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Fig. 1. Schematic diagram of Mach-Zehnder interferometer.
a, b are incident end; e, g are output end;U; is the beam-
splitting mirrors; Ug is the beam-closing mirrors. After the
incident light a and b pass through the first beam division
mirror Uy, the resulting light field is linearly mapping to
the two paths ¢ and d, then phase accumulation and then
beam together to achieve coherent state superposition, and

the final output detection fields are e and g.
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Fig. 2. Sequences of the Ramsey interferometer are illus-
trated with the Bloch sphere: (a) First beam corresponds to
a m/2rotation of the quantumstate around the J; axis, and
he input state is a CSS pointing toward the north pole; (b)
free evolution picks up a phase difference 6, which corres-
ponds to a rotation around the J, by an angle of 6; (c)
second beam splitter again revolve around J, axis of m/2;
(d) overall effect for the Ramsey sequence is a rotation of
the initial state by an angle 6 along the J, axis. By meas-

uring the J, can read 0022,
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Fig. 3. Detection results of LIGO detector, red line com-
pression light observation noise, black line for no compres-

sion light observation noise.
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Fig. 4. (a)A coherent spin state along the z axis in the rota-
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tion of the Bloch sphere; (b) spin probability Py (m) =

[(my|®)|? along the y direction!7.
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Fig. 5. Schematic diagram of the nonlinear interferometer.
The beam-splitting mirrors and beam-closing mirrors are
produced by squeezing to the Hamiltonian with a nonlinear
Hamiltonian, Up is the beam-splitting mirrors, Uz is the
beam-closing mirrors. After the same compression mechan-
ism is inversely compressed into a vacuum state, the signal

is amplified.
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Fig. 6. Quantum noise spectra at different additional
squeezing angles: (a) 7° (b)24° (c) 46°. Each dataset is
plotted with the classical noise subtraction, The correspond-
ing quantum noise model curve (copper line) with the injec-
ted compressed state and the uninjected compressed state
model (blue line) are also plotted for comparison. The res-
ults show that, the quantum radiation pressure noise contri-
bution can be increased and decreased as the injected state

is varied!s!,
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Fig. 7. Principle diagram of the nonlinear interferometer.
OPA1-2, optical parametric amplifier; HD1-2, setup of bal-
anced homodyne detection, ao is signal light field, 130 is
idle frequency light field; G;, g, G,, ¢» are parametric amp-
lifier amplitude gain coefficient. The coherent state |a) light
field and vacuum state |0) light field simultaneously input
in OPA1 for nonphase sensitive amplification, using the en-
tanglement of idle frequency light field and signal light field
as detection light field, the measured signal on the en-
tangled light, and then carry the two light of the measured
signal simultaneously input OPA2 for phase sensitive ampli-
fication!9].
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Fig. 8. Setup of balanced homodyne detection P%. The in-
put light fields a and b light fields to be measured are
combined through a 50:50 beam splitter. After the beam
combined, the two output light fields cand d are detected
by photodetector, and then let the detection signal subtrac-
tion. The result is the orthogonal component value of the

light field to be measured.
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Fig. 9. Rotation of different quantum states (left), spin
probability Py () = |(my|¥)|* along the y direction of
different quantum states (right): (a) Spin-squeezed state.
(b) twin-Fock state. Comconsists of indistinguishable Bos-
eonic particles, with equal atomic numbers for |1) and
| 4). The quantum projection noise along the latitude direc-
tion is zero and the uncertainty is zero, but the distribu-

tion along the longitude direction is completely uncertain.
(c) NOON state 7.
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Fig. 10. Schematic for the weak-value amplification, the g is the coupling strength, the A is the observable of the quantum system,

and the P is the observance of the measured instrumental state, |1;) is the joint state of the measurement instrument and the

quantum system, & (¢t — to) indicates the instantaneous interaction of this Hamiltonian at time ¢o, |¢) is Instrument state, |¢f) is

the successfully post selective measurement instrument statel™.
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Fig. 11. Experimental setup for showing how weak values
can be obtained: (a) Light emitted from a single mode fiber
is Gaussian distribution, which is collimated by a len and is
preselected by an initial polarization state constructed by a
quarter-wave plate (QWP) and a half-wave plate(HWP). A
polarizer plays an role of postselection and the following
CCD then measure the intensity dependent position inform-
ation. (b) real weak value realization setup. (c) imaginary

weak value realization setup!.
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Fig. 13. Experimentally obtained precision showing Heisen-
berg scaling. shown as a green line, obtained by fitting
these points. The red line is a bound on the precision for

mixed statel7.
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Fig. 14. (a) Without measurement: unitary evolution; (b)
continuous evolution under the weak measurements*’l. The
results show that with the evolution of time, a unitary evol-
ution occurs when no measurements or transitions are
made, forming a relatively smooth figure, if projected to the
subspace or weak measurement, forming a figure with signi-
ficant jump amplitude, that is, the final expression of the

non-Hermitian Hamiltonian.
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Fig. 15. (a) Logic diagram of the construction of PT-symmetric system. (b) Experimental setup. Both the diagram and setup are di-

