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Quantum sensing and quantum information processing use quantum advantages such as squeezed states
that encode a quantity of interest with higher precision and generate quantum correlations to outperform
classical methods. In harmonic oscillators, the rate of generating squeezing is set by a quantum speed limit.
Therefore, the degree to which a quantum advantage can be used in practice is limited by the time needed to
create the state relative to the rate of unavoidable decoherence. Alternatively, a sudden change of harmonic
oscillator’s frequency projects a ground state into a squeezed state which can circumvent the time
constraint. Here, we create squeezed states of atomic motion by sudden changes of the harmonic oscillation
frequency of atoms in an optical lattice. Building on this protocol, we demonstrate rapid quantum
amplification of a displacement operator that could be used for detecting motion. Our results can speed up
quantum gates and enable quantum sensing and quantum information processing in noisy environments.
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The harmonic oscillator is a textbook building block for
quantum optics and molecular physics. Its evenly spaced
energy levels allow one to construct coherent states that
behave in a classical manner, and to assemble nonclassical
states. In particular, squeezed states have been used to
reduce measurement noise beyond the standard quantum
limit by reducing the variance of one quadrature of the
oscillator at the expense of increasing the variance of the
other quadrature. This is important for quantum metrology
and quantum gates in continuous-variable quantum infor-
mation processing [1–4].
Squeezed states have been prepared in different systems

[2,4–10]. In mechanical oscillators, squeezing is typically
generated by applying a small perturbative Hamiltonian,
which governs quantum evolution from the initial state
to the squeezed state. In this case, the rate of creating
squeezing is constrained by the quantum speed limit,
where the time to generate the state is determined by
ℏ arccosðjhψ ijψfijÞ=V, where ℏ is the reduced Planck
constant, hψ ijψfi is the overlap of the initial ψ i and final
ψf state wave functions, and V is the strength of the
perturbation [11–13]. For instance, motional squeezed
states of atoms have been created from the ground state
using an external optical dipole force [5] and parametric
excitation of the trap [9] modulated at twice the oscillation
frequency. Dissipative reservoir engineering techniques
that modulate the potential at the oscillator’s frequency
have also generated squeezing [6–8]. These schemes
typically operate at a rate that requires many oscillation
periods to reach the available squeezing. Consequently,
they can only be applied in oscillators with a high quality
factor to avoid any associated decoherence faster than the

oscillation period. In a noisy oscillator, such as an optical
lattice where the potential is not ideally harmonic, squeez-
ing requires free evolution in free space and the operation is
not unitary [14].
On the other hand, if the Hamiltonian of a system

changes rapidly by an amount of ΔĤ ¼ Ĥ2 − Ĥ1 over a
time ε, the position-space wave function of the particle will
remain intact when jhΔĤijε ≪ ℏ and the wave function
can be expressed in a new eigenstates basis. Under this
condition, the inverse cosine of the overlap of the initial
and final states is zero, so the quantum speed limit does
not apply. This could provide rapid quantum state engineer-
ing where the decoherence is virtually free. This method
has been demonstrated by a noninstantaneous switching
of the potential in trapped ions [15] and using a thermal
state in the optomechanical system [16] but has not been
realized by a sudden change of a potential in the quantum
regime.
Here, following the textbook model exemplifying non-

adiabaticity in a harmonic oscillator and the proposals
[17–22] of jumping the oscillator frequency, we control the
intensity of the optical lattice laser to generate squeezing
and antisqueezing to atoms in the vibrational ground state.
We have achieved 14þ3

−1 dB squeezing from two frequency
jumps with one quarter of the oscillation period between
the jumps, where each frequency jump generates 7(1) dB
squeezing in 1=50 of the oscillation period, 3 orders of
magnitude faster than the previous result of 0.44 dB in one
oscillation period [9]. Using the same method, we imple-
ment a squeezing protocol to amplify a displacement
operator created by suddenly shifting the position of the
potential minimum.

