experimental issues in coherent
quantum-state manipulation of trapped atomic ions, J. Res.
Natl. Inst. Stand. Technol. 103, 259 (1998).

[21] L. Podhora, L. Lachman, T. Pham, A. Lešundák, O. Číp, L.
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