vided into 6 modules: (1) system preparation and dilation; (2) preselection state preparation; (3) pointer state preparation; (4)

coupling of the pointer and dilated system in which the PT-symmetric system is embedded; (5) postselection; (6) weak value

readout. HWP, half-wave plate; QWP, quarter-waveplate; BS, beam splitter; PBS, polarizing beam splitter; PP, phase plate; BD,

beam displacer; ppKTP, periodically poled potassium titanyl phosphate; BF, band-pass filter; SPAD, single-photon avalanche diode 8!,
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Fig. 17. Bloch vectors of the three generators. Quantum
control enables simultaneous growth in the informative
bloch direction of the three parameters, eventually reach-

ing the measurement accuracy in the Heisenberg limit(®2.,
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Fig. 18. (a) Classical independent measurement; (b) entangled independent measurement; (c) entangled simultaneous measurement
are divided into three groups and use a set of resources to estimate one of the parameters. The difference between (a) and (b) is
that (a) only uses separable probe states and separable measurements, while (b) allows the use of entangled probe states and col-
lective measurements in each set of resources. The simultaneous measurement of entanglement in (c¢) does not divide the N-copy
unitary operators into three groups, but uses them together to estimate all three parameters simultaneously!s?
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Fig. 19. Experimental results of the precision under the control-enhanced sequential scheme: (a) a; (b) 0; (c) ¢ . The experiment-
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al results of these three parameters at o = e 0=¢= P are compared with the theoretical limits that can be achieved under the

classical individual scheme, the entangled individual scheme, and entangled simultaneous estimation, The theoretical solid line of
the control-enhanced sequential scheme for each parameter also represents the best precision that can be achieved in the single-
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Fig. 20. Mean-square errors of estimating the real and ima-
ginary parts of a complex number o encoded in a coherent
state. The regions below the curves are forbidden by the
corresponding inequalities. The black solid curve stands for
the regret trade-off relation, the red dashed curve stands for
the right logarithmic derivative-based geometric-mean
quantum Cramér-Rao bound, the blue dash-dotted curve
stands for the right logarithmic derivative -based arithmet-
ic mean quantum Cramér-Rao bound, and the green dotted
curve stands for the symmetric logarithmic derivative-based

harmonic-mean quantum Cramér-Rao bound[®3!,
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SPECIAL TOPIC—Frontiers in non-Hermitian physics

Research progress in quantum precision measurements based
° . . *
on linear and nonlinear interferometers

Sun Si-Tong# Ding Ying-Xing# Liu Wu-Ming '
(Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)
( Received 9 March 2022; revised manuscript received 1 April 2022 )
Abstract

Quantum precision measurement is based on the basic principle of quantum mechanics by using the
interaction between light, atoms and magnetism to measure physical quantities, also known as precision
measurements based on microscopic particle systems and their quantum states. As an important means of
quantum precision measurement, interferometer precision measurement technology has great application value
in quantum communication. The linear interferometer measures the magnitude of the physical quantity by
using the phase change obtained from the measurements, but measurement accuracy is limited and unable to
meet the requirements of today's scientific problems for the precision measurement of some physical quantities.
On this basis, nonlinear interferometer is able to take advantage of the quantum entangled state, that is, using
the two light fields of quantum correlation characteristics to realize quantum enhanced precision measurement,
thus greatly improving the measurement sensitivity, Therefore, the scope of application is wider, but the
preparation of quantum entangled states has many limitations in practical manipulation. With the maturity of
experimental conditions and technology, how to use both of these interferometers to further improve the
measurement accuracy of the phase signal so as to break the limitation to shot noise, breaking the standard
quantum limit and even approaching to the Heisenberg limit has become a frontier research topic . In this
paper, we introduce several methods to improve the accuracy of parameter evaluation in the measurement
process by using linear (including an atomic/photon interferometer) and nonlinear interferometer to call
quantum resources at different stages. High-precision measurement can be achieved by inputting non-classical
states into the interferometer, such as compressed state, bi-fock state, and NOON state. And we also introduce
the weak measurement developed for the direct observation of quantum states and its application to non-
Hermitian systems, and the multiparameter measurement proposed to eliminate the accuracy balance between
parameters. Compared with the first two measurement methods, weak measurement method is based on the
weak value amplification principle of an indirect measurement. Measurements are performed virtually without
perturbing the quantum system, which does not lead the wave function to collapse, the weak value of the real
and virtual part have different physical significance, The combination of weak measurement theory and non-
Hermitian system also further improves the measurement sensitivity. Multi-parameter measurement uses
quantum entanglement, quantum control and other quantum resources to make the measurement progress reach
the Heisenberg limit, which is the current research hotspot in the field of precision measurement. Furthermore,
we present a conjecture whether there will be multi-atomic mixing measurements based on atomic spin effects
or ultra-high sensitivity measurement instruments with precision of fT or even aT by using other particles
detection. Finally, several measurement methods are analyzed and compared with each other, and the
development prospect of quantum precision measurement is forecasted.

Keywords: quantum precision measurement, interferometer, Heisenberg limit, standard quantum limit, non-

Hermitian system
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