PHYSICAL REVIEW LETTERS 127, 183602 (2021)

0031-9007=21=127(18)=183602(6) 183602-1 © 2021 American Physical Society

https://orcid.org/0000-0002-2271-1300
https://orcid.org/0000-0002-9185-8277
https://orcid.org/0000-0003-4467-8537
https://orcid.org/0000-0003-2608-9472
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.127.183602&domain=pdf&date_stamp=2021-10-27
https://doi.org/10.1103/PhysRevLett.127.183602
https://doi.org/10.1103/PhysRevLett.127.183602
https://doi.org/10.1103/PhysRevLett.127.183602
https://doi.org/10.1103/PhysRevLett.127.183602


The harmonic oscillator potential in our system is
prepared by an one-dimensional optical lattice. With a
beam waist of 100 μm and 2 W of power per beam at
1064 nm, the vibrational frequency in the axial direction is
ω1 ¼ 2π × 93 kHz. Because of anharmonicity, it decreases
approximately by 2% with each increase of vibrational
quantum number n with a total of 11 bound states in
the lattice potential, see Supplemental Material [23]. The
vibrational frequency is controlled by modulating the
lattice beams using acousto-optic modulators (AOMs).
We load an ensemble of cold 85Rb atoms of 7 μK from a

magneto-optical trap into the optical lattice and perform
resolved Raman sideband cooling on the jF ¼ 2; mF ¼ 0i
state to prepare atoms in the vibrational ground state [26],
where F is the hyperfine ground state of 85Rb and mF is the
associated Zeeman state. The mean vibrational quantum
number n̄ is characterized using vibrational spectroscopy
by scanning the two-photon detuning of a pair of counter-
propagating Raman beams (797 nm) on the jF ¼ 2;
mF ¼ 0i to the jF ¼ 3; mF ¼ 0i state. The population in
the jF ¼ 3; mF ¼ 0i state is detected by absorption imag-
ing. We intentionally select a small area of 16 × 16 μm2 at
the trap center for analysis to reduce the broadening of
the vibrational frequency due to the radial distribution of
atoms. The duration of the Raman pulse is 0.4 ms, much
shorter than the radial oscillation period of 4 ms, to ensure
atoms are stationary radially.
When the oscillation frequency of a harmonic oscillator

is suddenly switched from ω1 to ω2, the Hamiltonian
changes from Ĥ1¼ p̂2=2mþmω2

1x̂
2=2¼ðâ†1â1þ1=2Þℏω1

to Ĥ2 ¼ p̂2=2mþmω2
2x̂

2=2 ¼ ðâ†2â2 þ 1=2Þℏω2, where p̂
is the momentum operator, x̂ is the position operator,
â1ðâ2Þ and â†1ðâ†2Þ are the annihilation and creation
operators, and m is the mass. Immediately after the sudden
change, the wave function in real space is unaltered while
the annihilation and creation operators â2 and â

†
2 undergo a

Bogoliubov transformation,

â2 ¼ uâ1 − vâ†1;

â†2 ¼ −vâ1 þ uâ†1; ð1Þ

where u≡ coshðrÞ≡ ðω1 þ ω2Þ=2 ffiffiffiffiffiffiffiffiffiffiffi

ω1ω2

p
, v≡ sinhðrÞ≡

ðω1 − ω2Þ=2 ffiffiffiffiffiffiffiffiffiffiffi

ω1ω2

p
, and r≡ lnðjuþ vjÞ ¼ lnðω1=ω2Þ=2.

The sudden change of the frequency results in squeezing
operation with operator ŜðξÞ ¼ exp½ðξ�â21 − ξâ†21 Þ=2� along
the position quadrature quantified by the squeezing param-
eter ξ ¼ r expði2θÞ with squeezing amplitude r and angle
θ ¼ 0, as shown in Fig. 1. Returning the frequency to ω1

after waiting a half-integer number of cycles at ω2 will
undo the initial squeezing, while returning it after a quarter-
integer number of cycles will increase the squeezing
amplitude to 2r. The sequence can, in principle, continue
for every quarter of the oscillation with a squeezing

amplitude Nr ¼ lnðω1=ω2ÞN=2 until the decoherence proc-
ess dominates, where N is the number of the frequency
jumps, see Supplemental Material [23].
We demonstrate squeezing after preparing atoms nearly

