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ABSTRACT

Time reversal has enabled many fundamental breakthroughs through the exquisite control over the complex systems. More recently, time
reversal is predicted to be capable of enhancing the quantum sensing in unprecedented ways. Here, we report the experimental
demonstration of time reversal based on a unitary and orthogonal squeezing interaction in an optical domain. Two cascaded degenerate
optical parametric amplifiers are used to judiciously achieve a time reversal protocol. Finally, the concept of high-fidelity time reversal is dem-
onstrated in the optical domain, offering remarkable opportunities for investigating many-body simulation and achieving quantum-enhanced

sensing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0207332

Time reversal has emerged as a powerful tool to understand com-
plex systems since Loschmidt took into account time-reversing an
entropy-increasing collision." The high degree of controllability in the
dynamics of quantum systems has enabled time reversal to play an
essential role in historically disparate fields of physics. While Hahn
spin echoes” in nuclear magnetic resonance spectroscopy employs
time reversal of non-interacting quantum systems, recent progress in
measuring out-of-time-ordered correlation to evaluate the quantum
information scrambling, quantum many-body problems, and quan-
tum system evolution is attained by implementing many-body time
reversal protocols.” ® By means of the forward and backward time-
evolutions, the time reversal can filter out some uninteresting effects,
while amplifying other, more important physical processes taking
place in complex quantum systems. Moreover, time reversal based on
squeezing operations is strikingly believed to be associated with
quantum-enhanced sensing approaching the Heisenberg limit.” '

Quantum-enhanced sensing utilizing the time reversal of squeezing
interaction has been demonstrated in a variety of physical systems,
including spin systems, ' trapped-ion mechanical oscillator,'” and cir-
cuit quantum electrodynamics,'® as well as the photon based on the SU
(1, 1) interferometer.”” '’ Our group demonstrated a quantum precise
measurement with the signal-to-noise ratio (SNR) improvement of 1.87
times based on two degenerate optical parametric amplifiers (DOPAs)
in the optical domain, overcoming the challenge of controlling the cavity

length and phase and the influence of external loss during the measure-
ment.”’ However, since the physical system is non-perfect, the SNR
improvement is limited to a relatively low level. It is of utmost impor-
tance to effectively evaluate the performance of the squeezing interaction
for the construction of a time reversal system.

The key idea of achieving time reversal of the squeezing inter-
action is: a unitary evolution from a classical state to a non-classical
state, and then reversely evolving the non-classical state to the initial
state by application of —H.”" *" The most critical stage in realizing
time reversed dynamics is to make a sign flip of a Hamiltonian that is
utilized to complete time-forward evolution come true. Experimentally,
the process is driven by controlled phase imprinting. However, a non-
perfection of the system will inevitably induce that the evolution state
deviates from the vicinity of the initial state. Taking the time reversal in
the optical domain, for example, the non-perfection mainly comes
from the optical loss of the time reversal system and the phase noise of
optical phase locking loops. Optical loss degrades the unitarity of the
time reversal by replacing the lost correlated photons with a vacuum
field. Phase noise affects the orthogonality of the reversal process owing
to the noise coupling with the orthogonal quadrature. Therefore, we
can evaluate the quality of the time reversal in virtue of the unitarity
and orthogonality of time reversal.

Here, we report on an experimental proof of the principle of time
reversal based on a unitary and orthogonal squeezing interaction in
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the optical domain. As an essential prerequisite to such a scenario, two
cascaded DOPAs are employed to accomplish the squeezing interac-
tion, a Hamiltonian H by the employment of the first DOPA to gener-
ate a non-classical state, reversely Hamiltonian —H, exploiting the
second DOPA. The second DOPA with flip pump phase drives the
system back to the vicinity of the initial state. Importantly, attributed
to technical improvements in phase noise and system loss to reduce
the degradation from decoherence, near unitarity is promised with the
fidelity of approximately 0.9 in a relatively large range of squeezing
strength. This offers insights into the potential applications in quan-
tum imaging and gravitational wave detection. In addition, the interac-
tion of the DOPA process is similar to the all-to-all interaction in the
Lipkin-Meshkov-Glick model, which can be used as a simplified
model for understanding bosonic many-body systems, particularly in
the study of collective variables and quantum phase transitions. In
combination with homodyne and tomography, it offers the opportuni-
ties to explore the bosonic many-body simulation in the optical
domain inaccessible with the platform of optical discrete variable sys-
tem with a single photon. Our system can be used for studying quan-
tum phase transitions and collective variables, such as magnetism.