in their vibrational ground state. The action of applying the
sudden switching twice (N ¼ 2) is a squeezing operator
Ŝ†ðrÞÛðπ=2ÞŜðrÞ ¼ Ŝð−2rÞ acting on the ground state
jn ¼ 0i, where the ground state wave function is squeezed
along the p quadrature, as shown in Fig. 1. The switching
time of the oscillation frequency between ω1 and ω2 is less
than 250 ns, much faster than 10.75 μs oscillation period at
ω1, and is limited by the response time of the AOM. To
characterize the squeezed state, we adopt the motional
sideband analysis method [5,6,9] and measure the vibra-
tional spectrum after the trap returns to ω1. We plot the ratio
of the peak population of atoms in the first red sideband
P− to that in the first blue sideband Pþ in the vibrational
spectrum R≡ P−=Pþ against different 2r through varying
ω2 and compare it with the analytical theory, as shown in
Fig. 2(a). Our theoretical model includes the imperfect
ground state cooling by calculating expectation values
of operators for a thermal state density matrix with the
initial mean vibrational quantum number n̄0 ¼ 0.22, see
Supplemental Material [23]. The experimental results agree
well with the trend of the model of Rabi oscillation for a

FIG. 1. Illustration of the frequency jump squeezing protocol in
a harmonic oscillator in phase and real (inset) spaces. The
sequence starts with atoms in the vibrational ground state (upper
left). A sudden jump of the oscillation frequency transforms the
atomic wave function into a squeezed state in the new oscillation
frequency eigenstates basis (lower left). After a free oscillation
time τs ¼ π=2ω2, the squeezed state rotates an angle of π=2
(lower right) and the oscillation frequency is immediately
switched back to ω1 to further squeeze the atomic wave function
(upper right). The resulting squeezing operator is Ŝð−2rÞ for
the ground state, and the sequence can continue every quarter
period to amplify the squeezing. x̃i ≡ x=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ=2mωi

p

and p̃i ≡
p=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏmωi=2
p

are the canonical position and momentum, where
i ¼ 1, 2.
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squeezed thermal state, and the achievable squeezing
or 2r is limited by the number of the bound states in
our system. The mean vibrational quantum number of a
squeezed thermal state and its variance have been calcu-
lated [27] as n̄st ¼ n̄0 coshð4rÞ þ sinh2ð2rÞ and ðΔn̄stÞ2 ¼
n̄20 coshð8rÞ þ n̄0 coshð8rÞ þ sinh2ð4rÞ=2. One standard
deviation away from the mean n̄st þ Δn̄st is close to the
11 bound states in our system, limiting the largest squeez-
ing factor of 10 log½e4r� ¼ 14þ3

−1 dB that can be attained.
The squeezing results with different N at fixed r ¼ 0.39 is
shown in the inset of Fig. 2(a), and its theoretical expect-
ation is plotted.
The unitarity of ŜðrÞ is confirmed by applying the

antisqueezing operator Ŝ†ðrÞ by jumping the oscillation
frequency immediately back to ω1 [9], as shown in
Fig. 2(b). No measurable change of R with different r also
indicates that the frequency jump squeezing and antisqueez-
ing are unitary [Ŝ†ðrÞŜðrÞ ¼ 1], independent of r we intro-
duce here. The coherence of the squeezed state is studied by
waiting for the squeezed state in ω2 to evolve for a time τs
before jumping back to ω1, as shown in Fig. 2(c). The fitted
period 21.8ð1Þ μs of the oscillation is consistent with the
expected oscillation frequency 2ω2 ¼ 2π × 46 kHz for
the squeezed state. The fitted 1=e decay time 46ð3Þ μs of
the measured R is mainly due to the inhomogeneous

broadening of the vibrational frequency. We further authen-
ticate our analysis by measuring the atoms’ momentum
distribution using Raman velocimetry [28]. We compare
the distribution of the ground state and the states after
the squeezing operations Ŝ†ðrÞÛðπ=2ÞŜðrÞ¼Ŝð−2rÞ and
Ûðπ=2ÞŜ†ðrÞÛðπ=2ÞŜðrÞ ¼ Ŝð2rÞ on the ground state, as
shown in Fig. 2(d). The measured Gaussian 1=e2 velocity
width of the ground state is 3.27 cm s−1, which is 10% larger
than the calculated quantum fluctuation 2.95 cm s−1 at ω1

due to the imperfect ground state. At the squeezing factor of
e2r ¼ 2.58, the momentum width of squeezing in the p
quadrature [Ŝð−2rÞ] is a factor of 2.43(8) smaller than the
width of the ground state, whereas the width of squeezing
in the x quadrature [Ŝð2rÞ] is a factor of 2.18(8) larger.
Our measurements agree with the measurements shown
in Fig. 2(a).
Quantum squeezing has been investigated as a valuable

tool in amplifying interaction strength to speed up quantum
dynamics for alleviating decoherence [9,29,30]. It has been
shown that squeezing operators can amplify a coherent
state through parametric modulation on the potential [9,29].
The ability to speed up the amplification process could
allow for filtering out any unwanted noise during ampli-
fication. Here, we amplify a coherent state created by
rapidly shifting the minimum of the trapping potential.
The coherent state jαi can be created by applying a

displacement operator D̂ðαÞ ¼ expðαâ† − α�α̂Þ on the
ground state jn ¼ 0i, where â and â† are the corresponding
annihilation and creation operators, and α ¼ jαj expðiφÞ.
The displacement operator has been realized experimen-
tally in mechanical oscillators using resonant driving
through modulating the trapping potential or an external
optical dipole force whose interaction Hamiltonian mimics
the displacement operator [5,14,26,31]. Another way is to
suddenly translate the minimum of the oscillator potential
[22,32] by a distance d, as shown on the left of Fig. 3(a).
The action is a translation operator T̂ ≡ expð−ip̂d=ℏÞ ¼
exp½dðâ† − âÞ=2x0�, where p̂¼ iℏðâ†− âÞ=2x0. The coher-
ent state is then related to the displacement as α ¼ d=2x0,
where x0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ=2mω
p

is the root-mean-square extent of the
ground state wave function and φ ¼ 0.
We jump the position of the optical lattice by changing

the phase of one of the lattice lasers controlled by the radio
wave fed into the AOM. The size of a coherent state is then
determined from measurements using vibrational spectros-
copy. Figure 3(b) shows the measured R as a function of
the shift d of the lattice position. At d ¼ 133 nm, the
obtained α ¼ 3 and its n̄ ¼ α2 ¼ 9 is close to the available
bound states in the system. We confirm our measurements
by the theoretical model using displaced thermal state,
see Supplemental Material [23]. For comparison, we also
plot the curve for a pure coherent state. Our result starts
with thermal-state-like and approaches a coherent state
for large d.

FIG. 2. Frequency jump squeezed state measurements and
analysis. (a) Measured R≡ P−=Pþ of Ŝð−2rÞ operation versus
2r. The red curve is the theoretical model. Inset shows the
measured R versus the number of frequency jump N at r ¼ 0.39.
(b) Measured R versus r under Ŝ†ðrÞŜðrÞ operation. (c) Measured
R of Ŝ†ðrÞÛðω2τsÞŜðrÞ operation versus the free oscillation time
τs with 2r ¼ 1.4. The curve is a fit to the data using exponentially
decaying sinusoidal function. (d) Momentum distribution mea-
surements of the ground state, position squeezed state, and
momentum squeezed state after releasing the atoms from the
potential. The curves are Gaussian functions fitted to the data.
The squeezing factor is e2r ¼ 2.58.
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After a free oscillation time τc in the displaced potential,
we undo the phase shift, letting the potential minimum
return to the original position, as shown on the right of
Fig. 3(a). The new coherent state oscillates as a function of
the time τc with frequency ω1. Figure 3(c) shows the
measured R as a function of τc. We fit the data with
exponentially decaying sinusoidal function, and the fitted
oscillation period 10.5ð1Þ μs matches with the oscillation
frequency ω1 ¼ 2π × 93 kHz.
For coherent state amplification, we first create the