For degenerate parametric downconversion, the Hamiltonian
describing degenerate second order nonlinear processes H is*’

H = hova'a + hoyb b+ iiA(a"b — %) /2, 1

where w; and w, are the frequencies of the signal (1064 nm) and
pump (532 nm) fields, and the operators a and b are the annihilation
operators of the signal and pump fields, respectively. The object A is
the nonlinear coupling parameter. Applying this Hamiltonian H for
duration t implements the squeezing process. According to the
Hamiltonian H and the Langevin equations,”® the amplitude and
phase quadrature variances at the output of the singly resonant DOPA

: 27,28
on resonance can be given by’

A2 +
yot .
4001 7“1Xic2 +ViaXia +
ot 2
X =

out

4% + (n + “/r)z
((zyacl — 71— Vt)z + 492)5(;1
4% + ( +72)°

) 2

where the superscript “*” represents the amplitude and phase quadra-
ture, respectively. The subscripts “ic” “oc,” and “I” label terms relating
to the input coupler, output coupler, and loss, respectively. The sub-
scripts “1” and “2” denote the signal beam and pump beam.
Q = 12 MHz is the Fourier frequency; oy = \/P; /fiw; is the expecta-
tion value of the operation a that is the function of the signal power
Pisand 91, = Vi + Vo2 + Vi 18 the overall resonator decay rate;
. is definedas

A’ A? 2A?
P :—ocfi —(xf 4+ /—oscosl |, 3)
Y2 2y, V2

where 0 is the relative phase between the pump field and the signal
field, ie., twice the squeezed angle ¢ = 0/2. ay = \/P,/hw, is the
expectation value of the operation b that is the function of the pump
power P,.
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FIG. 1. Schematic diagram of time reversal of squeezing interaction is shown in the
lower panel, while the upper panel shows phase spaces and electric field oscilla-
tions of light at different times. Squeezed state of light in p-quadrature is generated
by a degenerate optical parametric amplifier (DOPA1) pumped by a continuous-
wave single-frequency laser. Then, the squeezed state into the DOPA2, where the
relative phase 0’ (defined as twice the squeezing angle ¢ of DOPA2) between the
pump and the squeezed beam is locked to 0° in order to operate the anti-

squeezing operation H = —Hin p-quadrature. The output beam from DOPA2 is
finally detected with a balanced homodyne detection, achieving the time reversal in
the optical domain.

The squeezed light, generated by DOPAI with the Hamiltonian
H, is subsequently injected into DOPA2 as the signal light via the
output coupling mirror (Fig. 1), ie, 5(:;1 = X;t. For DOPA2, the
Hamiltonian with H' = —H can be achieved through changing the
relative phase ' = 0 — 7 in the experiment. The corresponding vari-

ance of its amplitude quadrature and phase quadrature of the final
output light after the DOPA2 can be derived and written as

o 4900 (iaXia + ) + (2760 — 11 = 72)* +4Q)X
out 407 + (9, +7.)

4)

When a vacuum state is the input state, the fidelity of the final state is
expressed as,”’
F= ,2 —. (5)
VX000 +%,)

For an experimental demonstration of time reversal by a unitary
and orthogonal squeezing interaction, the experimental setup is shown
in Fig. 2. Each DOPA used in this work is a semi-monolithic cavity
consisting of a concave mirror and a periodically poled KTiOPOj crys-
tal with the dimensions of 1 x 2 x 10 mm?>. One end face of the crystal
with a radius of curvature of 12 mm is coated as high reflectivity for
the signal beam and high transmission for the pump beam, and the
other end face is coated as anti-reflectivity for both beams. The con-
cave mirror with a radius of curvature of 30 mm has high reflectivity
for pump beam and a transmissivity of 18% for a signal beam. A piezo-
electric transducer (PZT) is bonded to the concave mirror, serving as
the control component. Moreover, the phase modulated signal with
the modulation frequency of 32.6 MHz, is imprinted on the signal
beam to generate error signal for controlling loops of DOPA1 and
DOPA2.