displaced squeezed state by applying D̂ðαiÞÛðπ=2ÞŜ†ðrÞ×
Ûðπ=2ÞŜðrÞ to atoms in the ground state using our
frequency jump protocol, where αi is the initial displace-
ment. The state is verified by applying the operator D̂†ðαiÞ
after a free oscillation time τds. As shown in Fig. 4(a), the
measured R oscillates with the period 10.6ð1Þ μs, matching
ω1 instead of 2ω1 as in the squeezed vacuum state.
Similar to the protocol in Ref. [9], we apply the operator
Ŝ†ðrÞÛðπ=2ÞŜðrÞ to antisqueeze the displaced squeezed
state after a free oscillation time π=2ω1. Using the identity
D̂ðαiÞŜðrÞ ¼ ŜðrÞD̂½αi expðrÞ�, where a displaced squeezed
state is different from a squeezed coherent state [10], the
resulting operator is another displaced operator

D̂ðαfÞ ¼ ½Ŝ†ðrÞÛðπ=2ÞŜðrÞÛðπ=2Þ�
⊗ D̂ðαiÞ½Ûðπ=2ÞŜ†ðrÞÛðπ=2ÞŜðrÞ�: ð2Þ

The initial coherent state is, thus, amplified to the final
state αf ¼ αi expð2rÞ expðiπÞwith a π phase shift as shown
in Fig. 4(b). Figure 4(c) shows the measured R as a function
of the squeezing parameter 2rwith the same initial coherent
state αi ¼ 0.67. The red curve is the theory that considers
the imperfect ground state and the decoherence during
the free oscillation time, see Supplemental Material [23].
The amplification process only requires the wave packet
to oscillate for one cycle, as opposed to modulation
methods [9,29].
We experimentally realize unitary quantum operations

based on sudden changes in the oscillation frequency of a
harmonic oscillator, including squeezing, displacement,
and amplification, which is intrinsically resilient to envi-
ronmental noises. We demonstrate such resilience in a
noisy oscillator. The quality factor of our oscillator is
approximately only 5, in which the state decays even with
just one cycle of the oscillation. It is then challenging to
create a squeezed state in the presence of large decoherence
using the modulation methods that require many cycles
of oscillation. The largest squeezing in our experiment
is limited by the available bound states and not the
decoherence nor interaction strength. Compared to other
quantum squeezing methods, this frequency jump protocol
does not reply on quantum evolution and can be instanta-
neous in any frame of reference. This method is universal to
any quantum harmonic oscillator that can jump its oscil-
lation frequency faster than its oscillation period and can

(a)

(c)(b)

FIG. 3. Measurements and analysis of the coherent state created
by a sudden shift of the lattice position. (a) Illustration of the
creation of the coherent state, where x̃≡ x=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ=2mω1

p

,
d̃≡ d=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ=2mω1

p

, and p̃≡ p=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏmω1=2
p

. Left: real space;
right: phase space. (b) Measured R versus the displacement d
of the potential minimum. The red curve is the theory of a
displaced thermal state and the green dashed curve is the theory
for a pure coherent state. (c) Measured R versus the free
oscillation time τc with d ¼ 29.6 nm. The curve is a theoretical
fit to the data. The fitted 1=e decay time is 27ð2Þ μs.

FIG. 4. Measurements and analysis of the amplified coherent
state by the frequency jump squeezing. (a) Measured R versus the
free oscillation time τds of the displaced squeezed state under
D̂†ðαiÞÛðω1τdsÞD̂ðαiÞÛðπ=2ÞŜ†ðrÞÛðπ=2ÞŜðrÞ operation with
αi ¼ 0.67 and 2r ¼ 1.23. The curve fits the data using exponen-
tially decaying sinusoidal function. The fitted 1=e decay time
Γ ¼ 32ð4Þ μs. (b) Phase space illustration of the amplification
protocol sequence. (c) Measured R versus the squeezing param-
eter 2r using the amplification operation shown in (b). The red
curve is the theory including the decoherence, whereas the green
dashed curve is the one without decoherence.
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be useful in speeding up the entanglement generation and
quantum gates operation in continuous-variable quantum
information [3]. The rapid quantum state engineering in a
harmonic oscillator presented in this work can also offer
new opportunities in trapped atom interferometers using
nonclassical states for sensing [7,33–36].
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