Two key requirements for implementing the protocol must be
satisfied, unitarity and orthogonality of two squeezing interactions.
Generally, the former deteriorates as a result of decoherence or linking
to the thermal bath,”*”" which appears as an optical propagation loss
and phase noise in the optical domain. In this experiment, the
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FIG. 2. Schematic diagram of the experimental setup. DOPA, degenerate optical
parametric amplifier; Aux, auxiliary beam; Aux cavity, auxiliary ring cavity; PS,
phase shifter; DBS, dichroic beam splitter; PZT, piezoelectric transducer; FM, flip
mirror; HWP, half wave plate; PBS, polarization beam splitter; Ol, optical isolator;
PD, photodetector; RPD, resonant photodetector; BHD, balanced homodyne detec-
tion; Lo, local oscillator; SA, spectrum analyzer; and OSC, oscilloscope.

generated alternating current (AC) from resonant photodetector 1
(RPD1) or RPD2 is mixed with the phase modulated signal to yield an
error signal, which is divided into two parts. One part is fed back to
the PZT in the DOPA cavity to stabilize the DOPA cavity length on
resonance, ensuring that the maximum squeezing degree is achieved.
Afterward, by further technical improvement in system loss and phase
noise, we manage the budget cautiously to guarantee the unitarity of
squeezing interaction up to 8 dB. The other error signal is fed back to a
phase shifter on the pump beam path to lock the relative phase 6
between the pump field and the signal field. For DOPAL1, 0 is locked to
180°, which denotes that DOPA1 is operated at amplification (phase
squeezed light). While for DOPA2, the relative phase (/' between the
pump field and the injected signal field from DOPAL1 is locked to 0°,
thus the strict anti-squeezing interaction is performed on the signal
field, which is exported from DOPAL1. The output light from DOPA2
is separated from the injected signal beam by a half wave plate 1
(HWP1) and an optical isolator, it is then detected by a balanced
homodyne detection (BHD) system.””

Actually, it is worth noting that the power of squeezed light
exported from DOPAL1 is in the order of few microwatts, which meets
a lot of challenges in high-efficiency mode-matching of two DOPAs
and accurate phase locking between the squeezed light from the
DOPALI and the pump light of the DOPA2. To address this issue of
mode-matching, a bright auxiliary beam and flip mirrors are used, as
shown in Fig. 2. By changing the angle of two flip mirrors, the auxiliary
beam and squeezed light from the DOPA1 can enter the auxiliary ring
cavity (finesses & ~ 330) in turn for mode matching. The output light
of the auxiliary ring cavity is detected by a photodetector connected to
an oscilloscope (OSC) to measure mode-matching efficiency. By
implementing the high-efficiency mode-matching of the auxiliary ring
cavity with both squeezed light and auxiliary beam, the same spatial
mode of both beams is accurately ensured as well as the complete over-
lapping in space, and thus one can directly use such an auxiliary beam
to accomplish the critical tasks aforementioned, which affect the final
performance of our approach in terms of unitarity of two cascaded
squeezing operations. In addition, by the employment of a self-

ARTICLE pubs.aip.org/aip/apl

developed electro-optic modulator’** and a resonant photodetector

with a high Q factor,”® we achieve the ultra-low loss and drift-free
servo loop, thereby ensuring the orthogonality between the two
DOPAs.

As stated in the beginning, a unique feature of high-fidelity time
reversal is obtained by squeezing operation H' = —H.1tis determined
by both the squeezing degree and the orthogonality of two squeezing
operations. To observe this feature, we first vary the squeezing degree
of DOPA2 by changing the pump power of DOPA2 (i.e., change the
angle of HWP2) given the fixed squeezing level of DOPAL. In Fig. 3,
experimental data in red dot with reduced value are in good agreement
with theoretical prediction (red line). As shown in Fig. 3, with the
squeezing degree of DOPAL at (a) 3, (b) 4, (c) 6, and (d) 8 dB, respec-
tively, the optimal fidelity appears when the squeezing degree of
DOPAZ2 is close but lower than that of DOPA1. Here, the deviation is
mainly due to the optical loss between two DOPAs, while the non-
perfect unitary squeezing operations in DOPAs contribute a little. In
addition, as we know, the higher the squeezing level, the more fragile
the state is to dissipation. As a consequence, when raising the squeez-
ing level further by injecting more pump light, the unitarity of squeez-
ing interaction is more polluted, leading to the reduced fidelity in a
higher squeezing level, as presented in Fig. 3. We should emphasize
that the reduction of fidelity deterioration results from the dissipation
in the whole implementation.

As mentioned before, orthogonality together with unitarity of
two cascaded squeezing operation gives rise to the realization of time
reversal with the optimal fidelity. To demonstrate the validity of such a
statement, we vary the squeezing angle of DOPA2 relative to that of
DOPALI to characterize the process. Albeit it is challenging to actively
lock the relative phase 6’ of DOPA2 to arbitrary value, 6 can be pas-
sively stabilized during the measurement to record the time domain
data. Experimentally, the direct-current (DC) output of the BHD is
connected with a digital OSC to observe the interference signal of the
output light and local oscillator. Then we employ the DC output of the
BHD as the indicator of the squeezing angle of the DOPA2.

(@, (b),
o.gsm 0.95 /*/_#—\*\*’\*
0.90 DOPA1: 3dB N 0.90 DOPA1: 4dB
0.85 0.85
> 08
D N 1 2 3 4 5 @ 28 3 4 5 6
° d
IJ_(0)1 @,
O.QA/-Q_OW"\M\K 0.9
08} @
08 DOPA1: 6dB DOPA1: 8dB
0.7 07
0.6 06
o> 4 5 6 7 0'54 5 6 7 8 9 10

The squeezing degree of DOPA2 (dB)

FIG. 3. Measured fidelity of the final state as a function of squeezing degree of
DOPA2 for different squeezing level of DOPA1. The red solid line shows the theo-
retical values. The maximum fidelity can be achieved by accurately adjusting the
performance of DOPA2 to satisfying the condition of H' = —H. Each data point is
measured at the analysis frequency of 12MHz. All data points denote averages
over 30 experimental runs, and error bars are obtained by calculating the standard
deviation of these results.
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In particular, the DC signal of BHD carrying the information of
classical gain of DOPA2 is a function of the squeezing angle,

1+ P, /Py + 2/P, /Py, cos O/
G(0') = + Py/Pu + : 2/2 meost ©)
(1 - Pz/Pth)
where P} is the pump power of DOPA2, Py, = 390 mW is the thresh-

We have provided an architecture of high-fidelity time reversal in
the optical domain. Our experiment is carried out in two cascaded
optical parametric amplifiers, wherein they are used to judiciously con-
struct a time reversal device with two unitary and orthogonal squeez-
ing operations. In particular, we provide a detailed account of the

old power. With this formula, the corresponding values of ¢ can be ! ' ' ' ' '

inferred. 0.9
The associated AC output is split by a power splitter with one I

half demodulated and amplified by a preamplifier at 12 MHz, then it is 0.8

fed into an OSC to record the time domain signal of the final state’®

(Fig. 4). The other half is fed into a radio frequency spectrum analyzer

to measure the noise level in the frequency domain, then the fidelity is 207

calculated by the noise level (Fig. 5). Figure 4 showcases the demodu- =2

lated AC and DC signals in time domain with ¢ of (a) —51°, (b) o6

—33°, (c) —20°, (d) 0°, (e) 45°, and (f) 71°. At each ¢, the time

domain-quadrature values (blue dot) and DC signal (red curve) are 0.5

shown in Fig. 4. Finally, by reversing the squeezing interaction with

DOPA2, the optical field returns to the vacuum state when ¢ = 0°, as 0.4

shown as Fig. 4(d). Figure 4 illustrates the associated noise distribution

in the time domain, as expected by the formula in the text book. 0.3 . . I ! |
To further characterize the orthogonality of our squeezing opera- -90° -60° -30° 0° 30° 60° 90°

tions, we measure the noise level of the amplitude quadrature and
phase quadrature components after squeezing and anti-squeezing,
then the corresponding fidelity is calculated, as shown in Fig. 5. It is
verified that the best fidelity can be achieved only under the condition
of orthogonality between two cascaded squeezing, corresponding to
the squeezing angle of DOPA2 ¢ of 0°, the evaluation fidelity of 0.89
in Fig, 5.

Squeezing angle ¢ of DOPA2

FIG. 5. Dependence of the fidelity on the squeezing angle ¢ of DOPA2. The fidelity
is inferred at the squeezing strength of 8 dB. The inset shows reconstructed Wigner
function distribution®” obtained through the iterative maximum-likelihood estimation
in phase space. Each data point is measured at 12 MHz. All data points denote
averages over 30 experimental runs, and error bars are obtained by calculating the
standard deviation of these results.
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theory and quantitative explanation of the experimental results. Our
results merge the rich physics of time reversal and their ability of high
fidelity with the unique properties of time reversible interferometry.
Owing to the technical improvements in optical phase locking loop
and error signal extraction,”” the fidelity of the time reversal state is
approximately 0.9 at the squeezing strength of 8 dB. The demonstra-
tion offers the effective evaluation scheme for the performance of
quantum-enhanced sensing system. Since the protocol is compatible
with current LIGO***" and VIRGO"* detectors, this will provide basic
evaluation technology for gravitational wave detection, as well as other
quantum precision measurement systems. Moreover, the time reversal
offers opportunities to explore the bosonic many-body simulation in
an optical domain.
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